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Wojciech Załuska
Toll-Like Receptor as a Potential Biomarker in Renal Diseases
Reprinted from: Int. J. Mol. Sci. 2020, 21, 6712, doi:10.3390/ijms21186712 . . . . . . . . . . . . . . 185

Magdalena Nalewajska, Klaudia Gurazda, Małgorzata Marchelek-Myśliwiec, Andrzej
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The kidneys play a vital role in the basic physiological functions of the body. Kidney
dysfunction impairs these physiological functions and can lead to a wide range of diseases.
Damage to the kidney cells can be caused by a variety of ischemic, toxic or immunological
complaints that lead to inflammation and cell death, which can lead to organ damage and,
ultimately, complete failure. Although the mechanisms underlying acute kidney injury
(AKI) and chronic kidney disease (CKD) are quite distinct, clinical evidence suggests that
the two conditions are inextricably interconnected [1]. AKI and CKD, regardless of the
underlying cause, have inflammation and activation of the immune system as the common
underlying mechanisms. Inflammation, a process aimed, in principle, at detecting and
fighting harmful pathogens, is, therefore, a major pathogenic mechanism for both AKI
and CKD [1]. While the kidney has the remarkable ability to regenerate after an acute
injury and can recover completely, depending on the type of kidney lesion, the options
for clinical interventions are currently limited to fluid management and extracorporeal
kidney support. However, persistent chronic inflammation can trigger renal fibrosis and
chronic kidney disease. The investigation of the molecular mechanisms involved in each
individual injury is currently insufficiently understood.

In this context, we started a forum for the publication of new results on kidney
inflammation, injury and regeneration, as well as for reviewing and discussing existing
studies from this interesting research area. In 2019, we initiated the first edition of the
Special Edition “Kidney Inflammation, Injury and Regeneration” with 29 articles [2]. The
focus of this first edition was more on a summary of current results (represented by
17 review articles), along with 12 original articles from the current research. In the second
Special Edition, presented here, the focus is now more on the current research results
mainly from in vivo studies. This issue is accompanied by five review articles summarizing
the current results on various nephrological diseases or issues. In this current Special
Edition, thirteen original research articles are presented: twelve in vivo studies in a murine
or rat model and one in vitro study [3]. Seven studies show results from AKI models [4–10],
five from fibrosis models (or CKD models) [9,11–14] and two from a transplant rejection
model [4,15] (two studies used two different in vivo models).

Steines and coworkers demonstrated that intrarenal tertiary lymphoid organs are
sites of humoral immune activation within allografts during chronic rejection and that
anti-B-cell activating factor treatment can hinder the formation of tertiary lymphoid organs
in allografts [15]. The authors hypothesized that inhibition of the local alloresponses
in chronic rejection with an anti-B-cell activating factor antibody represents a potential
benefit to kidney transplant patients. Others evaluated the effects of a novel human fusion
recombinant protein in two representative kidney inflammatory models: a renal ischemia-
reperfusion model (an AKI model) and an allogeneic kidney transplant model [4]. This
study shows that targeting with that novel protein offers a good microenvironment profile
to protect the ischemic process in the kidney and to prevent kidney rejection.

Another study using a renal ischemia–reperfusion (IR) model showed that precon-
ditioning with cilastatin, a specific inhibitor of renal dehydrodipeptidase-1, attenuates
renal IR injury via activation of the main hypoxia factor. The authors confirmed this effect
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through in vitro studies with immortal tubular epithelial cells [10]. Others used an IR
model to show that the NOX1-selective inhibition attenuates kidney IR injuries via the
downregulation of oxidative stress-mediated kinase signaling [8] or to investigate the
autophagy dynamics during an IR injury, a potential treatment strategy due to removing
damaged cells, macromolecules and organelles [6]. The effect of growth differentiation
factor 15 (GDF15) was investigated in a murine model of anti-glomerular basement mem-
brane glomerulonephritis [7]. The study showed that GDF15 is required for the regulation
of T-cell chemotactic chemokines in the kidneys and demonstrated the protective effects
of GDF15. The study revealed a novel mechanism limiting the migration of lymphocytes
to the site of inflammation during glomerulonephritis [7]. The findings of Nežić and
coworkers investigated the molecular mechanism involved in the reno-protective effects of
simvastatin in an endotoxin-induced AKI model [5]. The study indicated that simvastatin,
a well-known lipid-lowering medication, has cytoprotective effects on induced tubular
apoptosis, mediated by the upregulation of cell survival molecules and inhibition of the mi-
tochondrial proteins. Therefore, the authors hypothesized that simvastatin has significant
cell-protective effects in septic AKI [5].

Leong and coworkers showed that cyclophilin A, a damage-associated molecular
pattern, promoted inflammation and acute kidney injury in a renal IR model but did
not contribute to inflammation or interstitial fibrosis in a model of progressive kidney
fibrosis (unilateral ureteric obstruction (UUO)) [9]. Other studies showed the effects of
different proteins/peptides against UUO-induced renal injury, inflammation and fibrosis.
The 20-amino acid peptide ND-13 protects against UUO-induced damage and is, therefore,
a potential new therapeutic approach to prevent renal diseases [14]. Furthermore, the
effects of verteporfin on UUO-induced renal tubulointerstitial inflammation, fibrosis and
transforming growth factor-β1 regulation were investigated. The study showed that
verteporfin decreases the UUO-induced increase in tubular injury, inflammation and
extracellular matrix deposition in mice [12]. Son and coworkers investigated the attenuating
effects of dieckol on hypertensive nephropathy in spontaneously hypertensive rats and
hypothesized that dieckol could be beneficial for decreasing hypertensive nephropathy by
decreasing EMT and renal fibrosis [11].

Others investigated the role of xanthine oxidase (XO) in CKD progression associated
with hypercholesterolemia [13]. The authors used a murine model of uninephrectomy
to induce CKD, in addition to a high-cholesterol diet with a XO inhibitor, and, also,
evaluated the results in an in vitro model using immortal tubular epithelial cells. The study
clearly showed that XO inhibition exerts reno-protective effects and identifies XO as a
novel therapeutic target for hypercholesterolemia-associated kidney injury [13]. Finally,
one in vitro study using cisplatin-injured primary tubular epithelial cells focused on the
decisive role of the Lipocalin-2 iron load for its pro-regenerative functions [3]. The study
detected a positive correlation between the total iron amounts in tubular epithelial cells
and cellular proliferation. In conclusion, it was hypothesized that macrophage-released
Lipocalin-2-bound iron is provided to tubular epithelial cells during toxic cell damage,
whereby the injury is limited and recovery is favored [3].

In addition, five interesting review articles were included in this Special Edition
summarizing the current state of knowledge of the treatment of IgA nephropathy [16],
the role of endocan in kidney diseases [17] and the influence of inflammation on anemia
in CKD patients [18]. It also discusses the mechanism of kidney injury in preeclampsia
and the susceptibility of podocytes [19]. Finally, the review summarizes the role of Toll-
like receptors in the pathogenesis of glomerulopathy and their role as potential marker
molecules for the development of renal diseases [20].

Author Contributions: Writing, review and editing, P.C.B. and review and editing, B.K. and H.G.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors received no funding for this Editorial.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Hypertension induces renal fibrosis or tubular interstitial fibrosis, which eventually results
in end-stage renal disease. Epithelial-to-mesenchymal transition (EMT) is one of the underlying
mechanisms of renal fibrosis. Though previous studies showed that Ecklonia cava extracts (ECE)
and dieckol (DK) had inhibitory action on angiotensin (Ang) I-converting enzyme, which converts
Ang I to Ang II. It is known that Ang II is involved in renal fibrosis; however, it was not evaluated
whether ECE or DK attenuated hypertensive nephropathy by decreasing EMT. In this study, the effect
of ECE and DK on decreasing Ang II and its down signal pathway of angiotensin type 1 receptor
(AT1R)/TGFβ/SMAD, which is related with the EMT and restoring renal function in spontaneously
hypertensive rats (SHRs), was investigated. Either ECE or DK significantly decreased the serum
level of Ang II in the SHRs. Moreover, the renal expression of AT1R/TGFβ/SMAD was decreased by
the administration of either ECE or DK. The mesenchymal cell markers in the kidney of SHRs was
significantly decreased by ECE or DK. The fibrotic tissue of the kidney of SHRs was also significantly
decreased by ECE or DK. The ratio of urine albumin/creatinine of SHRs was significantly decreased
by ECE or DK. Overall, the results of this study indicate that ECE and DK decreased the serum levels
of Ang II and expression of AT1R/TGFβ/SMAD, and then decreased the EMT and renal fibrosis
in SHRs. Furthermore, the decrease in EMT and renal fibrosis could lead to the restoration of renal
function. It seems that ECE or DK could be beneficial for decreasing hypertensive nephropathy by
decreasing EMT and renal fibrosis.

Keywords: epithelial-to-mesenchymal transition; E. cava extracts; dieckol; spontaneously hyperten-
sive rats; renal fibrosis; angiotensin II

1. Introduction

The kidney is a major organ that is affected by hypertensive target organ damage:
chronic kidney disease commonly occurs in around 16% of hypertensive patients [1].

The pathological features of hypertensive nephropathy include inflammation, glomeru-
lar sclerosis, tubular atrophy, and interstitial fibrosis [2]. The fibrotic tissue replaces the
normal functional kidney tissue, which leads to renal failure [3,4]. Thus, renal fibrosis or
tubular interstitial fibrosis is the main pathological lesion of hypertensive nephropathy,
which induces end-stage renal disease (ESRD) [5]. Renal fibrosis shows the following
characteristics: increased massive extracellular matrix (ECM) production, increased recruit-
ment of fibroblasts to tissue injury sites, and increased phenotype changes from fibroblasts
to α-smooth muscle actin (α-SMA)-expressing myofibroblasts [6]. The increased α-SMA-
expressing myofibroblasts lead to the unnecessarily excessive deposition of collagen and
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enhance the dysregulation of matrix metalloproteinases, which destroys the basement
membrane and further accelerates fibrosis [6].

Recently, many studies have shown that epithelial-to-mesenchymal transition (EMT) is
one of the underlying mechanisms of renal fibrosis [7,8]. By undergoing EMT, the epithelial
cell gradually loses epithelial markers, such as E-cadherin, which is the main element of
cell-to-cell junctions, and gains markers of mesenchymal phenotype, such as α-SMA [9].
By losing the cell junctions, the cells that underwent the EMT process easily move toward
the interstitial space [9]. Moreover, the epithelial cells that acquired the properties of
myofibroblasts express α-SMA and synthesize ECM proteins, such as collagen, eventually
leading to tubular interstitial fibrosis (TIF) [9].

Angiotensin II (Ang II) acts as the main player in hypertension-induced fibrosis. As
the main activator of the renin–angiotensin–aldosterone system (RAAS), Ang II causes
severe vascular, glomerular, and tubulointerstitial injuries, which are accompanied by the
increase in transforming growth factor-beta (TGFβ) via the angiotensin type 1 receptor
(AT1R) [10]. The levels of Ang II and its receptor in the kidneys of the spontaneously
hypertensive rats (SHRs) were higher than those of Wistar Kyoto (WKY) rats [11]. It is
known that Ang II induces EMT via TGFβ-dependent signaling pathways [12]. The Ang II
treatment for NRK52E cells (normal rat tubular epithelial cell lines) induces the expression
of the TGFβ1/SMAD signaling pathway, which eventually increases the proapoptotic
and fibrotic proteins [13]. When Ang II binds with AT1R, the SMAD3 signal pathway is
activated and induces EMT in NRK52E cell lines [12].

Polyphenols from marine algae have been reported to function as Ang I-converting
enzyme (ACE) inhibitors [14–17]. ACE is involved in the conversion of Ang I to Ang II,
and increases Ang II as a potent vasoconstrictor, leading to hypertension [18]. Several
phlorotannins, such as phlorofucofuroeckol A, dieckol (DK), and eckol, which are present
in extracts from Ecklonia cava or Ecklonia stolonifera, show ACE inhibiting activities; thus,
these polyphenols were expected to decrease blood pressure (BP) [15,19]. Even though
E. cava extracts (ECE) and DK show ACE inhibiting activities, no report has investigated
whether ECE or dieckol is involved in the EMT of the kidney or renal fibrosis that is
induced by hypertension. Thus, the effect of ECE and DK on decreasing Ang II and its
down signal pathway of AT1R/TGFβ/SMAD2/3, which is related with the EMT of the
kidney and restoring renal function in SHRs, was investigated in this study.

2. Results
2.1. ECE and DK Reduced Systolic BP and Serum Level of Ang II in SHRs

The systolic BP of the SHRs was significantly higher than that of the WKY rats and
was significantly decreased by the administration of either ECE or DK. The decreasing
effects of 50, 100, and 150 mg/kg/day of ECE and DK administration were not significantly
different (Figure 1a). The diastolic and mean BPs of the SHRs were significantly higher
than those of the WKY rats. The administration of either ECE or DK did not significantly
decrease the diastolic and mean BP (Figure 1b,c).

The serum level of Ang II in the SHRs was significantly higher than that of the
WKY rats and was significantly decreased by the administration of either ECE or DK.
Moreover, the most prominent decreasing effect was observed in the group treated with
150 mg/kg/day of ECE (Figure 1d).

2.2. ECE and DK Attenuated the Expression of AT1R in the Kidney of SHRs

The expression of AT1R was evaluated through qRT-PCR and staining. The mRNA
expression of AT1R in the medulla and cortex of the kidney was significantly higher in the
SHRs than that of the WKY rats. Such expression was decreased by the administration of
either ECE or DK (Figure 2a). In the medulla, the decreasing effect was most prominent in
the group treated with DK. In the cortex, 150 mg/kg/day of ECE had the most prominent
decreasing effect. The expression level of AT1R in the cortex and medulla of the SHRs,
which was evaluated through staining, was significantly increased and was significantly
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decreased by the administration of either ECE or DK. Moreover, the most prominent
decreasing effect was observed in the group treated with DK (Figure 2b,c).

Figure 1. Comparative analysis of ECE and DK administration on the reduction of systolic blood
pressure and serum angiotensin II level in SHRs. (a) Systolic blood pressure, (b) diastolic blood
pressure, (c) mean artery blood pressure, and (d) serum angiotensin II level were measured prior
to sacrifice. Three doses of ECE (50 mg/kg/day, 100 mg/kg/day and 150 mg/kg/day) were oral
administrated for 4 weeks and 2.5 mg/kg/day DK also oral administrated for 4 weeks. Means
denoted by a different letter indicate significant differences among groups (p < 0.05). - means the
same group. ECE, Ecklonia cava extract; DK, dieckol.

To validate ECE and DK attenuation of AT1R expression in kidney tubules, a mouse
proximal tubule cell line (TCMK-1) was activated by angiotensin II in an in vitro model [20].
The expression level of AT1R protein in angiotensin II-treated TCMK-1 cells with ECE (5,
25, 50 ug/mL), DK or inhibitor was decreased compared to only angiotensin II treatment
(Figure 2d).

2.3. ECE and DK Reduced the Expression of TGFβ, SMAD2/3, and Snail2 in the Kidney of SHRs

The expressions of TGFβ in the medulla and cortex of the SHRs were significantly
higher than those of the WKY rats, which were decreased by the administration of ECE or
DK. In the medulla, the decreasing effect was most prominent in the groups treated with
150 mg/kg/day of ECE and DK. In the cortex, the decreasing effect was most prominent
in the group treated with DK (Figure 3a). The expressions of SMAD2 in the medulla
and cortex of the SHRs were higher than those of the WKY rats, which were significantly
decreased by the administration of ECE or DK. The decreasing effect in the medulla was
most prominent in the groups treated with 150 mg/kg/day of ECE or DK. In the cortex,
the decreasing effects of 50, 100, and 150 mg/kg/day of ECE or DK were not significantly
different (Figure 3b). The expression of SMAD3 in the medulla and cortex of the SHRs
was significantly higher than that of the WKY rats, and was significantly decreased by the
administration of ECE or DK. The most prominent decreasing effect was observed in the
group treated with 150 mg/kg/day of ECE (Figure 3c). The expression of Snail2 in the
medulla and cortex of the SHRs was significantly increased by the administration of ECE
or DK. The most prominent decreasing effect was observed in the group treated with DK
(Figure 3d). In the in vitro model, the expression level of TGFβ and pSMAD2/3 protein
in angiotensin II-treated TCMK-1 cells with ECE (5, 25, 50 ug/mL), DK or inhibitor was
decreased compared to the only angiotensin II treatment (Figure 3e,f).
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Figure 2. Comparative analysis of ECE and DK administration on the reduction of expression of
AT1R in the kidney of SHRs and in angiotensin II-treated TCMK-1 cells. (a) AT1R mRNA levels in
cortex area, and in medulla of the kidney were measured by qRT-PCR analysis. (b) AT1R protein
expression levels in cortex area, and in medulla of kidney were measured by immunohistochemistry
and (c) the protein levels were quantified by Image J software. Three doses of ECE (50 mg/kg/day,
100 mg/kg/day and 150 mg/kg/day) were orally administrated for 4 weeks and 2.5 mg/kg/day of
DK were also orally administrated for 4 weeks. (d) AT1R protein expression levels in angiotensin
II-treated TCMK-1 cells (renal epithelial tubular cells) with 5, 25, 50 ug/mL ECE, 2.5 ug/mL DK or
inhibitor were measured by Western blotting. Scale bar = 25 µm. Means denoted by a different letter
indicate significant differences among groups (p < 0.05). - means the same group. ECE, Ecklonia cava
extract; DK, dieckol; Inhibitor, 1 µmol/L telmisartan.

2.4. ECE and DK Reduced the EMT in the Kidney of the SHRs

The expression of the mesenchymal cell marker, such as vimentin and α-SMA, of the
SHRs was significantly higher than that of the WKY rats and was significantly decreased by
the administration of either ECE or DK (Figure 4). The decreasing effect on the expression
of vimentin in the cortex of the SHRs was most prominent in the group treated with
DK, whereas the decreasing effect on the expression of vimentin in the medullas of the
SHRs was most prominent in the group treated with 150 mg/kg/day of ECE. Moreover,
the decreasing effect on the expression of vimentin in the cortex of the SHRs was most
prominent in the group treated with DK (Figure 4a,b). The expression of α-SMA in the
cortex and medulla of the SHRs was most significantly decreased in the group treated with
150 mg/kg/day of ECE (Figure 4c,d). The expression of the epithelial cell marker, such as
E-cadherin, in the cortex and medulla of the SHRs was significantly lower than that of the
WKY rats (Figure S1) and was significantly increased by the administration of either ECE
or DK.
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Figure 3. Comparative analysis of ECE and DK administration on the reduction of expression of TGFβ, SMAD2/3, and
Snail2 in the kidneys of SHRs. (a) TGFβ, (b) SMAD2, (c) SMAD3, (d) Snail2 mRNA levels in cortex area, and in medulla of
kidney were measured by qRT-PCR analysis. Three doses of ECE (50 mg/kg/day, 100 mg/kg/day and 150 mg/kg/day)
were orally administrated for 4 weeks and 2.5 mg/kg/day DK were also orally administrated for 4 weeks. (e) TGFβ,
SMAD2/3, pSMAD2/3 protein expression levels in angiotensin II-treated TCMK-1 cells (renal tubular epithelial cells) with 5,
25, 50 ug/mL ECE, 2.5 ug/mL DK or inhibitor were measured by Western blotting and (f) the protein levels were quantified
by Image J software. Means denoted by a different letter indicate significant differences between groups (p < 0.05). - means
the same group. ECE, Ecklonia cava extract; DK, dieckol; Inhibitor, 1 µmol/L telmisartan.

Figure 4. Comparative analysis of ECE and DK administration on the reduction of EMT in the kidney of the SHRs.
(a) Vimentin protein expression levels in cortex area, and in medulla of kidney were measured by immunohistochemistry
and (b) the protein levels were quantified by Image J software. (c) α-SMA protein expression levels in cortex area, and in
medulla of kidney were measured by immunohistochemistry and (d) the protein levels were quantified by Image J software.
Scale bar = 25 µm. Three doses of ECE (50 mg/kg/day, 100 mg/kg/day and 150 mg/kg/day) was oral administrated for
4 weeks and 2.5 mg/kg/day DK also oral administrated for 4 weeks. Means denoted by a different letter indicate significant
differences between groups (p < 0.05). - means the same group. ECE, Ecklonia cava extract; DK, dieckol.
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2.5. ECE and DK Reduced the Renal Fibrosis and Glomerular Sclerosis in the Kidney of SHRs

The fibrosis area in the cortex and medulla of the kidney of the SHRs was significantly
higher than that of the WKY rats (Figure 5a,b) and was significantly decreased by the
administration of either ECE or DK. In the cortex, the most prominent decreasing effect
was observed in the group treated with DK, whereas in the medulla, the most prominent
decreasing effect was observed in the group treated with 150 mg/kg/day of ECE. The
GSI of the SHRs was significantly higher than that of the WKY rats (Figure 5c,d) and was
significantly decreased by the administration of ECE or DK. Moreover, the most prominent
decreasing effect was observed in the group treated with DK.

Figure 5. Comparative analysis of ECE and DK administration on the reduction of renal fibrosis and glomerular sclerosis in
the kidney of SHRs. (a) Masson’s trichrome stained cortex area and medulla area of kidney showing fibrosis area (blue
color) and (b) fibrosis area was quantified by Image J software. (c) PAS-stained cortex area and medulla area of kidney
showing glomerular sclerosis and (d) the sclerosis were evaluated using a semi-quantitative scoring method (Grades 0–4).
Scale bar = 25 µm. Three doses of ECE (50 mg/kg/day, 100 mg/kg/day and 150 mg/kg/day) were orally administrated for
4 weeks and 2.5 mg/kg/day of DK was also orally administrated for 4 weeks. Means denoted by a different letter indicate
significant differences between groups (p < 0.05). - means the same group. ECE, Ecklonia cava extract; DK, dieckol; GSI;
glomerulosclerotic index.

2.6. ECE and DK Attenuated Renal Function Aggravation in SHRs

The amount of water intake within 24 h was not significantly different among all
groups (Figure 6a). The urine volume of the SHRs within 24 h was significantly lower
than that of the WKY rats (Figure 6b). It was significantly increased by the administration
of 100 and 150 mg/kg/day of ECE and DK. The urine sodium/potassium (Na/K) ratio
was not significantly different among all groups (Figure 6c). The albumin level in the
urine of the SHRs was significantly higher than that of the WKY rats and was significantly
decreased by the administration of ECE or DK. The decreasing effects of 50, 100, and
150 mg/kg/day of ECE and DK were not significantly different (Figure 6d). The ratio of
urine albumin/creatinine of the SHRs was significantly higher than that of the WKY rats
and was decreased by the administration of ECE or DK. The decreasing effects of 50 and
100 mg/kg/day of ECE and DK were not significantly different (Figure 6e).
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Figure 6. Comparative analysis of ECE and DK administration on the attenuation of renal function
aggravation in SHRs. (a) Water consumption, (b) urine volume, (c) urine Na/K ratio, (d) urine
microalbumin level, (e) urine albumin-to-creatinine ratio (UACR) were measured prior to sacrifice.
Three doses of ECE (50 mg/kg/day, 100 mg/kg/day and 150 mg/kg/day) were orally administrated
for 4 weeks and 2.5 mg/kg/day of DK was also orally administrated for 4 weeks. Means denoted by
a different letter indicate significant differences between groups (p < 0.05). - means the same group.
ECE, Ecklonia cava extract; DK, dieckol; NS, not significant.

3. Discussion

Hypertension is the second leading etiology of ESRD after diabetes [21]. It is hard to
predict the severity of hypertensive renal fibrosis with BP, since renal fibrosis could severely
progress even when the patient’s BP is not extremely high [21]. Although antihypertensive
treatments with ACE inhibitors, such as angiotensin receptor blockers, renin inhibitors, and
aldosterone antagonists, could reduce the severity of hypertensive kidney disease, they are
not enough to prevent the progression of hypertensive nephropathy [22]. Even though the
recommended target BP is achieved at below 130/80 mmHg, the treatment strategy for
decreasing BP cannot delay the progression of hypertensive nephropathy [23]. Although
hypertensive nephropathy is typically described as nephroangiosclerosis and glomerular
hyalinosis [24,25], recently, it was revealed that the interstitium of the kidney, which is
involved in TIF, is related to disease progression, as well as the glomerular and vascular
compartments [26,27]. Since TIF is a main pathophysiology of hypertensive nephropathy,
it is essential to the development of new agents directed to modulate TIF to prevent the
progression of hypertensive nephropathy. In recent years, EMT has been known as a crucial
player in renal fibrosis [28,29].

Ang II induces vasoconstriction and consequently induces hypertension [30]. In hy-
pertension, RAAS is activated systemically, and the upregulation of RAAS is accompanied
in several organs, such as the kidney [31,32]. The hyperactivation of intrarenal RAAS is
an important mechanism of hypertension and chronic kidney disease [31,32]. Both TGFβ1
and Ang II induce the activation of the intrarenal RAAS and enhance the expressions of
angiotensinogen, renin, ACE, and AT1R, which induce EMT [33]. In our study, the systolic
BP of the SHRs was significantly decreased by the administration of either ECE or DK.
The serum level of Ang II of the SHRs was significantly decreased by the administration
of either ECE or DK. The expression of AT1R in the cortex and medulla of the SHRs was
significantly decreased by the administration of either ECE or DK.

The upregulation of RAAS, such as the increased expression of AT1R, activates the
down signaling pathway of TGFβ1 [34]. Activated by RAAS, TGFβ1 induces EMT via the
SMAD-dependent and SMAD-independent pathways [33]. As the SMAD-dependent sig-
naling pathway, TGFβ1 signaling is transduced via TGFβRII and TGFβRI and leads to the
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activation of SMAD2/3. [10]. SMAD4 binds to SMAD2/3 and promotes the translocation of
the SMAD complex into the nucleus [10]. Translocated SMADs upregulate the expressions
of EMT genes, such as Snail, Twist, and ZEB [34]. In our study, the expression of AT1R was
significantly higher in the cortex and medulla of the SHRs than that of the WKY rats, and
was decreased by the administration of either ECE or DK. The expression of TGFβ and
SMAD2/3 in the cortex and medulla of the SHRs was decreased by the administration of
either ECE or DK.

The EMT is characterized by the loss of an epithelial marker, such as E-cadherin, and
the attainment of mesenchymal markers, such as α-SMA, vimentin, and fibronectin [35].
E-cadherin is the most expressed cadherin in the epithelial cells and is, thus, frequently
used as an epithelial marker [36]. α-SMA is a phenotypic marker of myofibroblast cells,
and its expression is a feature of the advanced stages of EMT [37]. α-SMA-expressing
myofibroblasts, which undergo EMT, induce the synthesis of excessive ECM and abnormal
ECM remodeling and renal fibrosis [37].

Hypertensive nephropathy induces glomerulosclerosis and interstitial fibrosis, which
induces the decrease in renal function and significant proteinuria [6]. In our study, the
expression of vimentin and α-SMA in the medulla and cortex of the SHRs was increased
and was decreased by the administration of either ECE or DK. The amount of fibrosis
area in the medulla and cortex of the SHRs was increased, and it was decreased by the
administration of either ECE or DK. The index of glomerular sclerosis of the SHRs was
increased, and it was decreased by the administration of either ECE or DK.

The urine volume of the SHRs progressively decreased as compared with that of the
WKY rats of the same age [38]. It is known that the greater the excretion of urine sodium,
the less the urinary potassium excretion. Moreover, in human studies, the urine Na/K
ratio is associated with the increase in BP and the fast impairment of renal function [39].
In our study, the urine volume of the SHRs was lower than that of the WKY rats, even
though the water intake amount was not different between the SHRs and WKY rats. The
urine Na/K ratio of the SHRs was significantly different among the WKY rats, SHRs, and
ECE- or DK-treated groups. The urine Na/K ratio was used as a marker of dietary sodium
and potassium intake in human studies [39]. The BP increased with the increase in sodium
intake. However, increased potassium intake decreased the BP by increasing the excretion
of sodium into the urine [40]. Therefore, the urine Na/K ratio is associated with the BP in
humans [40]. In our study, all animals were not fed with a high-sodium diet, which explains
why the urine Na/K ratio among the groups did not show any significant difference.

Hypertension tends to increase proteinuria [37]. It is known that the urine albumin-
to-creatinine ratio is associated with the decrease in the glomerular filtration rate [41].
Previous studies have shown that the development of microalbuminuria in SHRs is caused
by predominant tubular injury, which induce the urinary loss of low molecular weight
proteins [42,43]. In our study, the urine albumin-to-creatinine ratio of the SHRs was higher
than that of the WKY rats, and was decreased by the administration of either ECE or DK.

Previous studies showed that several polyphenols have an inhibiting effect on ACE
activity [14–17]. However, these studies only reported ACE inhibitory activity as an IC50
value, which is the 50% inhibition concentration of a positive control, and they did not
show an antihypertensive effect or protecting effect against hypertensive nephropathy in
the animals. One study showed that ECE decreased BP in the 2-kindney 1-clip Goldblatt
hypertensive rats [44]. Pyrogallol-phloroglucinol-6,6-bieckol decreased BP in the high
fat diet-induced hypertension animal model by modulating vascular dysfunction [45].
However, these studies showed only decreasing BP and did not evaluate whether ECE
showed any effect of attenuating hypertensive nephropathy. Our study showed that
ECE and DK decreased the expression of AT1R/TGFβ/SMAD2/3 in the kidney and
decreased the serum level of Ang II. Additionally, ECE and DK decreased EMT, renal
fibrosis and glomerular sclerosis. It seems that ECE and DK might be helpful in attenuating
hypertensive nephropathy.
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4. Materials and Methods
4.1. Preparation of ECE and Isolation of DK

The ECE were obtained from the Aqua Green Technology Co., Ltd. (Jeju, Korea). The
E. cava was thoroughly washed with pure water and air-dried at room temperature for 48 h.
It was ground, and 50% ethanol was added, followed by heating at 85 ◦C for 12 h. The ECE
were filtered and then, when concentrated, sterilized by heating at a high temperature for
40–60 min and then spray-dried. Dieckol, which is one of the representative phlorotannins
of E. cava, was then isolated. Briefly, centrifugal partition chromatography was performed
using a two-phase solvent system that mixed pure water, ethyl acetate, n-hexane, and a
methanol mixture (ratio 7:7:2:3). The organic stationary phase was filled in the column and
the mobile phase was filled in the column, following the descending order of flow rate
(2 mL per minute) and was used for separation. We followed the methods of Dr. Son et al.
(2019) [45].

4.2. Hypertension Animal Model

Male SHRs (8 weeks old) and male WKY rats (8 weeks old) were bought from the
Orient Bio (Sungnam, Korea) and kept at a constant temperature of approximately 24 ◦C,
relative humidity of 50–55%, and light/dark cycle of 12 h/12 h. The rat sublimation was
conducted for 1 week. The rats were randomly divided into six groups (five rats per group):

(i) WKY group, in which the rats were orally administered with drinking water for
4 weeks;

(ii) SHR group, in which the rats were orally administered with drinking water for
4 weeks;

(iii–v) SHR group, in which the rats were orally administered with ECE of (iii)
50 mg/kg/day, (iv) 100 mg/kg/day, and (v) 150 mg/kg/day for 4 weeks;

(vi) SHR group, in which the rats were orally administered with 2.5 mg/kg/day DK
for 4 weeks. After 4 weeks, water consumption, urine volume and urine chemical analysis
were validated with metabolic cage for 24 h. After completing the metabolic analysis, all
rats were sacrificed according to the ethical principles of the Institutional Animal Care and
Use Committee of Gachon University (approval number: LCDI-2019-0121).

4.3. Immunohistochemistry

Kidney tissue paraffin blocks were sectioned at 8 µm, placed on gelatin-coating slides,
and dried at 37 ◦C for 3 days. The kidney tissue slides were deparaffinized and then
incubated with 0.3% hydrogen peroxide (Sigma-Aldrich, MO, USA) for 10 min. Afterward,
the slides were rinsed three times with phosphate-buffered saline (PBS), and incubated
with an animal serum to inhibit antibody nonspecific binding. Moreover, they were
incubated with primary antibodies (anti-AT1R, anti-E-cadherin, anti-α-SMA, and anti-
vimentin) and rinsed with PBS three times. The tissue slides were then incubated with the
biotinylated secondary antibodies from the ABC kit (Vector Laboratories, Burlingame, CA,
USA), incubated for 3 h with a blocking solution, and rinsed with PBS three times. The
tissue slides were developed with 3,3-diaminobenzidine as a substrate for 3 min, mounted
with a xylene-based DPX solution (Sigma-Aldrich), and visualized via light microscopy
(Olympus Optical Co., Tokyo, Japan).

4.4. RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The RNA from the rat kidney tissues was isolated using the RNAiso Plus reagent
(TAKARA, Japan) according to the manufacturer’s instructions. The kidney tissues were
first divided into two parts, namely, the cortex part and the medulla part. The kidney
tissues were finely cut and crushed into powder, and the powders were resuspended with
1 mL of RNAiso Plus reagent, mixed with 0.1 mL of pure glade chloroform (Amresco,
Solon, OH, USA), and then centrifuged at 13,000× g for 20 min at 4 ◦C. After centrifugation,
the supernatant was mixed with 0.25 mL of pure glade isopropyl alcohol, and the extracted
RNA pellets were washed with 70% alcohol and centrifuged at 7500× g for 5 min at 4 ◦C.
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The dried pellets were dissolved in 10–30 µl diethylpyrocarbonate-treated pure water, and
RNA was quantified and checked using the NanoDrop 2000 (Thermo Fisher Scientific, MA,
USA). Complementary DNA (cDNA) was prepared from RNA using a cDNA synthesis kit
(PrimeScript™, TAKARA). A quantitative real-time polymerase chain reaction (qRT-PCR)
determined the RNA levels from the kidney tissues. The forward and reverse primers were
mixed with distilled water, and then 10 µl mixtures were placed in a 384-well qRT-PCR
plate. The cDNA and SYBR green (TAKARA) were subsequently added and then validated
using a qRT-PCR machine (Bio-Rad, Hercules, CA, USA). The genes of interest are listed in
Supplementary Table S1. We followed the methods of Dr. Son et al. 2019 [45].

4.5. Enzyme-Linked Immunosorbent Assay (ELISA)

To confirm the serum Ang II level, an aliquot of the withdrawn blood (1.5 to 1.7 mL)
was added in serum separator tubes (Becton Dickinson, Franklin Lakes, NJ, USA) and
then centrifuged at 2000× g for 20 min at room temperature. Afterward, the separated
serum was moved into a new tube and stored in a deep freezer. The Ang II ELISA
kit (MyBioSource, San Diego, CA, USA) was used for analyzing the presence of serum
according to the manufacturer’s instructions. Ang II was measured within 1 week after
blood collection from the animals.

4.6. Histological Analysis

4.6.1. Masson’s Trichrome (MT) Stain

Masson’s trichrome (MT) stain validates the fibrosis of the kidney. Blocks of paraffin-
embedded kidney tissue were sectioned to a thickness of 8 µm, placed on a coating slide,
and dried at 37 ◦C for 3 days. The tissue slides were deparaffinized with xylene and
alcohol and were re-fixed with Bouin’s solution for 24 h and rinsed with running tap
water for 3 min. The slides were submerged with Weigert’s iron hematoxylin solution
for 10 min and Biebrich scarlet-acid fuchsin solution for 15 min and then differentiated
with phosphomolybdic–phosphotungstic acid solution for 10 min. Finally, the slides were
transferred to aniline blue solution for 3 min and then washed with water. The stained
slides were mounted with xylene-based DPX solution (Sigma-Aldrich) and visualized via
light microscopy (Olympus). The collagen fiber appears to be blue in color in the fibrosis
area, whereas the renal epithelium appears to be red in color. MT-stained fibrosis areas
were measured using the ImageJ software. Original images of the MT-stained kidney were
converted into RGB images, and then these images were deconvolved using the ImageJ
software using the color deconvolution plugin.

4.6.2. Periodic Acid–Schiff (PAS) Stain

A periodic acid–Schiff (PAS) stain validated the glomerular damage of the kidney.
Blocks of paraffin-embedded kidney tissue were sectioned to a thickness of 8 µm, placed
on a coating slide, and dried at 37 ◦C for 3 days. The tissue slides were deparaffinized with
xylene and alcohol, hydrated with water, oxidized with 0.5% periodic acid solution for 5
min, and washed with water. The slides were submerged with the Schiff reagent for 15 min
and then washed with lukewarm tap water for 5 min. Finally, the slides were transferred
to Mayer’s hematoxylin solution for 1 min and then washed with water. The stained slides
were mounted with xylene-based DPX solution (Sigma-Aldrich) and visualized via light
microscopy (Olympus).

Glomeruli were randomly selected, and the glomerular damage was evaluated using
a semi-quantitative scoring method (Grades 0–4) using PAS-stained kidney tissue slides.

(1) Grade 0: normal glomeruli;
(2) Grade 1: minimal sclerosis (sclerotic area up to 25%);
(3) Grade 2: moderate sclerosis (sclerotic area 25% to 50%);
(4) Grade 3: moderate–severe sclerosis (sclerotic area 50% to 75%);
(5) Grade 4: severe sclerosis (sclerotic area 75% to 100%);
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The glomerulosclerotic index (GSI) was calculated using the following equation: (4 ×

n4) + (3 × n3) + (2 × n2) + (1 × n1) / n4 + n3 + n2 + n1 + n0, where n (x) is the number of
renal glomerular sclerosis in each grade [46]. This analysis was carried out in the treatment
groups by a masked observer.

4.7. Systolic Blood Pressure, Diastolic Blood Pressure, and Mean Arterial Blood
Pressure Measurements

The systolic BP, diastolic BP, and mean arterial BP were measured using a noninvasive
CODA tail-cuff system (Kent Scientific Corp., Torrington, CT, USA). The rat sublimation
was conducted for 20 min for 5 days, and the BP was measured on the last day.

4.8. In Vitro Modeling Using TCMK-1 Cells

TCMK-1 cells, a mouse proximal tubule cell line, were purchased from American Type
Culture Collection (Washington, DC, USA). High glucose Dulbecco’s Modified Eagle’s
medium (Gibco; Grand island, NY, USA), 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin were used as culture mediums. To validate the inhibitory effects of ECE
and DK in angiotensin II-treated TCMK-1 cells, we treated ECE (5, 25, 50 µg/mL) and
DK (1.8 µg/mL) with 100 nmol/L angiotensin II (Sigma-Aldrich, St Louis, MO, USA) for
12 h. Telmisartan (1 µmol/L, Sigma-Aldrich) was used for AT1 receptor antagonist and
pretreated before angiotensin II for 3 h [47].

4.9. Preparation of Protein and Western Blotting

To isolate protein from angiotensin II-treated TCMK-1 cells, the cells were scraped
using the RIPA lysis buffer with phosphatase and proteinase inhibitor (EzRIPA; ATTO;
Tokyo, Japan) and incubated on ice for 20 min. After centrifuging at 13,000× g for 20 min, at
4 ◦C, clean supernatants were moved to a new tube and the concentration of supernatants
was analyzed with a bicinchoninic acid assay kit (BCA kit; Thermo Fisher Scientific, Inc.;
Waltham, MA, USA). To validate protein expression from TCMK-1 cells, blotting was
conducted. An equal amount of lysate proteins (30 µg/lane) was separated by 10% sodium
dodecyl sulfate polyacrylamide gel using electrophoresis. Then, running proteins were
transferred to polyvinylidene fluoride membranes, which were incubated with diluted
primary antibodies (Anti-β-actin, AGTR1, TGF-β, SMAD2/3 and pSMAD2/3) at 4 ◦C.
The incubated membranes with antibodies were thoroughly washed using Tris-buffered
saline with 0.1% Tween 20 and incubated with secondary antibodies for 2 h at room
temperature. All membranes were developed by enhanced chemiluminescence (LAS-4000s;
GE Healthcare, Chicago, IL, USA). The antibodies information used in this study can be
found in Table S2.

4.10. Statistical Analysis

The results are presented as mean ± SD, and p-values of <0.05 means it is statistically
significant. The Kruskal–Wallis test was used to validate the differences among the groups,
and the Mann–Whitney U test was used in the SPSS ver. 22 software (IBM Corporation;
NY, Armonk, USA) completed post hoc comparisons. Means denoted by a different letter
indicate significant differences between groups.

5. Conclusions

In conclusion, AT1R was upregulated in the SHRs, and the signal pathway increased
TGFβ and SMAD2 or 3, which induced EMT. Either ECE or DK downregulated the signal
pathway and decreased EMT. Therefore, ECE or DK decreased the mesenchymal cell
markers such as the expression of vimentin and α-SMA, the fibrotic tissue of the kidney,
and the ratio of urine albumin/creatinine and attenuated the EMT. Furthermore, renal
fibrosis led to the restoration of renal function (Figure 7).
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Figure 7. Schematic image for effects of ECE and DK administration in SHRs. ECE or DK downregu-
lated AT1R/TGFβ/SMAD2 or three molecule expression and EMT marker expression in SHRs.
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Abstract: Many studies have shown both the CD28—D80/86 costimulatory pathway and the PD-1—
PD-L1/L2 coinhibitory pathway to be important signals in modulating or decreasing the inflamma-
tory profile in ischemia-reperfusion injury (IRI) or in a solid organ transplant setting. The importance
of these two opposing pathways and their potential synergistic effect led our group to design a
human fusion recombinant protein with CTLA4 and PD-L2 domains named HYBRI. The objective
of our study was to determine the HYBRI binding to the postulated ligands of CTLA4 (CD80) and
PD-L2 (PD-1) using the Surface Plasmon Resonance technique and to evaluate the in vivo HYBRI
effects on two representative kidney inflammatory models—rat renal IRI and allogeneic kidney
transplant. The Surface Plasmon Resonance assay demonstrated the avidity and binding of HYBRI to
its targets. HYBRI treatment in the models exerted a high functional and morphological improvement.
HYBRI produced a significant amelioration of renal function on day one and two after bilateral warm
ischemia and on days seven and nine after transplant, clearly prolonging the animal survival in a
life-sustaining renal allograft model. In both models, a significant reduction in histological damage
and CD3 and CD68 infiltrating cells was observed. HYBRI decreased the circulating inflammatory
cytokines and enriched the FoxP3 peripheral circulating, apart from reducing renal inflammation.
In conclusion, the dual and opposite costimulatory targeting with that novel protein offers a good
microenvironment profile to protect the ischemic process in the kidney and to prevent the kidney
rejection, increasing the animal’s chances of survival. HYBRI largely prevents the progression of
inflammation in these rat models.

Keywords: costimulation; coinhibition; ischemia-reperfusion injury; kidney transplant; SPR; protein
binding affinity; innate immunity; adaptive immunity; inflammation

1. Introduction

Delayed graft function (DGF) is the clinical manifestation of ischemia-reperfusion
injury (IRI) in human renal transplantation. The clinical impact of DGF on transplant-
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related outcomes is an increase in the risk of rejection, inferior allograft function, difficult
management of immunosuppression in the early post-transplant phase, and the need for
repeated renal biopsies with their related associated complications [1–3].

IRI causes a series of humoral and cellular responses, producing complex and diverse
pathophysiological pathways of damage to the organ [4,5]. The occlusion of the arterial
blood supply leads to tissue hypoxia and the imbalance of metabolic demand, thus acti-
vating cell death programs, endothelial dysfunction, transcriptional reprogramming, the
expression of cytokines, leukocyte-endothelial adhesion, macrophage and lymphocyte
activation, and the generation of small amounts of reactive oxygen species (ROS) [6–9].
Additionally, the restoration of blood flow and reoxygenation is frequently associated
with an exacerbation of tissue injury and intense inflammatory response [10]. During
reperfusion, the restoration of oxygen levels further damages cells exposed to previous
ischemia, leading to the production of large amounts of ROS that contribute to cell mem-
brane and DNA damage. Reperfusion damage results in an autoimmune response, which
includes mostly natural antibody recognition and complement cascade activation [11]. This
induces cell death and the activation of the innate and, afterwards, the adaptive immune
system [6]. Regarding adaptive immunity, multiple roles of T cells have been described in
studies of ischemia, showing evidences in both antigen-specific and antigen-independent
mechanisms of activation [1,12,13].

Given the crucial role that costimulatory signals play in T cell-mediated immune
responses, several costimulatory pathways have been targeted using monoclonal antibodies
and fusion proteins to induce immunosuppression. Currently, it is well known that the
so-called costimulatory pathways constitute a complex set of stimulatory and inhibitory
signals which together fine-tune cell responses. To induce immunosuppression, several
of these targets have been directed [14–17]. Some studies reported that CTLA4 blocks the
costimulatory CD28 pathway by binding to the ligands CD80 and CD86. This blockade
prevents the clonal expansion of effector T cells, leading them to an anergy or apoptotic
state [18–20]. The costimulatory blocker Belatacept (a mutated version of CTLA4Ig) was
approved for immunosuppression in renal transplantation in the early 2000s. The observed
advantages of Belatacept over cyclosporine include better graft function, the preservation
of renal structure, and improved cardiovascular risk profile [21]. Concerns associated
with Belatacept are a higher frequency of cellular rejection episodes, but protocol biopsies
at 1 year showed a lower incidence of chronic allograft nephropathy with Belatacept
compared to cyclosporine [22]. According to Parsons et al., Belatacept can also reduce
Human leukocyte antigen (HLA) class I antibodies in a significant proportion of highly
sensitized recipients [23].

Recent studies have shown the immunosuppressive effects of exacerbating the coin-
hibitory pathway formed by PD-1 and the ligands PD-L1 and PD-L2 [24–28]. Early PD-1
expression has been demonstrated in renal allograft, which was considered essential to
modulate T cell expansion and cytokine production. Blocking the PD-1/PD-L1 coin-
hibitory pathway during the first week after transplantation doubled the number of PD-
1–expressing CD8 and CD4 cells infiltrating the graft, mainly in the interstitium [29].
Contrasting to PD-L1, PD-L2 is mainly expressed in the Antigen presenting cells (APC),
does not link to CD80, and seems to be more significant in terms of protection against an
ischemic or allogeneic insult [24,30–32]. Moreover, this pathway has been recently related
to the regulatory T cell induction setting, a cellular subset implicated in the immune and
inflammatory response regulation [33–35].

According to these T cell-modulating pathways, the concurrent blockade of the CD28—
CD80/86 costimulatory pathway with CTLA4 and the stimulation of the PD-1 coinhibitory
pathway with PD-L2 in the cell synapses could exert better immunosuppressive or anti-
inflammatory effects [24,36]. In this regard, our group designed a novel human fusion
protein construct to target these dual and opposite costimulatory signals. The production
of the molecule consists of gen synthesis, cloning, and transient transfection with a stable
Chinese hamster ovary (CHO) mammalian cell line. This recombinant protein design
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consists of an IgG1 FC linked to a CTLA4 molecule which is also bound to two PD-L2
molecules by polypeptide links (Figure 1).

Figure 1. HYBRI protein structure.

This dual targeting may promote T cell anergy and apoptosis, enhance T cell exhaus-
tion and T-reg expansion, and downregulate the CD80/86 expression in antigen-presenting
cells [37–39]. This might suggest that lower concentrations of CTLA4 would be needed
to inhibit the CD28—CD80/86 costimulatory synapsis. This potential dual targeting may
close a synergistic circle to exert potent anti-inflammatory and immunosuppressive effects.
We studied two experimental settings, the inflammatory environment of renal warm IRI
and the renal allogeneic transplantation with cold ischemia, to evaluate the effect of our
HYBRI protein.

2. Results
2.1. Analysis of HYBRI Binding Affinity to Murine CD80 and PD-1 Proteins Using the Surface
Plasmon Resonance (SPR) Technique

SPR analysis was used to characterize the affinity and kinetics between the HYBRI
construct and PD-1 and CD80. HYBRI was covalently bound to the CM5 sensor surface and
the analytes (CD80 and PD-1) were injected in solution over the surface at concentrations
ranging from 15.6 to 2000 nM. Sensorgrams (Figure 2) show a dose-dependent direct
interaction between the analytes and HYBRI. Affinity constants determined in the steady
state reflected a high affinity for both CD80 and PD1 binding to HYBRI (Table 1). Kinetics
analysis revealed rapid association (Ka) and dissociation (Kd) for both CD80 and PD1.
From these kinetic constants, affinity constants could be calculated (KD) and were in
good agreement with the affinity constants determined from the steady-state analysis.
Experiments were also conducted to assess the effect of the presence of PD-1 on CD80
binding to HYBRI, and there was found to be a lack of competition between the two
molecules for HYBRI [40].

Table 1. CD80 and PD1 bind to HYBRI. Affinity constants (KD) were calculated from SPR analysis in
the steady state and from the kinetics analysis.

Steady State Kinetics

ka (1/Ms) kd(1/s) KD (M)

CD80 3.72 × 10−6 1.57 × 105 5.68 × 10−1 3.62 × 10−6

PD-1 5.29 × 10−5 6.37 × 104 3.19 4.91 × 10−5
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Figure 2. Representative sensorgrams of CD80 (a) and PD1 (b) binding to HYBRI. HYBRI was bound to CM5 chip and
CD80 and PD1 serial dilutions (15.625, 31.25, 62.5, 125, 250, 500, 1000, and 2000 nM) represented in distinct colors were
injected for 90 s. Experimental data are shown as color traces and black traces represent the fitted data according to the 1:1
Langmuir binding model.

2.2. Bilateral Warm Ischemia Model in Native Rat Kidneys

2.2.1. Effects of HYBRI on Renal Function

HYBRI therapy produced a significant improvement in kidney function the following
three days after warm ischemia, with a reduction in creatinine at 24 h from 2.85 mg/dL to
1.5 mg/dL (p = 0.0002) and a reduction in urea from 192.8 mg/dL to 129.2 mg/dL for the
non-treated group to the HYBRI group, respectively (p = 0.0335, Figure 3). Interestingly,
the major difference between groups was observed on the second day after ischemia, when
both parameters began to decrease in the HYBRI group but peaked in the non-treated
group. At this point, the creatinine level of the non-treated group increased to 3.02 mg/dL
compared to the reduction to 0.89 mg/dL (p = 0.001) for the group treated with the HYBRI
protein. Furthermore, in the case of blood urea the slope on the second day continued
increasing, with a significant difference from 281.3 mg/dL in the non-treated group to
76.4 mg/dL in the HYBRI group (p = 0.0022). There were no serum creatinine and urea
level fluctuations in the sham group.

2.2.2. Renal Histopathology and Immunohistochemistry

A significant reduction in histological damage was observed from a total inflammatory
score of 6.75 in the non-treated group to 3.2 in the HYBRI group (p = 0.0021), while there
was no inflammation in the sham group (Figure 4).

Despite no significant differences, the HYBRI group showed a reduction of almost half
in CD3 infiltrating cells (from 13.2 in the non-treated group to 8 in the HYBRI group). An
enrichment of FoxP3+ infiltrating cells (Tregs) in the kidney was observed (from 0.7 in the
non-treated group to 1.3 in the HYBRI group, with a trend to significance (p value= 0.075)).
Even more, creating a ratio between infiltrating FoxP3+ cells and infiltrating CD3+ cells,
animals treated with HYBRI showed a percentage of 39.1% in contrast to 8.9% in non-
treated animals (p value= 0.069). The treatment also revealed a significant reduction
in CD68 infiltrating cells from 3.3 in the non-treated group to 1.8 in the HYBRI group
(p < 0.0001).

2.2.3. Peripheral Blood and Spleen Cell Populations

There were no significant differences between groups in a flow cytometry analysis
in spleen cell subpopulations. Regarding the Peripheral blood mononuclear cell (PBMC)
analysis, the only differences seen were in the percentage of FoxP3+ cells (Tregs) in the
CD4+ cells. These cells were expanded from 5% to 13% the next day after ischemia in the
HYBRI group. In contrast, in the non-treated group, the difference was lower, with an
initial 4% to 9% twenty-four hours after ischemia. Similar trends were observed in the
percentage of CD25+ cells in both the CD3+ and CD4+ cell subsets.
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Figure 3. Functional renal parameters throughout the ischemia-reperfusion model for all treatments,
including serum creatinine (a) and serum urea (b). Values are expressed in mg/dL. Data are expressed
as mean.

2.2.4. Circulating Inflammatory Cyto/Chemokines

The serum levels of MCP1 and RANTES (also known as CCL5) at the end of the study
decreased significantly with the HYBRI treatment. In addition, concerning the IP-10, IL-12,
and MIP-1α levels, treatment with HYBRI in ischemic kidneys significantly reduced those
cytokines to values similar to those of sham rats. A partial but non-significant reduction in
the serum IL-2 levels was also observed in the HYBRI group compared to the non-treated
rats (Figure 5).

2.2.5. Renal Gene Expression

After analyzing both the TaqMan low density array (TLDA) and Polymerase chain
reaction (PCR) techniques with a CT method analysis, a few significant differences were
observed comparing the HYBRI group with the non-treated group. In this regard, the
CTLA4 (p = 0.0133) and FoxP3 (p = 0.0435) gene expression were significantly reduced in
the non-treated group compared to the HYBRI group.
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Figure 4. Renal histopathology parameters for ischemia-reperfusion injury in the three studied
groups. Semi-quantitative inflammatory score values (a) for Hematoxylin-Eosin stain. Cells per
hpf values for renal immunofluorescence CD3+ (b) and FoxP3+ (c) kidney infiltrate, and semi-
quantitative score for CD68+ surface intensity (d). Data are expressed as a mean ± SEM. *, p < 0.05
vs. non-treated; **, p < 0.01 vs. non-treated.

In HYBRI animals, there was a trend for lower expressions of Ccl7, Ccr5, Cxcl10, Fcnb,
Ptprc, S100a6, Trl2, Tlr4, HGF, RORC, and VCAM genes compared to non-treated animals.
Interestingly, the degree of reduction in the expression of those genes in the group treated
with HYBRI led to values closer to those of the sham group, and, contrarily to non-treated
rats, they were not statistically different, thus bringing the treated kidneys closer to a
healthier genotype.

The Pathwax database results for all these genes showed that the HYBRI treatment
affected nine molecular pathways related to cellular processes, such as apoptosis, necropto-
sis, and focal adhesion (see Supplementary Material). It also affected twelve environmental
information processing-related pathways, such as cytokine–cytokine receptor interaction;
cell adhesion molecules; and NF-kappa B, MAPK, JAK-STAT, and TNF signaling path-
ways as the most relevant. Of note, HYBRI also affected thirty-three pathways related to
human diseases, with the PD-1 expression pathway as the most significant. Twenty-one
organismal systems-related pathways such as NK cell-mediated cytotoxicity; Th1, Th2,
and Th17 cell differentiation; the chemokine signaling pathway; T and B-cell and toll-like
receptor signaling pathways were also affected. The gene expression results showed that
almost all the analyzed genes are regulated in the IRI setting, but just thirteen of them are
significantly addressed by the HYBRI treatment.

2.3. Rat Allogeneic Kidney Transplant Model

2.3.1. Effects of HYBRI on Renal Function and Survival

HYBRI treatment resulted in an improvement in renal function in the allogeneic
transplant model. At the early ischemic peak 24 h after kidney transplantation, despite no
significant differences HYBRI treatment reduced the serum creatinine from 1.4 to 1.1 mg/dL
and the serum urea levels from 185.8 to 157.2 mg/dL. Furthermore, HYBRI treatment
showed a significant reduction in creatinine levels on day 7 after kidney transplantation
(p = 0.0171), when kidney function begins to decline due to allogeneic kidney rejection
(Figure 6).
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Figure 5. Circulating IL-2, IL-12, IP10, MCP1, MIP-1α, and RANTES in renal warm ischemia model
measured by Luminex assay. Data are expressed as a mean ± SEM. *, p < 0.05 vs. non-treated;
**, p < 0.01 vs. non-treated.

There were also significant mortality differences between the studied groups. The
initial number of twenty-one non-treated animals was reduced to seven at the 21st day,
representing a 33% survival rate (Figure 7). Among the surviving animals, only one lived
to the end of the study at day 90 (4.8%). The mean survival of this group was 23 days. On
the other hand, the administration of the HYBRI protein during the firsts 6 days of the
study significantly improved the animal survival up to 57 days, more than double that in
the group without treatment. This data was significant in the Log rank Mantel Cox test of
the Kaplan Meier curve. On the 21st day of the study, a survival rate of 80% of the group
was seen (p = 0.021), and this finally decreased to 30% at the end of the study at day 90, a
higher percentage than the almost 5% corresponding to the untreated group (p = 0.005).

2.3.2. Renal Histopathology and Immunohistochemistry

As seen in Figure 8, conventional kidney histology reflected a significant score reduc-
tion from 8.1 in the non-treated group to 3.5 in the HYBRI group (p < 0.001). Regarding
kidney infiltrating cells, there were significant differences in CD3+, where the mean of
24.9 cells/hpf in the non-treated group was reduced to 10.3 cells/hpf in the HYBRI-treated
group (p = 0.0237). Macrophage infiltration was also significantly reduced with HYBRI
treatment, where the mean semi-quantitative score of 2.97 in the non-treated group was
decreased to 1.94 with HYBRI treatment (p = 0.0015). Humoral effect was analyzed with
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C4d staining, and significant reductions were found with the HYBRI treatment in both
studied areas (p = 0.0287 for glomeruli and p = 0.0034 for peritubular capillary).

Figure 6. Functional renal parameters throughout the allogeneic transplant model for HYBRI treat-
ment and non-treated groups. (a) Serum creatinine and (b) serum urea levels for the initial 21 days of
the study. Values are expressed in mg/dL. Data are expressed as means.

2.3.3. Circulating Inflammatory Cyto/Chemokines

A significant reduction of up to three-fold in IP-10, RANTES, and MCP1 was observed
in rats treated with HYBRI compared with non-treated rats. Animals treated with HYBRI
had reduced MIP1α values, but they were not statistically different because there was a
huge dispersal in non-treated rats. Finally, non-significant reduction in IFNγ and IL-12
was seen (Figure 9).
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Figure 7. Survival differences with the Kaplan Meier analysis of the two studied groups in the rat
allogeneic transplant model.

Figure 8. Renal histopathology parameters for allogeneic transplant model in the two studied groups.
Semi-quantitative inflammatory score values (a) for Hematoxylin-Eosin stain. Cells per hpf values
for renal immunofluorescence CD3+ (b) and semi-quantitative score for CD68+ surface intensity (c)
and C4d kidney deposition (d). Data are expressed as a mean ± SEM. *, p < 0.05 vs. Non-treated;
**, p < 0.01 vs. Non-treated.
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Figure 9. Circulating IFNγ, IL-12, IP10, MCP1, MIP-1α, and RANTES in allogeneic transplant model
measured by Luminex assay. Data are expressed as a mean ± SEM. **, p < 0.01 vs. non-treated.

3. Discussion

Ischemia reperfusion damage is a deleterious response in acutely injured kidneys in
several clinical situations. In this setting, costimulatory lymphocyte signals have been
involved or modulated successfully [41–45]. We here show a positive modulation of both
warm renal ischemia and allograft response by means of a dual and opposite costimulatory
targeting, combining two coinhibitory receptors, CTLA4 and PDL2.

After the theoretical design of the construct and the genetic transient insertion in the
CHO mammalian cell line, HYBRI was synthesized and its in vitro activity was assessed
in the mixed lymphocyte reaction [46] with successful inhibition of T cell response. As
a first validation, the well-known SPR technique showed the great affinity of our newly
designed HYBRI protein with the CD80 and PD-1 targets, thus confirming that the binding
sites of the proteins that make up the structure do not condition their binding avidity. In
this regard, HYBRI protein presents its effective binding to both CD80 and PD-1 simultane-
ously, which indicates that HYBRI can block the CD28-CD80 costimulatory pathway while
stimulating the PD-1-PD-L2 coinhibitory pathway. These bindings are effective despite
the approximately 70% protein homology shared between species, given that HYBRI is a
fully human protein [47,48]. Consequently, these results support the protein affinity to its
designed targets, appearing as an interesting option in the inflammatory animal models
addressed in the present study. Despite the reported similar KD values of the CD80 and
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HYBRI CTLA4 interaction, the KD values of the PD-1 and HYBRI’s PD-L2 interaction are
higher than the values found in the literature [31,49–52]. Similarly to the increased affinity
of the modified PD-L2 described by Philips et al. [51], PD-L2 molecules in the HYBRI
construct may have suffered conformational changes, which might account for its increased
binding to PD-1. Nevertheless, in both rat models HYBRI shows therapeutic efficacy, which
suggests that the binding is high enough to exert biological effects.

The dual and opposite costimulatory targeting conferred by HYBRI have induced
a protective effect against the kidney warm ischemia model, as the renal function and
structure after the insult is greatly improved in the treated rats. This effect may be based
on CD80 costimulatory blocking, which reduces the macrophage and T cell migration and,
also, may promote T cell apoptosis [19,53–56]. The PD-1/PD-L2 pathway may have also
produced Treg clonal expansion and diminished the T effector cell expression [24,34,57].
These pathways appear to be well addressed by the protein, although the expressions of
these molecules and their ligands are not exclusive to the APC and T cells and, in some cases,
can be bidirectional [34]. For example, renal tubular epithelial cells (RTECs), podocytes,
and other renal cells also express CD80 and PD-L2 on their surface [58–60]. This may
suggest that the desired homeostatic effect is not specific to APCs but can also be exerted
on other semi-professional cells in antigen presentation. As ischemia is present in both
groups, it can be seen that the expansion of Tregs promoted by the administration of HYBRI
plays an essential role in homeostasis. Thus, the observed reduction in macrophages and
T cells in the kidney together with the increase in regulatory T cells indicates the cellular
modulation by the HYBRI treatment of post ischemic renal inflammatory damage. In
addition, the significant decline in circulating inflammatory-related mediators reflects the
efficacy of HYBRI in modulating the inflammatory response at the systemic level [61–64].

A daily peripheral cytometric study showed only changes between study groups
for Tregs expansion on the first day after ischemia. The results suggest that the CD25+
population experienced clonal expansion early after ischemia injury, also including the
FoxP3+ subset, but that the Tregs subset is additionally expanded with the HYBRI treat-
ment. At the end of the study, peripheral and spleen population assessment did not reveal
significant cell differences between the groups despite a significant reduction in renal
inflammatory infiltrate being found with HYBRI treatment. Thus, peripheral blood or
spleen compartments may not reflect organ parenchymal changes where there is a real
inflammatory environment with myriads of attractive and activation signals. The HYBRI
treatment modulated the kidney inflammatory status towards a more attenuated inflam-
matory response and the enrichment of the Tregs population. In the allogeneic setting
with a stronger immune response, the effect of HYBRI treatment may have offered two
benefits. On the one hand, the reduction in the inflammation derived from cold ischemia
reperfusion damage, but also an intense modulation of the adaptive response of T and
possibly B cells given the reduction in C4d deposition.

A gene array analysis showed differences between the sham group and ischemia-
reperfusion groups, but few significant differences between the non-treated and HYBRI
groups. Thus, the regulation of some of the studied genes can be observed. These genes are
related to both the inflammation and expression of cell surface proteins such as CD80 and
CD86. In this regard, the HYBRI treatment may produce a reduction in CD80 and CD86
cell surface expression, an important point in this immunomodulation strategy [19,53,54].
It is also remarkable that the protein HYBRI modifies only some of the pathways related to
IRI, despite showing a large and significant therapeutic effect in vivo.

Regarding early cold ischemia injury in the allogeneic transplant model, a slight
amelioration in renal functional parameters is observed in the group treated with HYBRI.
In this complex surgical model, it is hard to discern ischemic damage among all surgical
attritions, contrarily to the easier native warm ischemia. In this second proposed model,
however, the effect of the HYBRI protein plays an essential role in kidney rejection, where
the treated group improved the renal function on days 7 and 9 after transplantation and
prolonged the survival of animals to more than double that of non-treated rats. Recently, it
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has been shown that there is early PD-1 expression in renal allograft dynamics. Blocking
this PD-1/PD-L1 negative costimulatory pathway during the first week doubled the
number of PD-1-expressing CD8 and CD4 cells, causing terminal acute rejection [29].
These findings with an approach completely opposite to our PD-1, which activates this
negative pathway, suggest the essential role of this pathway in modulating T cell expansion
and cytokine production in the allograft setting. Similar studies with PD-L1 and PD-L2
blocking antibodies in a model of IRI also aggravated the renal damage, again suggesting
the protecting role of this coinhibitory pathway [24].

To summarize, the SPR study has shown the exquisite binding affinity of HYBRI to
both targets and the advantage of binding simultaneously in vitro. Regarding in vivo stud-
ies, the HYBRI protein may effectively mitigate damage from warm ischemia reperfusion.
In the context of the kidney transplant model, the HYBRI protein also prevents kidney
rejection even by treating animals only during the first week. Therefore, this dual and op-
posite protein effect on costimulatory pathways can promote several immunomodulatory
mechanisms, leading to protecting the kidney from multiple immunoinflammatory states.

4. Materials and Methods
4.1. HYBRI Characterization and Binding Affinity Assessment with Surface Plasmon Resonance
(SPR) Technique

Surface plasmon resonance (SPR) analyses were performed at 25 ◦C on a Biacore T200
(GE Healthcare BioSciences AB, Uppsala, Sweden). The HYBRI construct was diluted in
acetate buffer pH 5 (50 µg/mL and immobilized on a CM5 chip (GE) by amine coupling
in the active flow channels (Fc) at two different ligand densities. Briefly, the surface was
activated with a mixture of 1:1 mixture of 0.1 M NHS (N-hydroxysuccinimide) and 0.1 M
EDC (3-(N,N-dimethylamino) propyl-N-ethylcarbodiimide) at a flow rate of 5 µL/min,
followed by the injection of ligand or buffer for the active or reference channel, respectively.
Ethanolamine solution was injected in both channels in order to block the remaining
reactive groups of the surface. Analytes (recombinant murine PD-1 and CD80, R&D
systems) were prepared in PBS-P in serial dilutions (0, 15.6, 62.5, 125, 250, 500, 1000, and
2000 nM) and were injected in parallel in two active and reference channels at 30 µL/min
flow for 90 s and a dissociation time of 240 s. Blanks were included for double referencing.
Experiments were also conducted to assess the effect of PD-1 presence on the CD80 binding
to Hybri. For this, concentrations series of CD80 (0–2000 nM) in the presence of PD-1
(250 nM) were included. Kinetic and affinity constants were calculated using the Biacore
T200 evaluation software 2.0 after reference and blank subtraction, and sensorgrams were
fitted according to the 1:1 Langmuir model.

4.2. Animals and Surgical Procedures

All the procedures were performed following the Guidelines of the European Com-
mittee on Care and Use of Laboratory Animals and Good Laboratory Practice. Rats from
Charles River, Spain, were housed with 12 h dark/light cycles and at a constant temper-
ature. The animals were fed ad libitum with standard diet and water. For both ischemia
and transplant surgical models, a combined anesthesia based on ketamine (75 mg/kg),
atropine (0.05 mg/kg), and valium (5 mg/kg) was used. A single intramuscular injection
of ciprofloxacin (5 mg) was administered after the surgery.

4.3. Renal Warm Ischemia Model

In this model, Lewis rats received intraperitoneally one single dose of 20 mg/kg of
HYBRI administered 24 h before bilateral renal ischemia of 40 min (n = 10, Hybri). Non-
treated animals were used as control group (n = 10, Vehicle), and they received one single
intraperitoneal administration of 300 µL of PBS 24 h before the bilateral renal ischemia of
40 min. The sham group received neither treatment nor ischemia and only laparotomy as a
technique control group was performed (n = 3, Sham).
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Blood samples were obtained from the tail vein at time zero and on daily basis until
sacrifice on day 7 after ischemia. Animals were euthanized under anesthesia on the seventh
day, blood was obtained by aortic puncture, and the spleen and kidneys were processed.

4.4. Allogeneic Transplant Model (Cold Ischemia)

In a model of renal allotransplantation, binephrectomized Lewis rats received a single
kidney transplant from a Wistar donor rats. HYBRI group (n = 10) animals were treated
with administration of 500 µg of HYBRI intraperitoneally 2 h before transplantation and
the six following days. Non-treated (n = 21) animals were used as a control group with the
administration of 200 µL of PBS with the same schedule.

Blood samples of both groups were obtained from the tail vein at time zero and on
days 1, 3, 5, 7, 9, 11, and 14 and weekly after the transplant. Surviving animals at day 90
were euthanized under anesthesia, blood was obtained by aortic puncture, and the spleen
and kidneys were processed.

4.5. Renal Function

Renal function was analyzed daily on warm ischemia model and on days 0, 1, 3, 5, 7,
9, 11, and 14 and weekly on the allogeneic transplant model. Serum creatinine and urea
measurements were performed following Jaffe’s and GLDH reactions (Olympus Autoana-
lyzer AU400, Hamburg, Germany) in the Veterinary Clinical Biochemistry Laboratory of
Universitat Autonoma de Barcelona.

4.6. Histological and Immunohistochemistry Studies

Coronal kidney slices 1–2 mm thick were fixed in buffered 4% of formalin, paraffined,
and stained with H&E. Kidney sections from the ischemia-reperfusion study were evalu-
ated by a blinded pathologist, examining the tubular necrosis, dilation, interstitial edema,
and cellular infiltrate. Abnormalities were scored on semiquantitative scale from 0 to 4 as
follows: 0, no abnormalities; 1, changes <25%; 2, changes 25–50%; 3, changes 50–75%; and
4, changes >75%. A mean group score was attained from all the individual parameters.

For the allogeneic study, sections were analyzed by a blinded pathologist for tubulitis,
interstitial infiltration, vasculitis, glomerulitis, tubular necrosis and glomerular necrosis fol-
lowing the Banff criteria for acute/active lesions scoring, held at the Ninth Banff Conference
on Allograft Pathology in La-Coruna, Spain, on 26 June 2007.

For immunohistochemistry techniques, paraffin tissue sections were stained for CD3
(Abcam, Cambridge, UK), C4d (Hycult Biotech, Uden, Netherlands), CD68 (AbD Serotec,
Raleigh, NC, USA), and FoxP3 (Novus Biologicals, CO, USA). Sections were immune
peroxidase labeled and revealed by diaminobenzidine (Sigma, Madrid, Spain). For the
CD3, CD68, and FoxP3 measurement, at least 10 hpf were taken to analyze and count.
For the C4d measurement, a semiquantitative scale from 0 to 3 was employed. Negative
controls from immunostained-matched sections without primary antibodies were used.

4.7. Peripheral Blood and Spleen Cell Subsets Characterization by Flow Cytometry

Daily peripheral blood from warm ischemia model and blood before transplant and
on days 7 and 21 for the transplant model was collected in heparin tubes and separated
in cytometry tubes to add the antibodies and lysis buffer needed to continue with the
cytometry protocol.

Splenocytes were preserved at −80 ◦C after its isolation using the Ficoll (GE Health-
care) density gradient. Standard methods were used to thaw, wash, and recover the cells.
An incubation of 25 min in the dark at room temperature with different monoclonal anti-
bodies was performed for the cytometry technique using FACS Canto II Cytometer and the
subsequent analysis using FACS DIVA software (BD Biosciences, San Jose, CA, USA). The
antibodies were titrated, mixed, and formulated for optimal staining performance.

Cocktail T/B/NK (BD 558495) containing anti-CD3 APC, anti-CD45RA FITC, and
anti-CD161 PE for T, B, and NK cell detection; anti-CD43 PE (Biolegend 202812), anti-

31



Int. J. Mol. Sci. 2021, 22, 1216

CD161 AF647 (AbD Serotec MCA1427A647), and anti-ED9 FITC (AbD Serotec MCA620F)
for monocytes detection; and anti-CD3 PerCP efluor (eBioscience 46-0030-80), anti-CD4
FITC (eBioscience 11-0040-85), anti-CD25 APC (eBioscience 17-0390-82), and anti-Fox P3 PE
(eBioscience 12-4774-42) for Tregs detection. Cell membrane and nucleus permeabilization
was needed for Tregs cytometric detection.

4.8. Measurement of Serum Levels of Inflammatory Factors by Luminex Fluorescent Assay

The determination of IFNγ, IL-2, IL-12/IL-23p40, MIP-1α (CCL3), RANTES (CCL5),
IP-10 (CXCL10), and MCP-1 (CCL2) concentrations in serum was conducted using Luminex
ProcartaPlex™ Multiplex Immunoassay (Thermo Fisher Scientific, Waltham, MA, USA)
following the manufacturer’s instructions. Results were calculated from the calibration
curves and expressed in pg/mL.

4.9. Quantification of Gene Expression in Kidneys from Warm Ischemia Model

Snap-frozen rat kidneys from the ischemia-reperfusion study were stored at—80 ◦C.
RNA samples with an A260/280 ratio of ≥1.8 were extracted using the PureLinkTM RNA
MiniKit (Invitrogen, Madrid, Spain) following the manufacturer’s instructions. For the
reverse transcription, High-Capacity cDNA reverse Transcription Kit (Applied Biosystems,
Madrid, Spain) was used following the manufacturer’s instructions.

The tissue expression of immune-inflammatory mediators was quantified by Taqman
Low Density Array microfluidic cards (ABI-PrismH-7700, Applied Biosystems, Madrid,
Spain) using the comparative CT method: Emp1/Emp3/Lgals1/Lgals3/Reln/S100a6/
S100a8/S100a9/Socs3/Socs5/Tnfrsf12a/Fcnb/CD4/CD40/CD80/CD86/Tnf/Nfkb1/Ctla4/
Tlr2/Tlr4/Tlr6/Ccl2/Ccl3/Ccl5/Ccl7/Cxcr3/Cxcl10/Cxcl11/Ccr2/Ccr3/Ccr5/Ptprc/Junb/
Igsf6/Ido2/Il2/Il9/Il10/Il15/Il17a/Tfcp2/Mapk9/Spp1/Bcl6 and eukaryotic 18S as an en-
dogenous reference.

Moreover, the expression of genes validated in recent studies from our group [1] were
quantified by TaqMan real-time PCR (Applied Biosystems, Madrid, Spain) using the compar-
ative CT method: C1qa/C1qc/C1r/C1s/CD19/CD276/CD44/Cxcl3/Cxcr4/Fas/FoxP3/
Hgf/Ifng/IL-10ra/IL-11/RORC/Socs1/Sox9/TLR8/TLR9/Tnfrsf1b/Vcam and GAPDH
as endogenous reference. Controls, which were composed of distilled water, were negative
for the target and reference genes.

A pathway analysis of single gene sets, it was set up using the online PathwaX.sbc.su.se
web server, which applies the BinoX algorithm to KEGG pathways and FunCoup net-
works [65].

4.10. Statistical Analysis

For a statistical analysis, the Student’s t-test compared two conditions, whereas the
ANOVA was employed for the comparison of multiple conditions. Repeated measures
ANOVAs were used to analyze differences in various parameters due to HYBRI treatment
throughout the follow-up. Nonparametric analysis was used as needed. For the compar-
ative CT method, the value shown is the one obtained by performing the Wilcoxon rank
sum test when comparing the data of the study treatment with the data of the control
treatment. The Kaplan-Meier method was performed and analyzed using the Mantel Cox
test for a comparison of the survival distributions in the two groups. A value of p < 0.05
was considered significant. Data are given as a mean ± s.e.m.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/3/1216/s1, Figure S1: PathwAX gene array results; Table S1: PathwAX list of the pathways
related to gene array.
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Abstract: IgA nephropathy is the most common primary glomerulonephritis with potentially serious
outcome leading to end stage renal disease in 30 to 50% of patients within 20 to 30 years. Renal biopsy,
which might be associated with risks of complications (bleeding and others), still remains the only
reliable diagnostic tool for IgA nephropathy. Therefore, the search for non-invasive diagnostic and
prognostic markers for detection of subclinical types of IgA nephropathy, evaluation of disease activity,
and assessment of treatment effectiveness, is of utmost importance. In this review, we summarize
treatment options for patients with IgA nephropathy including the drugs currently under evaluation
in randomized control trials. An early initiation of immunosupressive regimens in patients with IgA
nephropathy at risk of progression should result in the slowing down of the progression of renal
function to end stage renal disease.

Keywords: IgAN; proteinuria; CKD; progression; ACEI; corticosteroids

1. Introduction, Diagnosis, Pathogenesis

IgA nephropathy (IgAN) is the most common primary glomerulonephritis worldwide with
potentially serious renal outcome leading, in 30–50% of patients, to end stage renal disease (ESRD)
within 20 to 30 years of follow-up [1,2].

Diagnosis of IgAN is currently based on evaluation of renal biopsy specimens with the
demonstration of mesangial IgA1-dominant or co-dominant immunodeposits [3,4].

Clinical risk factors predicting poor renal outcome in patients with IgAN include time-averaged
proteinuria, hypertension, decreased estimated glomerular filtration rate (eGFR) [2,5] at presentation
or during follow up as well as histological findings evaluated using C-MEST classification [6,7].

IgAN is an autoimmune disease arising from a multi-hit pathophysiological process and is believed
to be caused by the interaction of genetic and environmental contributing factors [2,8,9]. Genome-wide
associated studies indicated a pathogenetic role of the intestinal immunity abnormalities in IgAN and
confirmed a direct link of IgAN with the risk of inflammatory bowel disease or maintenance of the
intestinal epithelial barrier [9].

A key role in the pathogenesis of IgAN is played by aberrantly glycosylated forms of IgA1
with galactose-deficient O-glycans (galactose-deficient IgA1; Gd-IgA1), which are recognized by
antiglycan autoantibodies of IgG and/or IgA1 isotype, resulting in the formation of circulating
immune complexes [10,11]. These complexes are deposited in the glomerular mesangium with
subsequent mesangial-cell activation and local stimulation of the complement system, proliferation of
mesangial cells, and production of extracellular matrix and cytokines, which could alter podocyte gene
expression and glomerular permeability in clinical presentation of proteinuria and tubulointerstitial
changes in IgAN [12–15]. If unabated, the damage progresses to glomerulosclerosis and interstitial
fibrosis with impaired renal function with subsequent end-stage renal disease.
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2. Treatment

Which goals do we have in treatment of patients with IgAN? We have to respect the possibility
of induction of clinical remmission, reduction in proteinuria and hematuria, stabilization of renal
parameters without further decline of GFR, a decrease in the rate of progression, prevention of
the necessity of renal replacement therapy as well as the risk of adverse events in patients with
corticosteroids and other immunosuppressive regimens. The balance of risks and benefits needs to be
taken into account in all individual cases.

2.1. Low Risk Patients with IgAN

Low risk patients with minor urinary abnormalities (proteinuria < 0.5 g/d and/or isolated
microhematuria), normal glomerular filtration rate (GFR), no hypertension and without histological
activity are at low risk of progression, do not require treatment and should be checked annually for
at least 10 years according to KDIGO guidelines (Table 1) [16]. Supportive management such as diet
modification, weight optimisation and smoking cessation should be taken into consideration. The ideal
treatment of the initial phase of IgAN is focused on the decrease in or inhibition of production of Gd-IgA1
by means of a low cost drug with minimal adverse effects. Intestinal-associated lymphoid tissue and
mucosal immunity show attractive targets [17,18]. Intestinal microbiota and/or diet regimens including
gluten-free diet were suggested in an experimental mice model and human pilot studies [17,19].

Low protein diets were reported to decrease renal function decline [20]. The restriction of sodium
was associated with sodium sensitivity of blood pressure and correlated with renal ultrastructural
damage [21]. The decrease in proteinuria was shown even in normotensive patients with IgAN due to
low-sodium diets [21]. The damaging effects of heightened sodium sensitivity are mediated due to the
renin-angiotensin system and it was confirmed that sodium restriction improves the antiproteinuric
effects of RAS inhibition in patients with IgAN [22]. Increased morbidity and mortality in patients with
chronic kidney disease were associated with extreme body mass index [23]. The relation between body
mass index and the probability of end stage renal disease was shown in patients with IgAN in a Chinese
study [23]. Increased body mass index associated with lower remission of proteinuria subsequent to
treatment was confirmed in a Japanese study [24]. It was assumed that obesity increased proteinuria in
connection with hypertension and other parts of metabolic syndrome. Moreover, the advantages of
losing weight in overweight patients with IgAN through protein/sodium restriction, and by attaining
maximal control of hypertension using treatment with inhibitors of the renin-angiotension system,
were confirmed [25].

In addition, the benefits of quitting smoking on slowing down the progression of renal function
decline in patients with IgAN were assessed [26].

2.2. Intermediate Risk Patients with IgAN

Intermediate risk IgAN patients with proteinuria > 0.5–1 g/d, and/or hypertension and a reduced
GFR (without active histological findings in renal specimens) should obtain optimized supportive
treatment with the inhibitors of the renin-angiotensin system (RAS) with up-titration of the drug
depending on blood pressure to achieve proteinuria < 1 g/d, and should be thoroughly monitored [16].
The suggested therapeutic goals of blood pressure in patients with proteinuria< 1 g/d are<130/80 mmHg,
and <125/75 mmHg in patients with initial proteinuria >1 g/d (Table 1) [16]. RAS inhibition was
demonstrated to reduce proteinuria and may possibly also reduce the progression of chronic kidney
disease in patients with IgAN; at least part of this effect is probably mediated by improved control
of blood pressure. High risk of mortality of patients with IgAN might be caused by chronic kidney
disease [27–29].
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Table 1. KDIGO guidelines for the treatment of IgAN [16].

Intervention Recommendation Grade

Antiproteinuric and
Antihypertensive Therapy

Long-term treatment of ACE inhibitors or ARBs is recommended for patients with proteinuria > 1 g/day, with up-titration of the drug
depending on blood pressure to achieve proteinuria < 1 g/day.

1B

A target blood pressure of < 130/80 mmHg is recommended for patients with proteinuria < 1 g daily, and <125/75 for patients with
proteinuria >1 g daily.

Not graded

Corticosteroids
A 6 month course of corticosteroids is recommended in patients with persistent proteinuria of >1 g/day despite 3–6 months of optimal

supportive care and GFR > 50 mL/min per 1.73 m2.
2C

Other Immunosuppressive
Agents

Patients with crescentic IgAN involving over 50% of glomeruli and rapidly progressive course should be treated with steroids and
cyclophosphamide.

2D

Not treating with corticosteroids combined with cyclophosphamide or azathioprine (unless crescentic forms with rapidly progressive
course).

2D

Not using immunosuppressive regimen in patients with GFR < 30 mL/min per 1.73 m2 (unless crescentic forms with rapidly progressive
course).

2C

Not using MMF. 2C

Fish oils Fish oils may be potentially useful in patients with persistent proteinuria ≥ 1 g/day, despite 3–6 months of optimized supportive care. 2D

Tonsilectomy, Antiplatelet
Agents

Not recommended. 2C39
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It was suggested that patients with persistent proteinuria ≥ 1 g/d, despite 3–6 months of optimized
supportive care (including RAS and blood pressure control), and GFR > 50 mL/min per 1.73 m2,
should receive a 6-month course of corticosteroid therapy (Table 1) [16]. The 10-year renal survival
and median proteinuria were significantly better in patients who received a 6-month regimen of
corticosteroids compared to patients with a symptomatic treatment (97% vs. 53%, p = 0.0003; median
proteinuria 1.9 g/24 h at baseline, 1.1 g/24 h after six months and 0.6 g/24 h after a median of
seven years) [30]. Other randomized and observational trials supported the potential effect of
corticosteroids in IgAN [27,31]. The retrospective analysis of the VALIGA study showed, in patients
treated with steroids and RAS blockers (RASB), significant reduction in proteinuria, renal function
decline and increased renal survival, not only in patients with normal renal function but also in
patients with eGFR < 50 mL/min per 1.73 m2 (reaching proteinuria <1 g/day in 74% patients with
corticosteroids and RASB vs. 37% in patients with RASB; slope of eGFR −0.3 ± 6.2 mL/min/1.73 m2/year
in patients with corticosteroids and RASB vs. −4.8 ± 7.4 mL/min/1.73 m2/year in patients with RASB;
p = 0.001) [32]. Nevertheless, little information is available about the doses, the duration of steroid
treatment and the adverse events caused by corticosteroids [27].

The TESTING study, a randomized study by Lv et al., included 262 patients with persistent
proteinuria 1 g/day and estimated GFR 20–120 mL/min/1.73 m2, who were randomly assigned to
receive 0.6–0.8 mg/kg/day of oral methylprednisolone or matching placebo [33]. The temporary results
demonstrated a reduction in time-averaged proteinuria and a decreased rate of progression of CKD in
the steroid-treated arm (1.37 vs. 2.36 g/day (42% lower), p < 0.01; −1.7 vs. −6.8 mL/min/1.73 m2/year,
p = 0.031) [33]. However, after a median follow-up of 1.5 years, serious adverse events occurred
in patients with corticosteroids vs. placebo groups (14.7% vs. 3.2%, HR 4.95 (95% CI 1.87–17.0),
p = 0.03) [33]. The additional long-term follow-up might reveal the balance of risks and benefits of
steroid treatment [33]. Multiethnic trials such as the ongoing TESTING Low Dose trial (NCT01560052),
should evaluate this issue further [34].

The recent STOP-IgAN Clinical Trial showed that the addition of immunosuppressive therapy
(corticosteroids and cyclophosphamide followed by azathioprine) to intensive supportive care
(ACEI-inhibitors or ARB) in patients with high-risk IgA nephropathy induced full remission of
proteinuria (OR 4.82 (95% CI 1.43–16.30), p = 0.01) but did not significantly improve renal function
(OR O.89 (95% CI 0.44–1.81), p = 0.75) and more adverse effects were observed among the patients
with immunosuppressive regimens with no change in the rate of decrease in the eGFR (total number
of infectious events in steroid treatment arm 182 vs. 111 in supportive care) [35]. However, of 309
patients who completed the 6-month supportive care run-in phase, 106 responded to supportive care
(proteinuria level, <0.75 g of urinary protein excretion per day after the end of the run-in phase)
and were not eligible for randomization. It needs to be highlighted that one third of patients were no
longer suitable for randomization at the end of the run-in phase and the importance of RAS blockade
was emphasized. The kidney function loss in the control group was 4 times slower in the STOP-IgAN
trial than in the TESTING trial, suggesting a lower-risk population and/or differences in supportive
therapy. Thus, it was assumed that low risk population of patients with IgAN with excellent prognosis
with supportive care was selected in the STOP-IgAN trial. Nonetheless, detailed assessment of included
patients with specific evaluation of histological renal findings and prolonged follow-up would be
required for the elucidation of the results [35]. Included patients with inactive form of the disease
might predominate in case of absent histological evaluation of renal specimens in the trials and the
treatment of patients with inactive forms is useless. Recently, after ten years of follow-up from this
study, the significant number of patients in both arms (supportive care plus immunosuppression and
supportive care alone) reached the end-point with no benefits seen from the immunosuppression
arm [36].

The enteric budesonide was evaluated for the treatment of IgAN in a European multicenter
RCT [37]. In the NEFIGAN trial, a novel targeted-release formulation of budesonide was evaluated,
designed to deliver the drug to the distal ileum with suspected suppression of B cells and inhibition of
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production of Gd-IgA1 moleculs transported to blood in patients with IgAN [37]. The results of the
Nefigan study showed a significant reduction in proteinuria with full stabilization of eGFR without
any serious side-effects [37]. A confirmatory phase 3 trial is currently underway (NCT 03643965).
Other potential protease treatment with selective cleavage of IgA1 reverses mesangial deposits and
hematuria in animal model and on human kidney biopsies [38,39].

Among patients with chronic kidney disease, regardless of the presence or absence of diabetes,
the risk of a composite of a sustained decline in the estimated GFR of at least 50%, end-stage kidney
disease, or death from renal or cardiovascular causes was significantly lower with dapagliflozin than
with placebo. IgAN made up a significant proportion of the non-diabetic subgroup and the HR was an
impressive 0.79 for IgAN. Unlike corticosteroid, the side effect profile is likely more favourable [40].

2.3. High Risk Patients with IgAN

Nevertheless, high risk patients with a rapid decrease in the GFR and crescentic glomerulonephritis
should be treated in addition to supportive treatment with combined immunosuppression
(corticosteroids and cyclophosphamide) in a regimen for induction treatment of ANCA vasculitides
(Table 1) [16]. Extreme conditions with crescents involving >50% of glomeruli were considered by
the KDIGO guidelines [16]. However, these cases are very rare. Just a few crescents are evaluated in
majority of forms of crescentic IgAN, for which the need for aggressive treatment is doubtful. Moreover,
a few glomeruli in biopsy specimens are sometimes detected with difficulties for calculation of a valid
percentage of crescents. Furthermore, the percentage of glomeruli with crescents changes within a few
days which makes comparison impossible among individual patients within cohort studies. Crescentic
lesions were not found to have a prognostic value in the Oxford and VALIGA studies, but there was a
bias in favour of using of corticosteroid/immunossupression treatment [4,41]. Another international
study [7] demonstrated that C correlated with E1 and was associated with the use of CS/IS. The revised
Oxford classification [42] suggested considering C1 (1–24% of glomeruli) and C2 (≥25% glomeruli with
crescents). Crescents in 16% glomeruli increased the risk of renal function decline in untreated cases
and crescents in 25% glomeruli predicted an unfavourable outcome independent of treatment.

Undoubtedly, crescents are a marker of histological activity but crescents can regress and do not
require treatment in case of involvement of low percentages of glomeruli [43]. However in untreated
patients, the negative effect of crescents on the renal function decline is well known [43]. Treatment
with corticosteroids/immunossuppresion might to be initiated in case of involved crescents lesions
>25% of the glomeruli (C2) and in patients with C1 involving >16% of glomeruli with other signs of
disease activity such as endocapillary hypercellularity (E1 according to the Oxford classification) [43].
The importance of identifying patients at risk of progression was detailed mentioned and the task
remains to avoid of exposure to immunosuppression regimen unnecessarily in patients with low risk
of progression of renal function. The new international risk-prediction tool was recently developed in
patients with IgAN [44,45].

Other immunosuppressive agents including calcineurin inhibitors, azathioprine, mycophenolate
salts (MMF) or high-dose immunoglobulins failed to show an evident benefit or manifested with
toxicity and therefore they were not recommended in clinical practice (Table 1) [46–49]. A Chinese
trial randomized patients to 6 months of full dose steroids or lower dose steroid with MMF [50].
Complete proteinuria remission was similar between the two groups after one year but with fewer
steroid-related adverse events in the arm with MMF [50]. Nevertheless, it was not a multiethnic
study population, not all patients were treated by means of RAS-blockade and the time of follow-up
was too short to evaluate the effect on renal parameters [50]. Although a possible positive effect of
mycophenolate mofetil treatment in IgAN was noticed in a randomized controlled trial in China [51]
with a significant reduction in the percentage of patients positive for histological change of E1 [50],
the effect in Caucasian was not assessed [52] apart from the recent study on the effect of MMF
therapy with a significant histological reduction in E1 score in repeated renal biopsies after 24 months
(p < 0.0001) [53]. Further studies are needed for the assessment of treatment with mycophenolate
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mofetil in patients with IgAN. On the other hand several authors suggested potential benefits of
rapamycin in animal and cell models of IgAN [54].

Moreover, Hydroxychloroquine in addition to optimized RAAS inhibition significantly reduced
proteinuria in patients with IgAN over 6 months without evidence of adverse events. Undoubtadly,
these findings require confirmation in larger treatment trials [55].

The question of the efficacy of fish oil in IgAN is uncertain (Table 1) [16]. Many randomizedclinical
trials testing the efficacy of fish oil in patients with IgAN provided contrasting results [16]. It was
reported that daily treatment with fish oil for 2 years may reduce the progression of renal function
with few side effects in patients with IgAN [56]. Fish oil was also recommended by KDIGO guidelines
if it was tolerated [16,34].

The role of adrenocorticotropic hormone (ACTH) was considered in the treatment of resistant
glomerular diseases [57]. The potential involved mechanisms imagine stimulation of endogenous
steroid production, activation of melanocortin receptors on inflammatory cells and direct binding
to melanocortin receptors on the podocyte [57]. Administration of a 6-month course of ACTH gel
in patients with IgAN at high risk of progression (proteinuria > 1 g per 24 h despite documented
ACEI/ARB therapy and adequate blood pressure control for >3 months, 24-h creatinine clearance
>30 mL/min/1.73 m2) was prospectively investigated in an open-label pilot study (NCT 02282930).
A significant decline in 24-h urinary protein (2.6 to 1.3 g; p = 0.007) with no significant changes in eGFR
(65.5 to 61.1 mL/min, p = 0.1) was detected at 12-month follow-up in patients with IgAN treated with 6
months of ACTH [58].

A systematic review and meta-analysis of 14 studies indicated that tonsillectomy may induce
clinical remission and decrease the rates of ESRD in IgAN patients [59]. Another multicenter controlled
trial did not show a beneficial effect of tonsillectomy combined with steroid pulse therapy over
steroid pulses alone to increase the incidence of clinical remission [60]. In the large VALIGA cohort
(the European validation study of the Oxford classification of IgAN) of 1.147 European subjects with
IgAN, no significant correlation was found between tonsillectomy and renal function decline [61].

A therapeutic option targeting B-cell pathway treatment against the production of Gd-IgA1 and
its specific antibodies, such as rituximab, was involved [62,63]. A multicenter trial of 34 adult patients
wih biopsy-proven IgA nephropathy and proteinuria > 1 g per day, maintained on ACEIs or ARBs with
well-controlled blood pressure and eGFR < 90 mL/min/1.73 m2, were randomized to receive supportive
therapy either alone or with rituximab. Rituximab effectively depleted B cells (a monoclonal antiCD20
antibody) but neither serum levels of Gd-IgA1 nor its antibodies were reduced and the addition of
rituximab failed to improve eGFR decline and proteinuria reduction [62]. CD20 positive B cells were
targeted by rituximab but IgA positive plasma cells secreting antibodies were not affected therefore the
treatment with rituximab was not efficient in patients with IgAN.

The activation of complement plays an important role in the pathogenesis of IgAN [64–70]. It was
suggested that the process occurs both systemically on IgA-containing circulating immune complexes,
and also locally in glomeruli, and is mediated through both the alternative and lectin pathways [13].
Pathway components were presented in the mesangial immunodeposits, including properdin and
factor H (alternative pathway) and mannan-binding lectin, mannan-binding lectin-associated serine
proteases 1 nad 2, and C4d (lectin pathway) [13]. Deletion of complement factor H-related genes 1 and
3 was identified as protective against the disease in GWAS [9,67].

C5a is a potent local inflammatory mediator and the presence of C5a in the kidney correlates
with histological severity and proteinuria in IgAN [71]. Targeting C5a enables the suppression of local
inflammation, contributing to progressive renal disease including the maintaining of the formation
of C5b-9 (membrane attack complex), which plays a crucial role in the elimination of gram negative
bacteria [71]. Avacopan (CCX 168), an inhibitor of the C5a receptor [72], was evaluated in an open-label
Phase II trial in patients with IgAN. At the end of twelve weeks, proteinuria reduced in 6 of the 7 patients
and a significant improvement of UPCR < 1 g/g was detected in 3 of the 7 patients. Undoubtedly,
larger studies with longer follow up are needed in IgAN. Nevertheless, the efficacy of avacopan was
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confirmed in patients with ANCA-associated vasculitis where avacopan allowed the replacement of
high-dose corticosteroids with respect of adverse effects of hepatic dysfunction and an increased risk
of infection in a small amount of patients [73].

The alternative pathway forms an essential amplification mechanism for the activation of the
classical and lectin pathways, resulting in enormous opsonisation and generation of the terminal
lytic pathway [74]. The two proteases of Factor D and Factor B are elementary for this amplification
process [74]. Selective reversible inhibitors of Factors B and D were developed to efficiently block the
activation of alternative pathways [74]. A phase II trial of LNP023, a first in the class of oral inhibitor
of Factor B, was recently recruited in patients with IgAN (Table 2). The key component of the lectin
pathway demonstrates Mannose-binding lectin associated serine protease 2 (MASP-2), which elevates
the production of C3 convertase and leads to further inflammatory consequences. Targeting MASP-2
seems to be promising in terms of reducing the activation of the glomerular lectin pathway and not
affecting the formation of C3 convertase through the classical and alternative pathways. Presently,
the MASP-2 inhibitor OMS 721 is being assessed in Phase II and Phase III studies in IgAN (Table 2).

 

 

 

 
 

 

 

Figure 1. Therapeutic options related to the different targets. Target 1 (Hit 1): B-lymphocyte activation
results in the production of Gd-IgA1 (IgA1 poorly O-glycosylated at the hinge region). Hit 2: B-cell
production of anti-Gd-IgA (IgG). Inhibitors of BAFF/APRIL:Atacicept, blisibimod; Spleen tyrosine
kinase inhibitor: Fostamatinib;Gut mucosa modulation: budesonide; Proteosome inhibitor: bortezomib,
microbiome modulation (may modulate B-lymphocyte activity with the reduction of Gd-IgA1).
Hit 3: IgA1 specific protease. Hit 4:Spleen tyrosine kinase inhibitor:Fostamatinib; Corticosteroids:
Acthar/Prednisolone, Complement mediation:Avacopan (C5a), OMS721 (Lectin pathway), LNP023
(Alternative pathway); IgA1 specific protease; Sparsentan; Dapagliflozin.
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Table 2. Clinical trials in patients with IgA nephropathy—recruiting.

Phase Target
Clinical Trials in Patients with IgA

Nephropathy—Recruiting
Estimated Enrollment

Number of pts Inclusion Criteria Treatment—Both Arms Primary Endpoint
Time of

Follow Up

Therapeutic options related to different targets of the pathogenesis (See Figure 1)

NCT03633864 2 1 Fecal microbiota transplantation 30 eGFR:20–120 mL/min/1.73 m2, PU > 1 g/d Exp:FMT arm/Biol.FMT
Change of urinary protein for

24 h
8 wks

NCT04438603 NA 4
The Role of T/B Cell Repertoire in

Non-invasive Diagnosis and Disease
Monitoring in pts with IgAN

50 eGFR ≥ 30 mL/min/1.73/m2

ACEI/ARB for
non-progressive IgAN;

Isu:CPA i.v./MMF p.o. for
progressive IgAN

Urinary protein remission rate 2 yrs

NCT03001947 NA others
Registration Initiative of High Quality

(INSIGHT)
10,000 Biopsy proven IgAN

Observational/no
intervention

Mortality, renal outcome
(doubling of S-creat or ESRD)

10 yrs

NCT04042623 2 4
AVB-S6-500 (inhibitor of GAS6/AXL

signaling pathway)
24 eGFR ≥ 45 mL/min/1.73 m2, PU 1–3 g/d

Experimental: Treatment
with AVB-S6-500

Incidence od AE, UPE (g/d) 14 wks

NCT03188887 3 4
TIGER study (Treatment of IgA

nEphropathy according to Renal
lesions)

122
Biopsy proven IgAN < 45 days, PCR ratio >

0.75 g/g (within 30 days the renal biopsy)

RAS blockade
treatment/Corticotherapy
+ RAS blockade treatment

Change of PCR, decline of
eGFR

2 yrs

NCT03945318 1 1
BION-1301, a humanized IgG4 anti-a
proliferation-inducing ligand (APRIL)

monoclonal antibody
92

Biopsy proven IgAN within the past 10 years,
PU ≥ 0.5 g/24 h, eGFR ≥4 5 mL/min/1.73 m2 or
30–45 mL/min/1.73 m2 with RB within 2 years

before day 1

Bion-1301/placebo
Incidence and severity of

Treatment Emergent Adverse
Events (TEAEs)

2 yrs

NCT04014335 2 4
IONIS-FB-LRx, an inhibitor of

complement factor B
10 Biopsy proven IgAN IONIS-FB-LRx

Percent reduction in 24-h urine
protein excretion

29 wks

NCT02954419 NA others
IgA nephropathy biomarkers
evaluation study (INTEREST)

2000 Biopsy proven IgAN no intervention
A doubling of serum creatinine

level from baseline,
progression to ESRD, death

10 yrs

NCT03418779 2, 3 4
Treatment effects of chinese medicine
with immunosuppression therapies

56
Biopsy proven IgAN within 6 months before

enrollment, PU > 1 g/24 h, eGFR 20–60
mL/min/1.73 m2

herbal compound/Isu
(Prednisolon,

CPA)/optimized
supportive care

Increase in GFR from the
baseline at the 24th week and

48th week, ESRD
1 yr

NCT03373461 3 4
LNP023

(complement-factor-B-inhibitor)
146 eGFR ≥ 30 mL/min/1.73/m2, PU > 1 g/d, v

accination against Neisseria meningitis
LNP023/Placebo

Change of UPCR at baseline
and day 90

180 days

NCT03608033 3 4
OMS 721 (mannan-binding lectin
serine protease 2 (MASP2) protein

inhibitor)
450

PU > 1 g/d within 6 months prior to screening,
eGFR ≥ 30 mL/min/1.73/m2 OMS 721/Placebo

Change from baseline in 24-h
UPE in g/day at 36 weeks from

beginning of treatment
3.5 yrs

NCT03643965 3 1
NefIgArd (Nefecon-budesonide

modified-release capsules)
360

eGFR ≥ 35 mL/min/1.73/m2 and ≤90
mL/min/1.73/m2, PU >1 g/24 h or UPCR ≥ 0.8

g/g
Nefecon/Placebo

Change of UPCR at baseline
and 9 months

25 mth

NCT03762850 3 4
PROTECT (Sparsentan-a dual

inhibitor of AT1 and ETA receptor)
280 eGFR ≥ 30 mL/min/1.73/m2, PU > 1 g/24 h Sparsentan/Irbesartan

Change of UPCR at baseline
and week 36

110 wks

Abbreviation: wks—weeks, yrs—years, mth—months.
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The clinical effect of atacicept was investigated for treating systemic autoimmune diseases [75].
Studies in patients with IgA nephropathy investigate the contribution of dysregulation of IgA1
secretion in the intestinal epithelium to see if intestinal immunity or mucosal immunity inhibitors of
overexpression of APRIL and B cell-activating factor would have a clinical effect [17,76,77]. Additional
potential immunosuppressive regimens (such as blisibimod(NCT02062684)—A selective antagonist of
the B-cell activating factor, atacicept (NCT02808429)—An inhibitor of B-cell activating factor (BLyS) and a
proliferation-inducing ligand (APRIL), bortezomib—A proteasome inhibitor, fostamatinib–an inhibitor
of spleen tyrosine kinase, leflunomide—A pyrimidine synthesis inhibitor) are currently being tested in
ongoing trials (Table 2) [78–83].

BAFF (B-cell activating factor) and April (a proliferation inducing ligand) are members of the
tumour necrosis factor family which mediate B-cell function and survival [84]. BAFF and April
levels are elevated in the serum of patients with IgAN and correlate with the disease activity [85].
BAFF and April are bound by TACI (transmembrane activator and calcium-modulator and cyclophilin
ligand interactor), which mediates their downflow effects through the NF-kB pathway. Blisibimod
is a selective antagonist of BAFF and atacicept is a fusion protein containing the extracellular ligand
binding domain of TACI and is able to block the downflow effects of BAFF and April.

The clinical effects of atacicept and blisibimod were investigated for treating systemic autoimmune
diseases, including SLE and rheumatoid arthritis [75,86,87]. Studies in patients with IgAN investigate
the contribution of dysregulation of IgA1 secretion in the intestinal epithelium to see if intestinal
immunity or mucosal immunity inhibitors of overexpression of APRIL and B cell-activating factor
would have a clinical effect [17,76,77].

Bortezomib, a plasma cell proteasome inhibitor, is applied in the treatment of multiple myeloma [88].
Proteasomes are indispensable intracellular protein complexes which destroy useless and impaired
proteins by proteolysis [88]. Proteasomes are switched to immunoproteasomes but the dysregulation of
the proteasome:immunoproteasome axis was confirmed in mononuclear cells in patients with IgAN
with overexpression of the immunoproteasome, increased nuclear translocation of factors related to
the NF-kB pathway, and more severe disease symptoms including higher proteinuria [89]. Nowadays,
the treatment with bortezomib is more common in amyloidosis, lymphomas, tumours and antibody
mediated allograft rejection [90]. A clinical trial to assess the safety and efficacy of bortezomib in patients
with IgAN is currently underway (Table 2) but the use of bortezomib in mostly young asymptomatic
patients with IgAN would probably be limited by the adverse effects of bortezomib (thrombocytopenia,
rash, peripheral neuropathy, fatigue and anorexia) [90].

Tyrosine kinase pathways were asserted in the homeostasis of many diseases, and targeting
of the tyrosine kinase signalling pathways was considered for treatment of immune-mediated
glomerulonephritides [91]. Spleen tyrosine kinase is a non-receptor tyrosine kinase which might regulate
the amount of key pathogenic pathways in IgAN [80]. Spleen tyrosine kinase is a signal transducer
following B-cell receptor activation, arranging downflow signalling and promoting B-cell maturation
and survival [80]. Spleen tyrosine kinase phosphorylation with the release of pro-inflammatory
mediators was activated by stimulation of mesangial cells in vitro with IgA1 acquired from patients
with IgAN [80].

Moreover, higher renal expression of spleen tyrosine kinase was confirmed in patients with
endocapillary hypercellularity compared to patients without this sign in renal biopsy [92]. Fostamatinib,
a selective inhibitor of spleen tyrosine kinase, was investigated in patients with rheumatoid artritis
with a favourable effect on disease activity compared to placebo but with frequent adverse effects
mostly involving diarrhoea and hypertension [93]. A Phase II trial of fostamatinib in patients with
IgAN was recently completed.

Endothelin-1 (ET-1) is a growth factor for mesangial cells [94] and was shown to play a role
in the progression of kidney disease in transgenic animals. In human subjects, urinary excretion
of endothelin-1 correlates with the severity of kidney disease [95]. Expression of endothelin-1
and endothelin B receptor (mediating vasodilation and natriuresis), but not endothelin A receptor
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(mediating vasoconstriction and cell proliferation) was demonstrated in patients with IgAN and
high-grade proteinuria [96] suggests that activation of the endothelin system in renal tubular cells may
partly be a response to protein overload. We demonstrated association of the progresson of IgAN with
polymorphisms of the ET-1 gene [97]. Association of ET-1 expression with the progression of IgAN
was also confirmed using molecular profiling [98]. A specific ET-receptor antagonist (FR 139317) was
shown to suppress the development of histologic lesions and proteinuria in ddY mice with IgAN [99].
Sparsentan, a dual inhibitor of the angiotensin II type 1 (AT1) and endothelin type A (ET-A) receptors
was recently shown to significantly decrease proteinuria compared to irbesartan in patients with focal
segmental glomerulosclerosis [100] and is currently tested in patients with FSGS in a phase 3 trial [101].
Recently, the PROTECT Study (Phase 3 NCT 03762850) evaluating the long-term nephroprotective
potential of sparsentan for the treatment of IgAN was initiated. Activation of Nrf2/Keap 1 by
bardoxolone methyl results in the suppression of the main proinflammatory transcription factor
NFkappaB and activation of some antioxidative pathways [102]. In patients with type 2 diabetes and
CKD4 bardoxolone, methyl was shown to increase the glomerular filtration rate by almost 50% [103].
Recently released data (PHOENIX–NCT03366337) demonstrated a significant increase in eGFR of
8 mL/min/1.73 m2 in patients with IgAN treated with bardoxolone [104]. The increase in eGFR is,
however, associated with a proportional increase in albuminuria with uncertain impact on the long-term
outcome of the patients [105]. The updated KDIGO guideline will soon be released [34] and the
current recommendation from KDIGO came from 2012 prior to STOP-IgAN, TESTING, Nefigan and
DAPA-CKD. This is a rapidly evolving field and hence the importance of this review on currently
recruiting trials was emphasized.

3. Conclusions

In conclusion, IgAN is a disease with variable clinical course. Validated urinary or serum
biomarkers, able to provide information on the activity of the disease and the extent of fibrosis, are
needed to stratify high risk patients with the necessity of use of immunossuppressive regimens with
respect to possible adverse events. Nevertheless, IgAN patients with proteinuria < 1 g/d, and/or
hypertension and a reduced GFR should obtain optimized supportive treatment with the inhibitors
of the RAS. In IgAN patients with persistent proteinuria ≥ 1 g/d, despite 3–6 months of optimized
supportive care (including RAS and blood pressure control), and GFR > 50 mL/min per 1.73 m2,
a 6-month course of corticosteroid treatment is indicated. Combined immunosuppression with
corticosteroids and cyclophosphamide is reserved for high risk patients with a rapid decrease in the
GFR and crescentic glomerulonephritis. Nowadays, many specific biological regimens in RCT are
evaluated with expected common use in the future (Table 2). The search for an effective and well
tolerated treatment of IgAN, directly targeting its pathogenetic mechanisms, continues (Figure 1).
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Abstract: Yes-associated protein (YAP) activation after acute ischemic kidney injury might be related
to interstitial fibrosis and impaired renal tubular regeneration. Verteporfin (VP) is a photosensitizer
used in photodynamic therapy to treat age-related macular degeneration. In cancer cells, VP inhibits
TEA domain family member (TEAD)-YAP interactions without light stimulation. The protective
role of VP in unilateral ureteral obstruction (UUO)-induced renal fibrosis and related mechanisms
remains unclear. In this study, we investigate the protective effects of VP on UUO-induced renal
tubulointerstitial inflammation and fibrosis and its regulation of the transforming growth factor-β1
(TGF-β1)/Smad signaling pathway. We find that VP decreased the UUO-induced increase in
tubular injury, inflammation, and extracellular matrix deposition in mice. VP also decreased
myofibroblast activation and proliferation in UUO kidneys and NRK-49F cells by modulating Smad2
and Smad3 phosphorylation. Therefore, YAP inhibition might have beneficial effects on UUO-induced
tubulointerstitial inflammation and fibrosis by regulating the TGF-β1/Smad signaling pathway.

Keywords: kidney fibrosis; inflammation; myofibroblast activation; extracellular matrix; Hippo pathway;
verteporfin

1. Introduction

Chronic kidney disease (CKD) is a heterogeneous condition characterized by reduced glomerular
filtration rate, glomerular sclerosis, tubular atrophy, and interstitial fibrosis with inflammatory cell
infiltration [1]. As human life expectancy has increased, CKD has become one of the most common
non-communicable diseases [2,3]. End-stage renal disease that requires renal replacement therapy such
as dialysis or kidney transplantation is associated with a decrease in residual life expectancy compared
with healthy individuals [3]. Despite plenty of health resources in developed countries, CKD’s global
burden is steadily increasing, and CKD-related mortality is also increasing [4]. A nationwide cohort
study in Korea found a higher mortality rate in patients with CKD than in healthy controls or even in
patients with diabetes or hypertension but without CKD [5]. Therefore, strategies to enable the early
recognition and prevention of CKD are needed to decrease the global health burden.

Organ fibrosis is characterized by a dynamic process of non-resolving inflammatory reactions [6]
that cause the deterioration of organ function. After an ischemic or toxic injury to the kidneys causes
damage to glomerular, vascular, and tubular cells, an inflammatory reaction can increase the deposition
of the extracellular matrix (ECM) in the renal parenchyma [7]. Transforming growth factor-β1 (TGF-β1)

53



Int. J. Mol. Sci. 2020, 21, 8184

is a multifunctional cytokine related to cell growth, differentiation, apoptosis, and wound repair [8].
Histologically, CKD is characterized by excessive ECM production from activated myofibroblasts,
which causes renal tubulointerstitial fibrosis and organ dysfunction. TGF-β1 is a potent mediator
in this fibrotic process [8,9]. Activated TGF-β1 binds to type I and type II cell surface receptors
and phosphorylates the Smad2 and Smad3 proteins to activate the canonical (Smad-dependent)
TGF-β signaling pathway [8,10]. TGF-β also activates other, non-canonical (Smad-independent)
pathways, such as mitogen-activated protein kinase, phosphatidylinositol-3-kinase, and Rho-like
GTPase [11]. Therefore, modulation of the TGF-β1 signaling pathway is an important therapeutic
target for preventing progressive CKD.

The Hippo pathway is an evolutionarily conserved signaling pathway that regulates cell growth
and fate decisions, organ size control, and regeneration [12]. The Hippo pathway consists of a kinase
cascade (mammalian Ste20-like kinase 1/2, large tumor suppressor 1/2, and downstream effectors and
transcriptional coactivators), the Yes-associated protein (YAP), and a transcriptional coactivator with a
PDZ-binding motif (TAZ) [13]. Once the Hippo pathway has been activated, it limits tissue growth
and cell proliferation through the phosphorylation and degradation of YAP/TAZ. In contrast, when the
Hippo pathway is turned off, YAP/TAZ is dephosphorylated and translocated into the nucleus to induce
target gene transcription [12,13]. During kidney development, Yap and Taz activation produce different
phenotypes. YAP is related to nephron morphogenesis, and TAZ inactivation causes polycystic kidney
disease [14]. YAP/TAZ function as physical sensors of cell structure, shape, and polarity, and YAP/TAZ
activation is related to mechanical signaling in cells involved in tissue architecture and the surrounding
ECM [14]. Therefore, modulating YAP/TAZ might reveal novel therapeutic targets for preventing
renal fibrosis.

Verteporfin (VP) is a photosensitizer already used in photodynamic therapy to treat age-related
macular degeneration [15]. Recently, Liu-Chittenden et al. showed that VP inhibits TEA domain
family member (TEAD)–YAP interactions in cancer cells without light stimulation [16]. Notably,
connective tissue growth factor (CTGF) and TGF-β, which regulate the extent of remodeling in the
tissue architecture, are among the YAP transcription targets [17]. Recently, YAP and CTGF were
found to be closely involved in determining blood vessel integrity and stability in the retina [18].
The constant activation of YAP after acute ischemic kidney injury might be related to interstitial fibrosis
and impaired renal tubular regeneration [19]. Therefore, using VP to inhibit YAP might be a novel
treatment strategy for renal tubulointerstitial inflammation and fibrosis. However, the protective role of
VP in unilateral ureteral obstruction (UUO)-induced renal fibrosis and the related mechanisms remain
unclear. Therefore, in this study, we investigate the protective effects of VP on UUO-induced renal
tubulointerstitial inflammation and fibrosis and its regulatory role in the TGF-β signaling pathway.

2. Results

2.1. Verteporfin Decreases UUO-Induced Renal Tubular Injury and Fibrosis

To investigate the effect of VP on UUO-induced renal tubular injury and fibrosis, we examined
kidney sections after periodic acid–Schiff (PAS) and Masson’s trichrome staining. Histologically,
Veh-treated UUO kidneys showed tubular dilation, epithelial desquamation, loss of brush border,
inflammatory cell infiltration, and tubulointerstitial fibrosis. VP treatment decreased the UUO-induced
increase in tubular dilation, inflammatory cell infiltration, and tubulointerstitial fibrosis compared with
Veh-treated UUO kidneys (Figure 1A). Masson’s trichrome staining revealed an increase in the fibrotic
areas of the Veh-treated UUO kidneys compared with sham-operated kidneys treated with either Veh
or VP. VP treatment, on the other hand, significantly decreased the UUO-induced increase in fibrotic
areas (Figure 1B). Those data suggest that VP treatment has a protective effect against UUO-induced
tubular injury and fibrosis.
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Figure 1. Effect of verteporfin on UUO-induced renal tubular injury and fibrosis. Representative PAS
and MTC stains from the kidneys of sham- and UUO-operated mice treated with vehicle (Veh) or
verteporfin (VP). Scale bar = 100 µm. Inlet shows a higher magnification view (400×) of UUO 7 d with
Veh or VP treatment. The bar graphs show the semi-quantitative scoring of (A) tubular injury stained
by PAS and (B) the area fraction (%) of tubulointerstitial fibrosis stained by MTC from ten randomly
chosen, non-overlapping fields (n = 10) at a magnification of 200× (n = 15/group). Data are expressed as
the mean ± SD. *** p < 0.001 versus Veh or VP; ### p < 0.001 versus UUO. Veh, vehicle; VP, verteporfin;
Sham, sham-operated mice; UUO, unilateral ureteral obstruction operated mice.

2.2. Verteporfin Decreases UUO-Induced Renal Fibroblast Activation and Excessive Extracellular
Matrix Accumulation

Renal fibrosis is characterized by renal fibroblast activation and excessive ECM accumulation
that leads to tissue destruction, scarring, and kidney failure [6,20,21]. Therefore, we investigated
renal fibroblast activation after UUO surgery by examining α-Smooth muscle actin (α-SMA) and
fibroblast specific protein-1 (FSP-1) expression. Veh-treated UUO kidneys showed an increase in the
α-SMA-positive area compared with sham-operated kidneys that received Veh or VP treatment, and VP
treatment significantly attenuated that increase in UUO kidneys (Figure 2A). We also evaluated α-SMA
expression in a Western blot analysis of UUO kidneys with or without VP treatment. Veh-treated
UUO kidneys had significantly increased α-SMA expression compared with sham-operated kidneys
treated with Veh or VP, and VP treatment significantly decreased the UUO-induced increase in α-SMA
expression (Figure 2C). After UUO surgery, the number of FSP-1 (+) fibroblasts increased significantly
compared with sham-operated kidneys treated with either Veh or VP, and VP treatment significantly
decreased the number of FSP-1 (+) fibroblasts in UUO kidneys (Figure 2B). We also evaluated type
I collagen expression using Western blotting of the UUO kidneys. Type I collagen expression was
increased in Veh-treated UUO kidneys compared with sham-operated kidneys, and VP treatment
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significantly decreased the UUO-induced increase in type I collagen expression (Figure 2D). These data
suggest that VP treatment reduces UUO-induced renal fibroblast activation and EMC accumulation in
the kidney.
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Figure 2. Effect of verteporfin on UUO-induced renal fibroblast activation. Representative
immunofluorescence staining ofα-SMA (A) and FPS-1 (B) from the kidneys of sham- and UUO-operated
mice treated with vehicle (Veh) or verteporfin (VP). The nuclei were stained with DAPI. The bar graph
shows the number of α-SMA and FPS-1 positive cells from ten randomly chosen, non-overlapping
fields (n = 10) at a magnification of x400 (n = 15/group). Scale bar = 50 µm. Data are expressed as
the mean ± SD. *** p < 0.001 versus Veh or VP; # p < 0.05, ## p < 0.01 versus UUO. α-SMA (C) and
Type I collagen (D) expression in kidney tissue from sham and UUO-operated mice treated with Veh
or VP was evaluated by Western blotting. Data from the densitometric analysis are presented as the
relative ratio of each protein to GAPDH. The relative ratio measured in the kidneys from sham-operated
mice treated with Veh is arbitrarily presented as 1. Data are expressed as the mean ± SD. # p < 0.05
versus UUO. Veh, vehicle; VP, verteporfin; UUO, unilateral ureteral obstruction operated mice; α-SMA,
α-smooth muscle actin; FSP-1; fibroblast-specific protein-1; DAPI, 4’,6-diamidino-2-phenylindole;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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2.3. Verteporfin Decreases UUO-Induced Renal Inflammation

Renal inflammation, such as inflammatory cell infiltration and the increased expression of cell
adhesion molecules, is an essential pathologic mechanism of UUO-induced renal tubulointerstitial
fibrosis [21]. Therefore, we evaluated F4/80 (+) macrophage infiltration after UUO surgery and
treatment with Veh or VP. Veh-treated UUO kidneys showed an increasing number of F4/80 (+)
macrophages in the tubulointerstitial areas, and VP treatment significantly decreased the UUO-induced
increase in F4/80 (+) macrophage infiltration (Figure 3A). We also used Western blot analysis to
evaluate the expression of intercellular adhesion molecules (ICAM)-1 in UUO kidneys treated with
Veh or VP. After UUO surgery, ICAM-1 expression increased, compared with sham-operated kidneys,
and VP treatment significantly decreased the UUO-induced increase in ICAM-1 expression (Figure 3B).
These data show that VP treatment reduces UUO-induced tubulointerstitial inflammation by regulating
inflammatory cell infiltration and cell adhesion molecule expression.
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Figure 3. Effect of verteporfin on UUO-induced renal inflammation. (A) Representative
immunofluorescence staining of F4/80 from the kidneys of sham- and UUO-operated mice treated
with vehicle (Veh) or verteporfin (VP). The nuclei were stained with DAPI. The bar graph shows
the number of F4/80 positive cells from ten randomly chosen, non-overlapping fields (n = 10) at a
magnification of ×400 (n = 15/group). Scale bar = 50 µm. Data are expressed as the mean ± SD.
*** p < 0.001 versus Veh or VP; ## p < 0.01 versus UUO. (B) ICAM-1 expression in kidney tissue from
sham- and UUO-operated mice treated with Veh or VP was evaluated by Western blotting. Data from
the densitometric analysis are presented as the relative ratio of each protein to GAPDH. The relative
ratio measured in the kidneys of sham-operated mice treated with Veh is arbitrarily presented as 1.
Data are expressed as the mean ± SD. *** p < 0.001 versus Veh or VP; # p < 0.05 versus UUO; Veh,
vehicle; VP, verteporfin; Sham, sham-operated mice; UUO, unilateral ureteral obstruction operated
mice; ICAM-1, intercellular adhesion molecule-1; DAPI, 4’,6-diamidino-2-phenylindole; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase.
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2.4. Verteporfin Decreases the UUO-Induced Increase in Connective Tissue Growth Factors by Regulating the
Tgf-B1/Smad Signaling Pathway

To address the protective mechanism of VP in UUO-induced renal fibrosis, we evaluated
the TGF-β1/Smad signaling pathway. UUO kidneys showed an increase in Smad2 and Smad3
phosphorylation compared with sham-operated kidneys treated with Veh or VP, and VP treatment
significantly decreased the UUO-induced increase in Smad2 and Smad3 phosphorylation (Figure 4A).
CTGF is a matricellular protein that has been associated with wound healing and organ fibrosis [22].
CTGF is known to be a downstream mediator of the profibrotic TGF-β1 signaling pathway [23].
Therefore, we evaluated CTGF expression by Western blot analysis. After UUO surgery,
CTGF expression increased compared with sham-operated kidneys treated with Veh or VP, and VP
treatment significantly decreased the UUO-induced increase in CTGF expression (Figure 4B). These data
suggest that VP modulates the UUO-induced activation of the TGF-β1/Smad signaling pathway and
the expression of CTGF in UUO kidneys.
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Figure 4. Effect of verteporfin on UUO-induced connective tissue growth factor expression through the
regulation of Smad2 and Smad3 phosphorylation. (A) Phospho-Smad2 and phospho-Smad3 expression
in kidney tissue from sham- and UUO-operated mice treated with vehicle (Veh) or verteporfin (VP)
was evaluated by Western blotting. Data from the densitometric analysis of phospho-Smad2 and
phospho-Smad3 are presented as the relative ratio of each protein to Smad2, Smad3, and GAPDH.
The relative ratios measured in the kidneys of sham-operated mice treated with Veh are arbitrarily
presented as 1. Data are expressed as the mean ± SD. *** p < 0.001 versus Veh or VP; # p < 0.05 versus
UUO. (B) CTGF expression in kidney tissue from sham- and UUO-operated mice treated with Veh
or VP was evaluated by Western blotting. Data from the densitometric analysis are presented as the
relative ratio of each protein to GAPDH. The relative ratios measured in the kidneys of sham-operated
mice treated with Veh are arbitrarily presented as 1. Data are expressed as the mean ± SD. *** p < 0.001
versus Veh or VP; ### p < 0.001 versus UUO; P-Smad, phospho-Smad; CTGF, connective tissue growth
factor; Veh, vehicle; VP, verteporfin; UUO, unilateral ureteral obstruction operated mice, GAPDH,
glyceraldehyde 3-phosphate dehydrogenase.
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2.5. Verteporfin Decreases TGF-β1-Induced Renal Fibroblast Proliferation And Migration in NRK-49F Cells

We evaluated the effect of VP on TGF-β1-induced renal fibroblast proliferation and migration
in normal rat fibroblasts (NRK-49F cells). Treatment with TGF-β1 increased renal fibroblast
proliferation about 1.8-fold compared with Veh-treated NRK-49F cells. VP treatment significantly and
dose-dependently decreased the TGF-β1-induced increase in renal fibroblast proliferation (Figure 5A).
We also evaluated cell migration using a wound-healing assay. After TGF-β1 treatment, wound length
was significantly decreased compared with baseline and Veh-treated NRK-49F cells. VP treatment
decreased the TGF-β1-induced increase in NRK-49F cell migration (Figure 5B). These data suggest that
VP treatment regulates TGF-β1-induced renal fibroblast proliferation and migration in NRK-49F cells.
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Figure 5. Effect of verteporfin on TGF-ß1-induced fibroblast proliferation and cell migration in NRK-49F
cells. (A) NRK-49F cells were treated with vehicle (Veh) or TGF-β1 (2 ng/mL) with or without verteporfin
(VP) at the indicated doses (50, 100, and 250 nM). After 24 h of treatment, cell proliferation was measured
using the XTT assay. Data are expressed as the mean ± SD of three independent experiments performed
in triplicate. *** p < 0.001 versus Veh or VP; ### p < 0.001 versus TGF-β1 (2 ng/mL). (B) Representative
phase-contrast images of NRK-49F cells after the wound healing assay. The phase-contrast images of
the migration of NRK-49F cells into the scratch area were obtained after treatment with either Veh
or TGF-β1 (2 ng/mL) with or without VP (250 nM) at 0 h and 24 h after wounding. The bar graph
shows the average length by which the gap between the NRK-49F cells closed at 0 h or 24 h after
treatment with Veh, TGF-β1, and/or VP. *** p < 0.001 versus Veh or VP; ### p < 0.001 versus TGF-β1.
Scale bar = 200 µm. Veh, vehicle; VP, verteporfin; TGF-β1, transforming growth factor-β1.
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2.6. Verteporfin Decreases TGF-β1-Induced Renal Fibroblast Activation by Regulating the TGF-β1/Smad
Signaling Pathway in NRK-49F Cells

We evaluated whether VP could modulate renal myofibroblast activation and matrix protein
production in NFK49F cells. After 24 h of stimulation, TGF-β1 (2 ng/mL) significantly increased α-SMA
and type I collagen expression in NRK-49F cells, and VP treatment significantly and dose-dependently
decreased the TGF-β1-induced increase inα-SMA and type I collagen expression (Figure 6A). We further
evaluated the effect of VP on the TGF-β1/Smad signaling pathway in NRK-49F cells. After 30 min of
stimulation, TGF-β1 (2 ng/mL) increased Smad2 and Smad3 phosphorylation in NRK-49F cells, and VP
treatment significantly and dose-dependently decreased the TGF-β1-induced increase in Smad2 and
Smad3phosphorylation (Figure 6B). These data suggest that VP modulates TGF-β1-induced renal
fibroblast activation through the TGF-β1/Smad signaling pathway.
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Figure 6. Effect of verteporfin on TGF-ß1-induced α-SMA and type I collagen through the regulation
of the TGF-β1/Smad signaling pathway in NRK-49F cells. (A) Representative Western blot for α-SMA
and type I collagen from NRK-49F cells treated with vehicle (Veh) or TGF-β1 (2 ng/mL) with or without
verteporfin (VP) at the indicated doses (50, 100 and 250 nM). Treatment with TGF-β1 (2 ng/mL) for 24 h
increased the expression of fibrotic markers. The expression of α-SMA and type I collagen decreased
dose-dependently after VP treatment. The bar graph shows the densitometric quantification as the
relative ratio of each protein to GAPDH. Data are presented as the mean± SD. (B) Representative Western
blot for phospho-Smad2 and phospho-Smad3 expression from NRK-49F cells treated with vehicle
(Veh) or TGF-β1 (2 ng/mL), with or without VP at the indicated doses (50, 100, and 250 nM). TGF-β1
(2 ng/mL) treatment for 30 min increased the expression of phospho-Smad2 and phospho-Smad3,
and VP treatment dose-dependently decreased that increase. The densitometric measurement of
phospho-Smad2 and phospho-Smad3 protein expression is presented as the Smad2/3 protein expression
ratio. The data are represented as the mean ± SD. *** p < 0.001 versus Veh or VP; # p < 0.05, ## p < 0.01
versus TGF-β1 treatment. Veh, vehicle; VP, verteporfin; TGF-β1, transforming growth factor-β1;
α-SMA, α-smooth muscle actin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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3. Discussion

Renal fibrosis is a common pathophysiologic endpoint of advanced CKD. The loss of the glomerular
and peritubular capillary architecture, the proliferation of tubular cells and interstitial fibroblasts,
the increases in proinflammatory cytokines and chemokines, the infiltration of inflammatory cells,
and the diffuse accumulation of ECM are common histologic features in renal fibrosis [24]. Previously,
we found that inhibiting the TGF/Smad signaling pathway by modulating estrogen receptor α and
activating mitochondrial Sirt3 ameliorated UUO-induced renal inflammation and fibrosis [9,21]. In this
study, we evaluated the protective effect of VP on UUO-induced renal fibrosis. Our results indicate
that VP treatment decreases UUO-induced renal tubular injury, ECM deposition, and inflammatory
processes. VP also inhibits TGF-β1-induced renal fibroblast activation. These results show that VP has
a protective effect against kidney fibrosis by regulating the TGF-β1/Smad signaling pathway.

The excessive accumulation of ECM protein drives progressive organ fibrosis, which increases
tissue stiffness and activates the mechanosensitive Hippo pathway effector YAP [25]. Active YAP
upregulates ECM deposition and activates a positive-feedback loop that results in fibroblast
activation [26]. Therefore, reducing ECM accumulation by modulating YAP activity is a critical target
for preventing organ fibrosis and failure. In this study, we used a UUO model to induce renal fibrosis,
which produced an increase in the number of FSP-1 (+) fibroblasts and α-SMA (+) myofibroblasts.
VP treatment decreased the UUO-induced increase in fibroblast activation. VP treatment also decreased
the UUO-induced increase in type I collagen and fibronectin expression. Therefore, using VP treatment
to inhibit the Hippo pathway effector YAP might decrease UUO-induced ECM accumulation.

To initiate the wound healing process, the recruitment of inflammatory cells is a fundamental
process [27]. The infiltration of polymorphonuclear neutrophils and monocytes is characteristic of
the initial inflammatory response to injury [28,29]. An injured organ’s parenchymal and endothelial
cells and infiltrated inflammatory cells release many cytokines and chemokines that amplify the
inflammatory response through complex interactions among the altered mesenchymal cells [27].
Dysregulation of the inflammatory and wound-healing processes leads to the formation of tissue
fibrosis. In this study, VP treatment decreased the UUO-induced increase in F4/80 (+) macrophage
infiltration and cell adhesion molecule expression. These data suggest that inhibiting the Hippo
pathway might decrease the UUO-induced renal inflammatory response.

The TGF-β1/Smad signaling pathway is a crucial player in renal fibrosis [9,20]. The downstream
target genes of the TGF-β1/Smad signaling pathway mediate myofibroblast activation and ECM
deposition in injured tissues. Our in vitro data using NFR49F cells show that inhibiting the Hippo
pathway decreases TGF-β1-induced renal fibroblast proliferation and migration by regulating Smad2
and Smad3 phosphorylation. Furthermore, VP treatment reduces TGF-β1-induced ECM production
in NRK-49F cells. The action of TGF-β1 and YAP activity might by closely related at multiple
levels of the fibrotic process, such as tissue stiffness by ECM accumulation, cell adhesion, and cell
morphology [30]. In human lung fibrosis, increased TGF-β1 and aberrantly activated TAZ/YAP can
contribute to fibroblast activation and survival and enhance the production of profibrogenic factors
such as CTGF [30]. In diabetic nephropathy, EGF receptor-dependent upregulation of YAP increases the
levels of downstream profibrotic factors such as CTGF and amphiregulin [31]. TGF-β1-dependent TAZ
activation promotes maladaptive epithelial repair through Smad3-dependent CTGF up-regulation [32].
Xu et al. reported that constant YAP increases and activation are involved in regeneration and
fibrogenesis after acute ischemic kidney injury [19]. In our in vivo experiment, the inhibition of
YAP by VP decreased the UUO-induced increase in CTGF expression by regulating Smad2 and
Smad3 phosphorylation.

The Hippo pathway plays an essential role in kidney and urinary tract development [33,34],
cystic kidney disease [35,36], podocyte integrity [37], diabetic nephropathy [31], renal cell carcinoma [38],
and tubulointerstitial fibrosis [39]. In the Hippo pathway, both YAP and TAZ can serve as central
transcriptional coactivators after nuclear translocation. They associate with transcription factors such
as the Runt-related transcription factor and TEAD to modulate transcription [40–43]. Recent research
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data have linked YAP and TAZ with fibrogenesis as critical regulators of fibroblast mechanoactivation
and fibrogenic function [26]. Renal fibrosis that arises from numerous insults progresses to CKD,
which is characterized by the deposition of ECM. The stiff ECM enhances TGF-β1-induced profibrotic
Smad signaling in a process mediated by YAP and TAZ [44]. In addition to ECM deposition, YAP has
an essential role in glomerular integrity. Podocyte-specific Yap deletion results in proteinuria between
5 and 6 weeks of age and leads to focal segmental glomerular sclerosis at 12 weeks [37]. Therefore,
the modulation of the Hippo pathway might be a novel therapeutic target for kidney fibrosis.

In conclusion, YAP inhibition by means of VP treatment decreases UUO-induced renal
fibroblast activation, inflammation, ECM deposition, and tubulointerstitial fibrosis by regulating
the TGF-β1/Smad signaling pathway.

4. Materials and Methods

4.1. Animal Experiment

The animal experiment protocol was reviewed and approved by the Institutional Animal Care
and Use Committee of Jeonbuk National University (CBNU 2018-040, 29 May 2018, Jeonju, Korea).
Male C57BL/6 mice (7–8 weeks old; weight 20–25 g) were purchased from Orient Bio, Inc. (Seoul, Korea),
maintained in a room with controlled temperature (23 ± 1 ◦C), humidity, and lighting (12-h light/12-h
dark cycle), and given free access to food and water. For the experiment, we divided the mice into four
groups: sham and UUO with Veh treatment, and sham and UUO with VP treatment (n = 15/group).
VP (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was dissolved in dimethyl sulfoxide (DMSO,
0.05% v/v), and DMSO (0.05% v/v) was used as the vehicle. VP (100 mg/kg) was administered by daily
intraperitoneal injection for 3 d before UUO surgery and continued for 7 d after surgery. Renal fibrosis
was induced using a UUO operation described previously [21]. In brief, mice were anesthetized
by intraperitoneal injection of ketamine (100 mg/kg, Huons, Seoul, Korea) and xylazine (10 mg/kg,
Bayer Korea, Seoul, Korea) and placed on a temperature-controlled operating table to maintain body
temperature at 37 ◦C. Through a midline incision in the abdomen, the right proximal ureter was
exposed and ligated at two separated points using 3-0 black silk. We performed the sham operation
using the same method without the ligation of the ureter. Seven days after the UUO operation,
the obstructed kidney was harvested, prepared for histological examination, and stored at −80 ◦C for
the Western blot analysis.

4.2. Renal Histologic Examination

Each kidney was fixed in 4% paraformaldehyde and embedded in paraffin. The block was cut into
5 µm sections and stained with PAS stain and Masson’s trichrome. For immunofluorescence staining,
freshly frozen renal tissues were fixed with 4% paraformaldehyde, permeabilized in 1% Triton X-100,
and then incubated with a blocking buffer. The tissue samples were incubated with anti-α-smooth
muscle actin (α-SMA; A2547 mouse; 1:1000; Sigma-Aldrich Merck KGaA, Darmstadt, Germany),
anti-fibroblast specific protein (FSP)-1 (ab27957; 1:100; Abcam, Cambridge, UK) and F4/80 (14-4801-82;
1:200 eBioscience, San Diego, CA, USA) and then exposed to Cy3-labeled secondary antibody (Chemicon,
Temecula, CA). Nuclear staining was performed using 300 nM 4’, 6-diamidino-2-phenylindole solution
for 3 min (DAPI, Molecular Probes; Thermo Fisher Scientific, Inc.). For the morphometric analysis,
two observers who were unaware of the origins of the samples used a Zeiss Z1 microscope or Zeiss LSM
510 confocal laser scanning microscope (Carl Zeiss, Göttingen, Germany) to evaluate all slides. Tubular
injury was scored into six levels based on the percentage of tubular dilation, epithelial desquamation,
and loss of brush border in 10 randomly chosen, non-overlapping fields at a magnification of 200×
under a light microscope: 0, none; 0.5, <10%; 1, 10–25%; 2, 25–50%; 3, 50–75%; and 4, >75%. The fibrotic
area was also measured in 10 randomly chosen, non-overlapping fields at a magnification of 200×.
The area fraction of α-SMA was measured at a magnification of 400×. The numbers of FSP-1 positive
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fibroblasts and F4/80 positive macrophages were counted at a magnification of 400×. All images were
analyzed using ImageJ software (http://rsb.info.nih.gov/ij).

4.3. Western Blotting

The Western blot analysis was performed as described previously [20]. Kidney tissue and
cell lysates were separated by 10% SDS-PAGE. After electrophoresis, the samples were transferred
to PVDF membranes (BIO-RAD, Hercules, CA, USA) and blocked with 5% skim milk (BIO-RAD,
Hercules, CA, USA). Then we probed the blots with primary antibodies to α-SMA (A2547 mouse;
1:1000; Sigma-Aldrich Merck KGaA, Darmstadt, Germany), type I collagen (1310-01; goat; 1:1000;
Southern Biotech, Birmingham, AL, USA), ICAM-1 (sc-1511; goat; 1:1000, Santa Cruz Biotechnology,
Mississauga, CA, USA), CTGF (sc-365970; mouse; 1:1000; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), phospho-Smad2 (3101; rabbit; 1:1000; Cell Signaling Technology Inc., Danvers, MA, USA),
phospho-Smad3 (9520; rabbit; 1:1000; Cell Signaling Technology Inc.), Smad2/3 (07-408; rabbit; 1:1000;
EMD Millipore, Billerica, MA, USA), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
AP0063; rabbit; 1:2000; Bioworld Technology, Inc., Danvers, MA, USA), which was used as an internal
control. All signals were analyzed by a densitometric scanner (ImageQuant LAS 4000 Mini, GE
Healthcare Life Sciences, Piscataway Township, NJ, USA).

4.4. Cell Culture Experiments

In vitro experiments were performed using a rat renal fibroblast cell line (NRK-49F, American
Type Culture Collection, Manassas, VA). We cultured NRK-49F cells in Dulbecco’s modified Eagle’s
medium with 4 mM L-glutamine adjusted to contain 1.5 g/L of sodium bicarbonate and 4.5 g/L of
glucose supplemented with 5% (vol/vol) heat-inactivated fetal bovine serum and antibiotics (100 U/mL
penicillin G and 100 µg/mL streptomycin) at 37 ◦C with 5% CO2 in 95% air. To investigate the effect of
VP on myofibroblast activation, ECM expression, and the activation of the TGF-β1/Smad signaling
pathway, we incubated sub-confluent NRK-49F cells with VP (50, 100, and 250 nM) for 30 min and
then stimulated them with TGF-β1 (2 ng/mL, Sigma Chemical Co.) for the indicated periods.

4.5. Cell proliferation Assay

After 24 h of treatment with VP (50, 100, and 250 nM) and TGF-β1 (2 ng/mL), the proliferation of
NRK-49F cells was determined by a colorimetric assay (Cell Proliferation Kit II, Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s protocol. All experimental values were
determined from triplicate wells.

4.6. Wound Healing Assay

Sub-confluent NRK-49F cells were cultured in 6-well dishes. Before treatment with VP and
TGF-β1, we scratched the 6-well dishes using a sterile 200-µL pipette tip, causing three separate
wounds. The cells were incubated with VP (250 nM) for 30 min and then stimulated with TGF-β1
(2 ng/mL) for 24 h. Wound lengths were measured using ImageJ. The wound length at 0 h after
scratching was used as the control.

4.7. Statistical Analysis

The data are expressed as the mean ± standard deviation (SD). To confirm whether the dataset was
normally distributed, we used the Shapiro-Wilk test. For normally distributed data, one-way analysis
of variance (ANOVA) was used to evaluate differences within groups, followed by an individual
comparison between groups with the Tukey post hoc test. For non-parametric data, the Kruskal-Wallis
one-way ANOVA on ranks was used, followed by all multiple pairwise comparisons with the Dunn’s
method. p < 0.05 was considered statistically significant.
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ECM, extracellular matrix
FSP-1 fibroblast-specific protein-1
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Abstract: Intra-renal tertiary lymphoid organs (TLOs) are associated with worsened outcome in
kidney transplantation (Ktx). We used an anti-BAFF (B cell activating factor) intervention to investigate
whether BAFF is required for TLO formation in a full MHC-mismatch Ktx model in rats. Rats received
either therapeutic immunosuppression (no rejection, NR) or subtherapeutic immunosuppression
(chronic rejection, CR) and were sacrificed on d56. One group additionally received an anti-BAFF
antibody (CR + AB). Intra-renal T (CD3+) and B (CD20+) cells, their proliferation (Ki67+), and IgG+

plasma cells were analyzed by immunofluorescence microscopy. Formation of T and B cell zones and
TLOs was assessed. Intra-renal expression of TLO-promoting factors, molecules of T:B crosstalk, and B
cell differentiation was analyzed by qPCR. Intra-renal B and T cell zones and TLOs were detected
in CR and were associated with elevated intra-renal mRNA expression of TLO-promoting factors,
including CXCL13, CCL19, lymphotoxin-β, and BAFF. Intra-renal plasma cells were also elevated
in CR. Anti-BAFF treatment significantly decreased intra-renal B cell zones and TLO, as well as
intra-renal B cell-derived TLO-promoting factors and B cell differentiation markers. We conclude that
BAFF-dependent intra-renal B cells promote TLO formation and advance local adaptive alloimmune
responses in chronic rejection.

Keywords: tertiary lymphoid organs; kidney transplantation; B cells; BAFF

1. Introduction

Kidney transplantation is the best available treatment for many patients with end-stage kidney
failure; however, kidney allograft survival is limited, with a 10-year graft survival rate of only 56% [1].
A shortage of organs for donation is therefore exacerbated by premature allograft failure. On top of this,
patients with multiple consecutive transplants have a higher risk of graft failure due to rejection [2].
Improving allograft survival is therefore an important aim in renal and transplantation medicine.

Apart from antibody-mediated rejection (ABMR), which is a major cause of allograft failure [3],
kidney allograft inflammation is an important predictor of reduced allograft survival [4]. Subclinical
inflammation is associated with poorer outcomes [4,5] and may precede irreversible interstitial fibrosis [6].
Due to its prognostic relevance, inflammation in areas of fibrosis has recently been incorporated into
Banff rejection grading as an independent score (“iIFTA”, inflammation with interstitial fibrosis and
tubular atrophy). The role of B cells in allograft inflammation has not been fully clarified. Intra-graft
B cell clusters have been observed in animal and human transplant studies, and have been related
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to poorer outcomes [7,8]. Furthermore, overproportional amounts of B cells were found in allografts
with subclinical rejection and fibrotic changes compared to grafts with subclinical rejection without
fibrosis [9], suggesting a role of B cells in chronic rejection.

B cells can form organized follicular structures together with T cells and other immune cells [10,11].
Within these structures, termed tertiary lymphoid organs (TLOs), B cells can affect local immune
activation [12]. TLOs resemble lymphoid follicles within secondary lymphoid organs and occur at sites
of chronic inflammation. They have been detected in systemic lupus erythematodes (SLE), rheumatoid
arthritis, multiple sclerosis, atherosclerosis, as well as heart and kidney transplantation, as reviewed by
Pitzalis [13]. The formation of TLO is driven by local expression of factors required for formation of
secondary lymphoid tissue, such as CCL19, CCL21, CXCL13, and lymphotoxin-α/β [14,15]. Furthermore,
TLOs are sites of local activation of adaptive immunity, where locally antigen-activated B cells receive
additional signals, clonally proliferate [16], and become a local source of donor-specific antibodies
(DSAs) [12].

B cells are important mediators of TLO development due to their expression of lymphotoxin-
α/β [17]. They can remain within allografts even after peripheral depletion of B cells using Rituximab [18].
B cell activating factor (BAFF) is an important survival factor for B cells and plasma cells [19]. In Ktx
patients, elevated serum BAFF levels have also been associated with pre-sensitization, anti-HLA
antibody formation, ABMR, and reduced graft survival [20,21]. We have previously demonstrated
expression of BAFF in experimental rat kidney allografts [22], and also showed that anti-BAFF treatment
interfered with humoral responses in Ktx using the same model [23]. However, a necessity of BAFF
for TLO development has not previously been shown. Here, we tested the effects of an anti-BAFF
antibody on intra-renal infiltrates of T and B cells, their microanatomical organization into TLOs,
intra-renal expression of TLO-promoting factors and B cell differentiation factors, as part of local
adaptive alloresponses in chronic rejection.

2. Results

2.1. Anti-BAFF Treatment Alters the T and B Cell Composition of Intra-Renal Infiltrates

We first examined the overall area of intra-renal infiltrates in the different experimental groups using
immunohistochemistry. Infiltrates were significantly more expansive in CR and CR + AB compared to
NR (CR vs. NR: 0.16 ± 0.05 vs. 0.01 ± 0.01 mm2, p = 0.0012; CR + AB vs. NR: 0.10 ± 0.08 vs. 0.01 ± 0.01
mm2, p = 0.030) (Figure 1A). The expansion of intra-renal infiltrates appeared to be reduced in CR + AB
compared to CR, but the difference was not significant. Analysis of the microanatomical localization of
infiltrates showed that the majority of infiltrates were localized in the vicinity of arterioles (perivascular),
followed by localization surrounding glomeruli (periglomerular) and few were located interstitially
without apparent contact to arterioles or glomeruli (Figure 1B). We then assessed the number of T (CD3+)
and B (CD20+) cells within kidney sections, and found that there were significantly more T cells in CR
and CR +AB compared to NR (CR vs. NR: 610 ± 204 vs. 30 ± 40 cells/mm2, p = 0.0032; CR +AB vs. NR:
479 ± 338 vs. 30 ± 40 cells/mm2, p = 0.019), but CR and CR +AB did not differ significantly in intra-renal
T cell content (Figure 1C). The number of B cells was also significantly elevated in CR compared to NR
(CR vs. NR: 431 ± 232 vs. 6 ± 13 cells/mm2, p = 0.0006). Anti-BAFF treatment substantially reduced the
number of intra-renal B cells (CR vs. CR + AB: 431 ± 232 vs. 60 ± 51 cells/mm2, p = 0.0013) (Figure 1C).
Since T cells were non-significantly reduced in CR + AB compared to CR, we also assessed the ratio of
B:T cells and found that this was elevated in CR compared to NR (0.67 ± 0.29 vs. 0.12 ± 0.16, p = 0.0067),
and significantly reduced after anti-BAFF treatment (CR vs. CR + AB: 0.67 ± 0.29 vs. 0.12 ± 0.05,
p = 0.0016) (Figure 1D).
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Figure 1. Intra-renal infiltrates, their microanatomical localization, and content of T and B lymphocytes.
(A) shows intra-renal infiltrate expansion, which was measured using Histoquest software and was
expressed as the cumulative area of infiltrates/area of the renal cortex. (B) shows the microanatomical
localization of infiltrates, which was recorded as perivascular, periglomerular, or interstitial. (C) shows
the intra-renal content of CD3+ T cells and CD20+ B cells, which was determined using Histoquest
software after immunohistochemical staining and normalized to the area of renal cortex. (D) shows the
ratio of intra-renal B/T cells in arbitrary units (AU). NR, no rejection (black); CR, chronic rejection (pink);
CR + AB, chronic rejection and anti-BAFF antibody (green). Data is shown as individual data points
per rat and group means. Statistical significance is shown as * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.2. Anti-BAFF Treatment Interfered with TLO Formation

B cells and T cells can organize into distinct zones within infiltrates to form TLOs. We assessed the
microanatomical organization of intra-renal T and B cells into T and B cell zones using immunofluorescence
microscopy. Figure 2A shows representative images of staining of CD3+ T cells (red), CD20+ B cells
(yellow), and Ki67+ proliferating cells (green). In NR, infiltrates were rare and small compared to the
other groups. In CR, large infiltrates containing distinct B and T cell zones were found as shown in
Figure 2A. Infiltrates after anti-BAFF treatment showed dense T cell zones but a lack of B cell zones.
We determined the presence of T and B cell zones per infiltrate, and found that T cell zones were similarly
frequent in all groups (Figure 2B), but the frequency of B cell zones within infiltrates was significantly
higher in CR compared to NR (CR vs. NR: 0.44 ± 0.20 vs. 0.00 ± 0.00, p = 0.0001) but substantially lower
with anti-BAFF treatment (CR vs. CR +AB: 0.44 ± 0.20 vs. 0.05 ± 0.06, p = 0.0002) (Figure 2B). TLOs were
defined by the presence of T and B cell zones, and were absent in NR but significantly elevated in
CR (CR vs. NR: 0.44 ± 0.20 vs. 0.00 ± 0.00, p = 0.0001) (Figure 2C). However, the frequency of TLO
was significantly diminished after anti-BAFF treatment (CR vs. CR + AB: 0.44 ± 0.20 vs. 0.048 ± 0.06,
p = 0.0002) (Figure 2C).

69



Int. J. Mol. Sci. 2020, 21, 8045

Figure 2. Effect of anti-BAFF treatment on intra-renal T and B cell zones and TLO formation. (A) shows
representative allograft sections stained for CD3 (T cells, pink), CD20 (B cells, yellow), and Ki67
(proliferating cells, green) with distinct T and B cell zones. (B) shows the frequency of T cell (CD3+)
and B cell (CD20+) zones, which were defined as dense clusters of predominantly one cell type.
(C) shows the frequency of TLOs, which were defined as dense intra-renal infiltrates containing a T
and a B cell zone. NR, no rejection (black); CR, chronic rejection (pink); CR + AB, chronic rejection
and anti-BAFF antibody (green). Data is shown as group means and individual data points per rat.
Statistical significance is shown as *** p < 0.001.

2.3. Proliferation of Intra-Renal T and B Cells Was Not Altered by Anti-BAFF Treatment

Since the number of B cells was significantly reduced within kidney allografts by anti-BAFF
treatment, we were interested in whether anti-BAFF treatment had affected the local proliferation of
intra-renal lymphocytes. We therefore analyzed the absolute numbers of proliferating T and B cells by
co-staining for the proliferation marker Ki67+. We found that proliferation of T cells was significantly
increased in CR and CR + AB compared to NR (CR vs. NR: 31 ± 11 vs. 3 ± 3, p = 0.0005; CR + AB vs.
NR: 25 ± 10 vs. 3 ± 3, p = 0.0034). In B cells, only CR + AB showed significantly increased proliferation
compared to NR, while elevation of B cell proliferation in CR was not significant compared to NR
(CR + AB vs. NR: 0.11 ± 0.04 vs. 0 ± 00, p = 0.02; CR vs. NR: 0.08 ± 0.03 vs. 0 ± 00, p = 0.137).
However, anti-BAFF treatment did not change the number of proliferating T cells (Figure 3A) or B cells
(Figure 3B).

Antigen-activated B cells may clonally proliferate in germinal centers (GCs) when given appropriate
T helper cell signals. We analyzed infiltrates for the presence of GCs within TLOs and found that GCs
were rare but could be detected in CR, as shown in Figure 3C.
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Figure 3. Intra-renal T and B cell proliferation and germinal center (GC) formation within TLOs.
(A) shows the intra-renal content of proliferating Ki67+CD3+ T cells and (B) proliferating Ki67+CD20+

B cells, which were quantified using Histoquest software after immunohistochemical staining and
normalized to the area of renal cortex. (C) shows a TLO with GC formation, which was defined as
a dense cluster of Ki67+ proliferating cells (green) within a CD20+ B cell zone (yellow); the kidney
section was from the CR group. NR, no rejection (black); CR, chronic rejection (pink); CR + AB, chronic
rejection and anti-BAFF antibody (green). Data is shown as group means and individual data points
per rat. Statistical significance is shown as * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.4. Effect of Anti-BAFF Treatment on Intra-Renal Plasma Cells

Plasma cells are antibody-producing cells derived from B cells and have been found within kidney
allograft infiltrates [24]. We therefore determined the amount of intra-renal plasma cells by staining
for IgG+ elliptical cells, as previously described [23]. Plasma cells were present in allografts from
all groups and appeared increased in CR compared to NR and CR + AB, but the difference was not
statistically significant (Figure 4).
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Figure 4. Effect of anti-BAFF treatment on intra-renal plasma cells. (A) shows immunofluorescence
staining of IgG+ plasma cells typically arranged in small nests within allografts. (B) shows the intra-renal
content of IgG+ plasma cells, which was determined by blinded manual counting of IgG+ cells and
normalized to the renal cortex area. NR, no rejection (black); CR, chronic rejection (pink); CR + AB,
chronic rejection and anti-BAFF antibody (green). Data is shown as group means and individual data
points per rat.

2.5. Anti-BAFF Treatment Regulated Expression of TLO-Promoting Factors and B Cell Differentiation Markers
within Allografts

Since BAFF was required for TLO formation, we were interested in the expression of
TLO-promoting factors and B cell activation and differentiation molecules. To this end, we used a
heat-map to visualize normalized gene expression (Figure 5). We analyzed the intra-renal mRNA
expression of BAFF, its homolog APRIL (a proliferation-inducing ligand), and their receptors, BAFF-R
(BAFF receptor), TACI (transmembrane activator and calcium modulator and cyclophilin ligand
interactor), and BCMA (B cell maturation antigen). We found that BAFF and its receptors were more
strongly expressed in CR than NR, but anti-BAFF treatment led to decreased expression of BAFF-R,
TACI, and to a lesser degree BCMA (Figure 5A).

TLO formation is driven by lymphoid chemokines and cytokines. We therefore measured
intra-renal mRNA expression of the B cell chemokine CXCL13 and its receptor CXCR5, as well as
lymphotoxin-β and the T cell chemokine CCL19 and its receptor CCR7. We found that expression of
B cell chemokine CXCL13 and its receptors CXCR5, as well as lymphotoxin-β, was elevated in CR
but reduced after anti-BAFF, while expression of T cell chemokine CCL19 and its receptor CCR7 was
increased in CR + AB (Figure 5B).

We found evidence of germinal center formation in CR, but anti-BAFF treatment did not affect the
number of proliferating B cells within allografts. We therefore analyzed the expression of molecules,
which drive B cell proliferation. We found that expression of interleukin (IL)-21, an important T cell
cytokine, which stimulates B cell proliferation, was elevated in CR + AB compared to CR (Figure 5C).
Similarly, the expression of T cell costimulatory molecules, CD40L (CD40 ligand) and ICOS (inducible
T cell costimulator), was higher in CR + AB compared to CR, while expression of corresponding B cell
ligands CD40 and ICOS ligand was lower in CR + AB compared to CR (Figure 5C).
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Finally, BAFF is a survival factor for B cells at different differentiation stages. Therefore, we assessed
the intra-renal expression of markers of B cell differentiation. Transmembrane IgD (transmemIgD)
is expressed by immature and naïve B cells and its expression was elevated in CR and substantially
reduced in CR + AB (Figure 5D). Pax5 (paired box protein 5), a pan-B cell lineage factor, was also
elevated in CR and reduced in CR +AB (Figure 5D). Bcl-6 (B cell lymphoma 6) is expressed by germinal
center B cells after activation in B cell follicles and was elevated in CR but lower in CR +AB (Figure 5D).
Finally, XBP-1 (X-box binding protein 1) is a transcription factor for differentiating plasma cells and
its intra-renal expression was elevated in CR compared to NR, and anti-BAFF treatment reduced its
expression compared to CR (Figure 5D). Overall, early B cell differentiation markers appeared to be
increased in CR and more strongly reduced by anti-BAFF treatment than markers of later differentiation
stages (Figure 5D).

Figure 5. Effect of anti-BAFF treatment on intra-renal gene expression in chronic rejection. A heat-map
was used to visualize relative mRNA expression of genes between groups. (A) BAFF, APRIL, and their
receptors; (B) TLO-inducing chemokines and cytokines and receptors; (C) molecules of T:B cell
crosstalk; (D) markers of B cell differentiation. MRNA expression of target genes was normalized to the
house-keeper hypoxanthine-guanine-phosphoribosyl-transferase (HPRT,). The z-score was calculated
from delta CT values per sample using the mean of all samples. Average z-scores from each group are
shown using the indicated color scale for up- or downregulation.

Since we saw no significant difference in the amount of T cells present within allografts (Figure 1)
or their proliferation rate (Figure 3) with or without anti-BAFF treatment, we analyzed the expression
of molecules associated with T cell function by qPCR. We found no difference in the expression of
interleukin-2, interferon-γ, interleukin-21, TGF-β, granzyme B, perforin, or foxp3 with or without
anti-BAFF treatment (data not shown).
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3. Discussion

TLOs are sites of adaptive alloimmune activation and have been detected in failed kidney
allografts with chronic rejection [11]. We tested if BAFF is required for TLO formation in a model of
chronic kidney allograft rejection in rats. Our results showed that intra-renal infiltrates were more
frequent in chronic rejection than in non-rejecting allografts and included TLOs with distinct T and
B cell zones. Furthermore, we observed B cell germinal center formation within TLOs. Anti-BAFF
treatment diminished the number of intra-renal B cells and effectively blocked the formation of B cell
zones and TLOs. Gene expression analysis showed that intra-renal expression of BAFF receptors and
TLO-promoting factors was elevated in CR but diminished by anti-BAFF treatment. We found that B
cells in early differentiation stages were particularly sensitive to anti-BAFF treatment. In summary,
we showed that TLOs harbor local activation of alloresponses and that BAFF is required for TLO
formation in chronic rejection.

In fully immunosuppressed non-rejecting allografts, intra-renal infiltrates were virtually absent;
however, there was significant expansion of infiltrates within allografts in chronic rejection. Intra-renal
infiltrates were most frequently found in the vicinity of arterioles, suggesting leukopedesis across
existing blood vessels, rather than sprouting of high endothelial venules, which have been described in
TLOs [14]. Anti-BAFF treatment did not affect the expansion of intra-renal infiltrates; it did, however,
lead to a significant reduction in the number of intra-renal B cells and a lower B/T cell ratio.

Detailed analysis of the microanatomical organization of intra-renal T and B cells showed that
a large portion of infiltrates consisted of distinct T and B cell zones forming lymphoid follicle-like
structures or TLOs. Staining of the proliferation marker Ki67 revealed that germinal centers, or areas of
clonal proliferation of antigen-specific B cells, could form within these TLOs in our model. Germinal
centers are highly advanced structures, which arise from coordinated T:B cell crosstalk [25]. It is within
germinal centers that B cells get fully activated, go through somatic hypermutation, get positively
selected for the highest antibody affinity for alloantigens, and differentiate into antibody-secreting
plasma cells and memory B cells [26]. Cheng et al. have previously shown that TLOs can harbor such
diversification and clonal expansion of alloimmune responses in allografts [16]. Our results showed
that anti-BAFF treatment can effectively prevent the formation of intra-renal TLOs, since B cell zones
were mostly absent in anti-BAFF-treated rats. Although TLO formation has been observed in cardiac
transplant models in mice [27], this is the first kidney transplant model showing TLO formation in
chronic rejection. As such, the findings from our study may provide a basis for further investigation
into the role of TLOs in kidney transplant rejection.

We were interested in the mechanism by which anti-BAFF treatment prevented TLO formation in
allografts. There are three known receptors for BAFF and its homolog APRIL: BAFF-R, TACI, and BCMA,
as reviewed by Parsons [28]. We found that the intra-renal expression of BAFF receptors was significantly
lower after anti-BAFF treatment, which illustrated the dependency of BAFF receptor-expressing cells
on the presence of BAFF as a survival factor. Whether there was a shortage of infiltrating B cells
into allografts or intra-renal B cells locally succumbed to cell death in the absence of BAFF could
not be determined by our experiments. CXCL13, a B cell chemokine that promotes TLO formation,
was highly expressed during chronic rejection, but expression appeared lower after anti-BAFF treatment.
The expression of CXCR5, the receptor for CXCL13, was also lower after anti-BAFF treatment.
Furthermore, B cells are potent producers of lymphotoxin-β, an important factor for secondary and
tertiary lymphoid organ formation [29,30]. The expression of lymphotoxin-β was elevated in chronic
rejection but substantially diminished after anti-BAFF antibody. The regulation of these factors may
have played in important role in preventing the development of TLO in anti-BAFF-treated rats in
our model.

Intra-renal mRNA expression of B cell differentiation markers showed that anti-BAFF treatment
strongly affected B cells at early differentiation stages and to a lesser extent reduced expression of
advanced differentiation markers. Transmembrane IgD is expressed by immature transitional and
naïve B cells. We found elevated transmembrane IgD expression in chronic rejection, reflecting the
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infiltration of these cells into allografts. Interestingly, expression of intra-renal transmembrane IgD was
substantially reduced by anti-BAFF treatment. We also found increased expression of Pax5, a pan-B
cell lineage transcription factor, within allografts with chronic rejection but a significant reduction of its
expression after anti-BAFF treatment. Interestingly, the transcription factor Bcl-6 was also upregulated
during chronic rejection but downregulated by anti-BAFF treatment. Bcl-6 is expressed in lymphoid
follicles by germinal center B cells and T follicular helper cells, which provide essential activation
signals to B cells, as reviewed by Vinuesa [31]. Bcl-6 is therefore a necessary factor for full activation
of humoral alloresponses. Decreased Bcl-6 expression in rats treated with anti-BAFF antibody could
reflect decreased humoral immune activation in allografts due to a lack of TLOs. Finally, expression
of XBP-1, a transcription factor expressed during plasma cell differentiation [32], was elevated in
chronic rejection. XBP-1 expression was also reduced in anti-BAFF, but the difference was much less
pronounced compared with factors of early B cell differentiation. We investigated the presence of
plasma cells within allografts in our model. Although the exact effector function of intra-renal plasma
cells and their role in allograft rejection is not fully understood, intra-renal plasma cells have been
associated with chronic allograft rejection and poor prognosis [24,33–36]. Although we have previously
shown that anti-BAFF therapy reduced the number of splenic plasma cells [23], the difference in
intra-renal plasma cells between groups was not statistically significant in this study. In summary,
we found that intra-renal B cells during early differentiation stages were particularly sensitive to
anti-BAFF treatment.

Signals required for B cell proliferation include antigen-activation, T cell help, and cytokines,
but not BAFF, which was reflected by our data showing that B cell proliferation was not altered by
anti-BAFF treatment. Analysis of B cell differentiation factors showed that early antigen-naïve B cells
were particularly reduced by anti-BAFF treatment, suggesting that the remaining B cells were already
antigen-activated. Proliferation of antigen-activated B cells depends on the expression of important
signals by T helper cells, namely CD40L and IL-21. In line with this, we found that the relative
expression of CD40L and IL-21 was not decreased by anti-BAFF treatment, demonstrating a potentially
important gap in the mechanism of BAFF. This observation may point towards a shortcoming of
BAFF-targeted therapy and raise interest in combining targets for therapy.

We demonstrated that TLOs are sites of humoral immune activation within allografts during chronic
rejection, and that anti-BAFF treatment can hinder the formation of TLO in allografts. Belimumab®,
a monoclonal anti-BAFF antibody, has been approved for treatment of lupus erythematodes and has
been explored as an immunosuppressive agent in kidney transplant patients [37]. Our study shows
that TLO formation may be prevented using an anti-BAFF antibody with a potential benefit to kidney
transplant patients. We previously reported that anti-BAFF treatment interfered with systemic humoral
responses and reduced formation of DSA of certain IgG subclasses in a Ktx model, but we found no
direct evidence for any specific alteration in T cell function and it did not significantly affect allograft
rejection according to Banff or allograft function [23]. A limitation of our study is the duration of our
experiment. Extending experiments beyond d56 post-transplant may provide insight into the long-term
effects of anti-BAFF treatment on cellular responses within allografts. To assess the long-term benefits
of such an intervention, further investigation is needed.

4. Materials and Methods

4.1. Experimental Kidney Transplantation

Animal experiments were approved by the local inspecting authorities (Regierung von Unterfranken,
No. 55.2-2532-2-47, 30-06-2015) and performed according to German animal protection laws and
NIH’s laboratory animal care principles. In brief, a previously described MHC-mismatched rat kidney
transplantation model was used [22,23], in which male Brown Norway rats (BN) served as donors
and male Lewis rats (LEW) as recipients (Charles River Laboratories, Sulzfeld, Germany, 200–250 g).
Kidney transplantation was performed orthotopically as previously described [38].
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Rats were either treated with daily cyclosporine A (CsA) at 10 mg/kg body weight (Neoral,
Novartis, Basel, Switzerland), administered once daily by gavage (no rejection group, NR), or they
received CsA 5 mg/kg daily until d6, then on every 2nd day to induce DSA and chronic rejection (CR).
In addition, one group received CsA 5 mg/kg daily until d6, then on every 2nd day, and in addition
a monoclonal anti-BAFF antibody (GSK, Hamburg, Germany) was injected in the peritoneal cavity
on d3, d17, d31, and d45 after Ktx (CR + AB), as previously described [23]. Experimental groups are
shown in Table 1 below. Rats were sacrificed on d56 after Ktx and allografts were harvested.

Table 1. Experimental groups.

Group Abbreviation n=

Ktx CsA 10 mg/kg/d d56 (no rejection) NR 5
Ktx CsA 5 mg/kg/2nd d d56 (chronic rejection) CR 6

Ktx CsA 5 mg/kg/2nd d d56 + anti-BAFF antibody
(chronic rejection + anti-BAFF antibody)

CR + AB 6

4.2. Histology, Immunohistochemistry, and Immunofluorescence

Immunohistochemistry was performed on 3-µm formalin-fixed paraffin-embedded sections as
previously described [39]. T cells were stained with rabbit anti-rat CD3 antibody (Abcam, ab5690,
Cambridge, UK) and donkey anti-rabbit-Cy5 (Dianova, 711-175-152, Hamburg, Germany). B cells
were stained with mouse anti-rat CD20 antibody (Santa Cruz, sc-393894, Heidelberg, Germany),
goat anti-mouse-biotin (Thermofisher 31804), and Strep-Cy3 (Dianova, 016-160-084, Hamburg,
Germany). Proliferation was stained using anti-Ki67-FITC (ebioscience, 11-5698), and plasma
cells were stained using anti-rat-IgG-AlexaFluor647 (Thermofischer A21472, Waltham, MA, USA).
Images were taken using a Zeiss observer Z.1 Fluorescence microscope at 20×magnification. Digital
images from 10 high power fields (HPFs) per specimen were examined as previously described [39].
Using Histoquest® software (TissueGnostics GmbH, Vienna, Austria), the number of CD20+, CD3+,
Ki67+CD20+, and Ki67+CD3+ cells were quantified within a defined section area. Intra-renal B cell
(CD20+) and T cell (CD3+) zones were defined as dense clusters of predominantly one cell type (min.
20 cells/0.004 mm2). TLO were defined as dense intra-renal infiltrates containing a T and B cell zone.
Germinal centers (GCs) were defined as dense clusters of Ki67+ proliferating cells within a B cell
zone. The presence of T and B cell zones and GC was determined per infiltrate in a blinded manner.
Intra-renal IgG+ plasma cells, identified by strong intracellular IgG-positivity and typical cell shape,
were counted manually in a blinded manner.

4.3. Real-Time PCR

Frozen tissue sections were homogenized using a RNeasy MiniKit® (cat. 74106, Qiagen, Hilden,
Germany). Total RNA was extracted, and genomic DNA digested. Total RNA was reverse transcribed
into cDNA. RT-PCR was performed on a ViiA7 detection system (Applied Biosystems, Darmstadt,
Germany) using a QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany). The sequences of the
primers are listed in Table S1). Copy numbers of target genes were normalized to the house-keeper
gene hypoxanthine-guanine-phosphoribosyl-transferase (HPRT) and delta CT values were calculated.
The z-score was calculated from delta CT values for each sample and target gene using the formula
z = (χ-µ)/σ. Mean z-scores from each experimental group are shown in a heat map using a color scale
for up- or downregulation of gene expression.

4.4. Statistical Analysis

Values are provided as individual data points and mean and SD. Statistical significance was
calculated using Graphpad Prism software (Version 8.0, San Diego, CA, USA) using ANOVA; p < 0.05
was considered to be statistically significant.
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Abbreviations

AB antibody
ABMR antibody-mediated rejection
APRIL a proliferation inducing ligand
BAFF B cell activating factor
BAFF-R BAFF receptor
Bcl-6 B cell lymphoma 6
BCMA B cell maturation antigen
BN Brown Norway rat
CD cluster of differentiation
CD40L CD40 ligand
CR chronic rejection
CR + AB chronic rejection + anti-BAFF antibody
CsA cyclosporine A
HPRT hypoxanthine-guanine-phosphoribosyl-transferase
GC germinal center
ICOS inducible T cell costimulator
ICOSL ICOS ligand
IFTA interstitial fibrosis and tubular atrophy
Ig immunoglobulin
IL interleukin
Ktx kidney transplantation
LEW Lewis rat
MHC major histocompatibility complex
NR no rejection
Pax5 paired box protein 5
SLE systemic lupus erythematosus
TACI transmembrane activator and calcium modulator and cyclophilin ligand interactor
TLO tertiary lymphoid organs
XBP-1 X-box binding protein 1
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Abstract: In the present study, we investigated the effects of xanthine oxidase (XO) inhibition on
cholesterol-induced renal dysfunction in chronic kidney disease (CKD) mice, and in low-density
lipoprotein (LDL)-treated human kidney proximal tubule epithelial (HK-2) cells. ApoE knockout
(KO) mice underwent uninephrectomy to induce CKD, and were fed a normal diet or high-cholesterol
(HC) diet along with the XO inhibitor topiroxostat (1 mg/kg/day). HK-2 cells were treated
with LDL (200 µg/mL) and topiroxostat (5 µM) or small interfering RNA against xanthine
dehydrogenase (siXDH; 20 nM). In uninephrectomized ApoE KO mice, the HC diet increased
cholesterol accumulation, oxidative stress, XO activity, and kidney damage, while topiroxostat
attenuated the hypercholesterolemia-associated renal dysfunction. The HC diet induced cholesterol
accumulation by regulating the expressions of genes involved in cholesterol efflux (Nr1h3 and Abca1)
and synthesis (Srebf2 and Hmgcr), which was reversed by topiroxostat. Topiroxostat suppressed
the expressions of genes related to hypercholesterolemia-associated inflammation and fibrosis in
the unilateral kidney. LDL stimulation evoked changes in the cholesterol metabolism, nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase, and NF-κB pathways in HK-2 cells, which were
mitigated by XO inhibition with topiroxostat or siXDH. These findings suggest that XO inhibition exerts
renoprotective effects against hypercholesterolemia-associated kidney injury. XO could be a novel
therapeutic target for hypercholesterolemia-associated kidney injury in uninephrectomized patients.

Keywords: chronic kidney disease; hypercholesterolemia; xanthine oxidase; inflammation; fibrosis;
NF-κB pathway

1. Introduction

Compared to people with normal cholesterol levels, those with high cholesterol levels are 1.5
times more likely to develop kidney dysfunction [1,2]. Individuals with metabolic syndrome who
serve as kidney donors reportedly show a higher incidence of post-donation kidney disease due to
dyslipidemia and obesity compared to normal donors [3,4]. These findings suggest that abnormal
cholesterol metabolism independently increases the risk of chronic kidney disease.

Dyslipidemia may directly affect the kidney by causing deleterious renal lipid disturbances, and
indirectly affect the kidney through systemic inflammation, oxidative stress and vascular injury [5,6].
We previously reported that high concentrations of uric acid synthesis metabolites lead to the generation
of reactive oxygen species (ROS), which promotes hypercholesterolemia with cholesterol accumulation
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in hepatocytes and incites atherosclerosis in apolipoprotein E (ApoE)-deficient mice [7]. However,
the effects of cholesterol on the kidneys have not been confirmed.

In a unilateral kidney, a high-fat diet alters the expressions of genes involved in the cytoskeletal
remodeling, fibrosis, and oxidative stress pathways. This suggests that the high-fat diet has synergistic
effects that promote gene expression changes related to kidney damage [8]. Additionally, in animal
experiments, unilateral kidney dyslipidemia is associated with the exacerbation of kidney damage,
characterized by decreased kidney function, vasodilation, fibrosis, oxidative stress, and ER stress,
despite normal body weight [9]. These findings suggest that kidney lipid accumulation and lipid
toxicity play important roles in the pathogenesis of kidney damage, and are associated with a higher
risk of kidney damage in unilateral kidneys.

It has been postulated that oxidative stress—derived from nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, mitochondrial oxidase, and xanthine oxidase (XO)—is involved in
renal lipid disturbances [10]. Notably, high cholesterol levels activate XO and lead to excessive ROS
formation, resulting in tissue damage, such as inflammation and atherosclerosis [11,12]. Consistently,
XO inhibitors exhibit pronounced protective effects against vascular injuries, inflammatory diseases,
and tissue damage [13,14]. XO inhibitors can also inhibit the expression of pro-inflammatory proteins.
Therefore, XO inhibitors have potential for use as therapeutic drugs that reduce oxidative stress [15].
However, the XO inhibitor allopurinol does not inhibit renal dysfunction in patients with chronic
kidney disease (CKD) and high risk of progression [16].Thus, the effect of XO inhibitors in terms of
kidney protection remains controversial.

In the present study, we investigated the correlation between cell injury and non-oxidized
LDL-induced ROS in vitro, as well as the effects of a high-cholesterol (HC) diet and hypercholesterolemia
on lipid accumulation and renal tubule damage in vivo using a unilateral kidney model. We further
aimed to identify potential signaling pathways that could be affected by lipid accumulation-induced
xanthine oxidase and ROS under a CKD associated with hypercholesterolemia.

2. Results

2.1. Hypercholesterolemia Aggravates Renal Function Through Increased Kidney Lipid Accumulation,
Xanthine Oxidase Activity, and Oxidative Stress

PAS staining confirmed that the high-cholesterol (HC) diet led to renal tubular damage in
the unilateral kidney (Figure 1A). The HC diet yielded increased serum blood urea nitrogen (BUN) and
creatinine, which were highest with HC+uninephrectomy (UN) group (Figure 1B,C). The XO inhibitor
topiroxostat (TP) attenuated this kidney dysfunction (Figure 1A–C). Kidney weight was increased in
uninephrectomized mice, whereas reduced by TP treatment (Figure 1D). In both sham-operated and
UN mice, HC diet yielded increased serum total cholesterol (TC), low-density lipoprotein (LDL), and
triglycerides (TG), and TP treatment restored these levels (Figure 1E–G).

Compared to normal control (NC), HC and HC+UN yielded increased lipid droplets in the kidney,
showing higher levels with HC+UN versus HC (Figure 1H). Kidney TC was higher with HC and
HC+UN versus NC, and was reduced by TP in the HC+UN+TP group (Figure 1I). Free cholesterol
did not differ among groups. HC and HC+UN showed trends of increased kidney cholesterol esters
(Figure 1J,K). TP decreased kidney cholesterol accumulation, consistent with decreased serum TC,
LDL, and TG. The HC diet significantly elevated XO activity, dichlorodihydrofluorescein diacetate
(DCFDA), and H2O2 excretion in kidney tissue, which were higher with HC+UN versus HC. TP
decreased the increased XO activity and intracellular oxidative stress markers (Figure 1L–N).
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Figure 1. The effects of xanthine oxidase inhibition on high-cholesterol diet-induced cholesterol
accumulation, oxidative stress, and damage in the kidney. (A) Representative images of periodic acid
Schiff (PAS) staining of kidney tissue. Scale bars, 100 µm. (B–D) Levels of blood kidney injury factors
(BUN and creatinine) and kidney/body weight in mice from different groups. (E–G) Serum cholesterol
levels in mice from different groups. (H) Representative images of Oil red O staining of kidney tissue
(upper: cortex, lower: inner-medullar). Scale bars, 100 µm. (I–K) Total cholesterol, free cholesterol, and
cholesterol ester levels in the kidney. (L–N) Xanthine oxidase activity, DCFDA, and H2O2 production
in kidney tissue. Differences among the groups were analyzed by a one-way non-parametric ANOVA,
followed by Tukey’s multiple comparison test. Data represent mean and SEM. * p < 0.05 vs. NC,
# p < 0.05 vs. HC, § p < 0.05 vs. HC+UN. TP, topiroxostat; UN, uninephrectomy; NC, normal control;
HC, high-cholesterol.

2.2. Effects of Hypercholesterolemia on Genes Related to Cellular Cholesterol Transport and Synthesis in
the Unilateral Kidney

Compared to NC, the HC diet groups exhibited increased mRNA expression of genes related
to cholesterol efflux (Nr1h3 and Abca1), LDL and modified LDL uptake (Ldlr, Msr1, and Scarb1),
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TG synthesis (Srebf1), and cholesterol synthesis (Srebf2 and Hmgcr) (Figure 2A–I). HC+UN yielded
decreased Nr1h3 and Abca1 (Figure 2A,B), increased Msr1 and Scarb1, and decreased Ldlr expression
(Figure 2C–E). Lcat expression was increased with the HC diet versus normal diet but did not differ
between HC and HC+UN (Figure 2F). HC+UN yielded increased Srebf1, Srebf2, and Hmgcr expression
(Figure 2G–I). TP treatment (HC+UN+TP) increased Nr1h3 and Abca1 expression, and decreased Srebf1,
Srebf2, and Hmgcr expression (Figure 2A,B,G–I). The HC diet led to increased ABCA1 and HMGCR
protein levels, which were higher with HC+UN versus HC. LXRα protein levels were not altered by
HC diet (Figure 2J–L). Overall, TP treatment yielded increased cholesterol efflux gene expression and
reduced cholesterol synthesis gene expression (Figure 2).

 

 

α

Figure 2. TP decreased cholesterol accumulation in the kidney through regulation of genes involved in
cholesterol transport and synthesis. Real-time RT-PCR was performed to determine the expression
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levels of genes involved in cholesterol efflux (A,B), LDL receptor (C), modified LDL influx transport
(D,E), cholesterol esterase (F), triglyceride synthesis (G), and cholesterol synthesis (H,I). (J–L)
Representative western blot for LXRα, ABCA1, HMGCR, and GAPDH. Relative protein expression
was determined using densitometry. Differences among the groups were analyzed by one-way
non-parametric ANOVA, followed by Tukey’s multiple comparison test. Data represent mean and
SEM. * p < 0.05 vs. NC, # p < 0.05 vs. HC, § p < 0.05 vs. HC+UN. LDL, low-density lipoprotein; TP,
topiroxostat; UN, uninephrectomy; NC, normal control; HC, high-cholesterol.

2.3. Effects of LDL on Cholesterol Metabolism and Oxidative Stress in HK-2 Cells

LDL increased NR1H3, ABCA1, and HMGCR expression in human kidney proximal tubule
epithelial (HK-2) cells, without affecting LDLR, SREBF1, or SREBF2. TP decreased only HMGCR

expression (Figure 3A–F). LDL increased intracellular ROS over the basal level, which peaked at 30
min (Figure 3G), with elevated H2O2 level and ROS-dependent DCF fluorescence intensity. TP reduced
cellular ROS, similar to the positive control NAC (Figure 3H–I).

 

 
Figure 3. Effects of xanthine oxidase inhibitor on the expression of genes related to cholesterol transport
and synthesis and ROS in LDL-stimulated HK-2 cells. Real-time RT-PCR was performed to determine
the expression levels of genes related to cholesterol efflux (A,B), the LDL receptor (C), triglyceride
synthesis (D), and cholesterol synthesis (E,F). (G) After pretreatment with TP (5 or 10 µM) for 1 h,
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and stimulation with LDL (200 µg/mL) for 30 min, cellular ROS generation was measured based on
the fluorescence intensity of DCF. (H,I) Measurement of H2O2 and DCFDA production. Quantitative
PCR was performed to analyze the relative mRNA expression of NOX1 (J), NOX2 (K), and the NADPH
oxidase subunits p22phox (L), p47phox (M). Differences among the groups were analyzed by one-way
non-parametric ANOVA, followed by Tukey’s multiple comparison test. NAC was used as a positive
control. Data represent mean and SEM. * p < 0.05 vs. Control, § p < 0.05 vs. LDL. TP, topiroxostat; LDL,
low-density lipoprotein; DCF, dichlorofluorescein.

Using siXDH, we evaluated how XO knock-down influenced cholesterol-related metabolism.
LDL increased XDH expression in HK-2 cells (Figure 4G), and induced expression of the cholesterol
transport genes NR1H3 and ABCA1, but not LDLR. The siXDH reduced transport gene expression in
LDL-treated HK-2 cells, to a greater extent than XO inhibitor (Figure 4A–C). XO deficiency regulated
cholesterol synthesis genes upon LDL stimulation. LDL stimulation increased expressions of SREBF1,
SREBF2, and HMGCR, while siXDH suppressed the increased expressions of SREBF2 and HMGCR

(Figure 4D–F).

 

 

Figure 4. The effects of small interfering RNA against XDH (siXDH) on cholesterol metabolism and
oxidative stress in LDL-stimulated HK-2 cells. After transfection with siXDH (20 µM) for 24 h, and
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stimulation with LDL (200 µg/mL) for 30 min, real-time RT-PCR was performed to determine expression
levels of cholesterol efflux genes (A,B), LDL receptor (C), triglyceride synthesis (D), cholesterol synthesis
(E,F), XDH (G), NOX1 (H), NOX2 (I), and the NADPH oxidase subunits p22phox (J) and p47phox (K).
Differences among the groups were analyzed by one-way non-parametric ANOVA, followed by Tukey’s
multiple comparison test. Data represent mean and SEM. * p < 0.05 vs. control, § p < 0.05 vs. LDL.
LDL, low-density lipoprotein.

We examined mRNA expressions of subunits of the ROS generation enzyme NADPH oxidase.
LDL-treated HK-2 cells exhibited increased mRNA expressions of NOX1, NOX2, p22phox, and p47phox.
TP inhibited these increased expressions, similar to NAC (Figure 3J–M). siXDH transfection also
reduced expression of NOX1, NOX2, p22phox, and p47phox (Figure 4H–K).

2.4. XO Inhibition Reduces Hypercholesterolemia-Associated Kidney Inflammation and Fibrosis in CKD Mice

We evaluated the inflammatory responses to high cholesterol and oxidative stress in the kidney
of a CKD model. The HC diet increased inflammation cytokines (e.g., TNF-α) and the macrophage
monocyte marker CD68, which were higher with HC+UN versus HC (Figure 5A). Expressions of
the inflammation-related genes Il-1β, Il-18, and Nlrp3 were also increased with HC+UN versus HC. TP
reduced inflammation-related gene expression in uninephrectomized mice (Figure 5B–D). Compared
to NC, HC groups showed progression in the fibrosis of glomeruli and interstitium, which was greatest
with HC+UN, and was reduced by TP (Figure 5E). Compared to HC, HC+UN yielded increased
Acta2, Col1, and Fn1 expressions (Figure 5F–I). Fibronectin and α-SMA protein expressions were not
significantly increased in the HC+UN group (Figure 5J,K).

Finally, we evaluated the effects of LDL on the NF-κB pathway [17], downstream of TNF-α.
LDL-stimulated HK-2 cells showed increased NF-κB p50 and NF-κB p65 levels, which were decreased
by TP (Figure 6A,B). We also investigated the NF-κB inhibitors JSH23 and BAY11-7082. In LDL-treated
HK-2 cells, JSH23 treatment significantly decreased NF-κB p65, and IL-1β, but did not affect NLRP3
and NF-κB p50 (Figure 6C–F), while BAY11-7082 treatment reduced NF-κB p50, IL-1β, and NLRP3
levels, but did not affect NF-κB p65 (Figure 6G–J).
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Figure 5. Abnormal lipid metabolism and oxidative stress induced by high-cholesterol diet affect
inflammation and fibrosis progression in kidney tissue. (A) Representative images of TNF-α and CD68
staining of kidney tissue. Scale bars, 100 µm. (B–D) Real-time RT-PCR was performed to determine
mRNA levels of Il-1β, Il-18, and Nlrp3. (E) Representative images of hematoxylin and eosin staining
and trichrome staining of kidney tissue. Scale bars, 100 µm. (F–I) Real-time RT-PCR was performed to
determine mRNA levels of Acta2, Cdh1, ColI, and Fn1. (J,K) Representative western blot for α-SMA,
fibronectin, and GAPDH. Relative protein expression was determined using densitometry. Differences
among the groups were analyzed by one-way non-parametric ANOVA, followed by Tukey’s multiple
comparison test. Data represent mean and SEM. * p < 0.05 vs. NC, # p < 0.05 vs. HC, § p < 0.05 vs.
HC+UN. LDL, low-density lipoprotein; TP, topiroxostat; UN, uninephrectomy; NC, normal control;
HC, high-cholesterol.
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Figure 6. Effects of xanthine oxidase inhibitor on progression of inflammation through the NF-κB
pathway in LDL-treated HK-2 cells. (A,B) Representative western blot for NF-κB p50/p105 ratio, NF-κB
p-p65/p65 ratio, and GAPDH in cells that were pretreated with TP (5 µM) for 1 h, and then stimulated
with LDL (200 µg/mL) for 30 min. (C–F) Representative western blot for NF-κB p50/p105 ratio, NF-κB
p-p65/p65 ratio, IL-1b, NLRP3, and GAPDH in cells that were pretreated with NF-κB inhibitor (JSH23)
for 1 h, and then stimulated with LDL (200 µg/mL) for 30 min. (G–J) Representative western blot for
NF-κB p50/p105 ratio, NF-κB p-p65/p65 ratio, IL-1b, NLRP3, and GAPDH in cells that were pretreated
with NF-κB inhibitor (BAY11-7028) for 2 h, and then stimulated with LDL (200 µg/mL) for 30 min.
Relative protein expression was determined using densitometry. Differences among the groups were
analyzed by a one-way non-parametric ANOVA, followed by Tukey’s multiple comparison test. Data
represent mean and SEM. * p < 0.05 vs. Control, § p < 0.05 vs. LDL. LDL, low-density lipoprotein;
TP, topiroxostat.
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3. Discussion

The present results demonstrated that XO inhibition significantly reduced
hypercholesterolemia-associated kidney inflammation and fibrosis in uninephrectomized ApoE KO
mice. In vitro experiments revealed that XO inhibition reduced LDL-induced oxidative stress and
cholesterol synthesis. The HC diet induced cholesterol accumulation by regulating the expression of
genes related to cholesterol efflux and synthesis. Additionally, hypercholesterolemia significantly
increased XO activity and NADPH-dependent ROS generation, thus inducing kidney inflammation
and fibrosis. LDL stimulation evoked changes in the cholesterol metabolism, NADPH oxidase, and
NF-κB pathways in HK-2 cells. XO inhibition modulated the hypercholesterolemia-induced changes
in the expression of genes related to cholesterol transport and synthesis. XO inhibition by topiroxostat
attenuated inflammation and fibrosis in the unilateral kidney through inhibition of the NF-κB pathway.

Patients with CKD exhibit various lipid abnormalities [18], and abnormal lipid metabolism is
associated with kidney disease progression [19,20]. However, the mechanism of lipid-induced
kidney damage is not fully understood. In the present study, we used ApoE KO mice with
unilateral nephrectomy as a model to evaluate the effects of hypercholesterolemia on CKD progression.
Hypercholesterolemia aggravated renal function in the uninephrectomized ApoE KO mice by increasing
kidney lipid accumulation. Moreover, these lipid abnormalities were associated with increases of
factors mediating kidney injury, such as XO and oxidative stress.

Our results demonstrated that cholesterol accumulation in uninephrectomized mice was induced
by upregulation of genes related to cholesterol synthesis, such as Srebf2 and Hmgcr, and downregulation
of efflux-related genes, such as Abca1 and Nr1h3, upstream of ABCA1. Cholesterol homeostasis is
regulated by multiple pathways, including intracellular cholesterol uptake, synthesis, and efflux
actions [21]. Inflammatory stress promotes reduction of cholesterol efflux through the ABCA1 pathway,
leading to lipid accumulation in the kidney [22]. ApoE promotes cholesterol efflux through the ABCA1
and ABCG1 cell surface transporters, which facilitate the efflux of phospholipids and cholesterol onto
lipid-poor apolipoproteins [23]. The ABCA1 transporter facilitates the efflux of cellular phospholipids
and cholesterol to acceptors, such as ApoA-I and ApoE [24]. Selective inactivation of macrophage
ABCA1 yields substantially increased cholesterol accumulation in mice [25,26]. Our present results
showed that the HC diet caused upregulated expression of both cholesterol synthesis and efflux
genes. Furthermore, uninephrectomy plus hypercholesterolemia attenuated the increase of cholesterol
efflux genes, while upregulating the increase of cholesterol synthesis genes. It is not yet known why
uninephrectomy had different effects on the expression of genes related to cholesterol metabolism.
However, our findings suggest that hypercholesterolemia-associated genes contributed to cholesterol
accumulation in the kidney, and may potentially play a role in the dysfunction of the unilateral kidney.

The ABCA1 protein level differed from mRNA expression in the unilateral kidney with high
cholesterol. The ABCA1 membrane protein rapidly responds to increased cholesterol, and the ABCA1
protein level is independent of its transcription [27]. Cholesterol accumulation inhibits ABCA1
degradation and ubiquitination by decreasing the proteasomal degradation [28]. In our study,
the decrease of Abca1 mRNA may have been associated with the reduced intracellular cholesterol
efflux, and thus with the increased cholesterol accumulation in the kidney.

Abnormal lipid metabolism induces monocyte foam cells, and this change is more prominent in
patients with kidney dysfunction [29]. Alterations in lipoprotein metabolism promote the production
of ROS, such as hydrogen peroxide; however, the effect on intracellular cholesterol has not been
clearly demonstrated. Since increased serum LDL level is a representative marker of dyslipidemia, we
stimulated renal tubular cells with LDL to examine the molecular changes in cholesterol metabolism
and inflammation. LDL stimulation increased the mRNA expression of NR1H3, ABCA1, LDLR, SREBF2,
and HMGCR in HK-2 cells. These changes are consistent with our observations in the animal model,
except for the expression of SREBF1, which is involved in TG synthesis. These findings suggest that
the renal tubular cell damage is also mediated by the lipid accumulation associated with changes in
the expression of genes related to cholesterol transport and synthesis.
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XO is a key enzyme of the purine pathway, producing uric acid through various oxidized
purines [30]. Recent studies demonstrate that XO plays a role as an ROS-producing enzyme, aggravating
inflammation, atherosclerosis, and chronic disease [31]. XO activity is increased in obesity, and XO
inhibitors regulate the inflammatory process by inhibiting production of ROS and uric acid [32,33].
We previously demonstrated that XO inhibition could decrease cancer cell migration and ROS
generation [10]. In our present study, we found that XO activity and gene expression were increased
in kidneys with hypercholesterolemia, and in LDL-treated HK-2 cells. This is the first report of
cholesterol directly leading to increased XO enzyme activity in the kidney. We further found that XO
inhibition improved hypercholesterolemia-associated kidney damage by modulating the expression
of genes related to cholesterol metabolism and the progression of inflammation and fibrosis in
a unilateral kidney. Overall, our findings suggest that XO is a promising treatment target for
hypercholesterolemia-associated kidney injury in uninephrectomized patients.

Expression of NOX1, NOX2, and NOX4 in the kidney mediates oxidative stress and promotes
vascular inflammation, dysfunction, and fibrosis in CKD [34]. NADPH oxidases of the kidney exhibit
a distinct cellular localization and are activated by various stimuli, including LDL [35]. Our results
demonstrated that hypercholesterolemia and LDL increased oxidative stress in kidney tissue and
tubule cells, and that XO activity was associated with oxidative stress markers and increased expression
of NADPH-related genes. XO inhibition reduced the expression of NOX1 and NOX2, but not NOX4

(data not shown), showing antioxidant effects similar to with NAC. Transfection with siXDH had
the same effect as XO inhibitor in HK-2 cells. These results revealed that XO inhibition controlled NOX
activity, thus suppressing oxidative stress and reducing renal damage.

The inflammatory process exacerbates lipid accumulation in the kidney by translocating plasma
lipids to the kidney [36]. A high-fat diet activates the inflammatory response by increasing TNF-α
expression in the kidney, thus causing kidney damage in obese humans and animal models [37,38].
XO activity is elevated in inflammation, and XO inhibition suppresses inflammation and oxidative
stress in macrophages [14]. Treatment with XO inhibitors reportedly attenuates inflammation and
fibrosis in animal models of atherosclerosis and nonalcoholic steatohepatitis [39]. Here we found that
a HC diet led to increased TNF-α and CD68 in the unilateral kidney, which was downregulated after
XO inhibition. These results showed that the mechanism of hypercholesterolemia-associated kidney
damage is closely related to inflammation, and that the damage could be suppressed by XO inhibition.

Oxidative stress stimulates inflammatory cells to activate the NF-κB pathway through an
intracellular signaling system, thus mediating inflammation [40]. In cells, oxidative stress induces
NLRP3 activity, leading to inflammation and apoptosis, along with Caspase-1 activation. Obesity
and metabolic syndrome induce NLRP3 inflammatory activation, which weakens phospholipid
degradation, leading to kidney damage [41]. In this study, hypercholesterolemia increased NLRP3
and TNF-α, which is one of the most potent inducers of NF-κB. In vitro experiments demonstrated
that the NF-κB pathway was an inflammatory mechanism of dyslipidemia-associated kidney damage.
LDL stimulation increased the activity of the NF-κB pathway and NLRP3, whereas XO inhibition
affected the NF-κB pathway by decreasing phosphorylated NF-κB p65 and NF-κB p50 in HK-2
cells. We further demonstrated that the NF-κB inhibitors JSH23 and BAY11-7028 had effects on
NLRP3 similar to those of XO inhibition. This supports the theory that NF-κB is a main pathway of
hypercholesterolemia-associated kidney damage.

In conclusion, our present data suggested that XO inhibition has renoprotective effects against
hypercholesterolemia-associated kidney injury. This protection from XO inhibition was mediated
by regulation of cholesterol metabolism, decreasing NADPH-dependent ROS generation, and
reduction of inflammation through the NF-κB pathway. XO could be a novel therapeutic target
for hypercholesterolemia-associated kidney disease in uninephrectomized patients.
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4. Materials and Methods

4.1. Animals, Diets, and Specimen Collections

Male ApoE KO mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA) at the age
of 8 weeks. All animal experiments were approved and performed according to the regulations
of the Kyungpook National University Animal Care and Use Committee (KNU-2018-0042, date;
08/03/2018). For 12 weeks, animals were fed normal control diet containing 20.3% protein, 5% fat, and
66% carbohydrate or a high-fat high-cholesterol diet (HC, diet D12336; Research Diets, New Brunswick,
NJ, USA) containing 16.0% fat, 1.25% cholesterol, and 0.5% sodium cholic acid.

We randomized the eight-week-old ApoE KO mice into groups that did or did not receive
topiroxostat (TP; 1 mg per kg body weight) treatment, and that did or did not undergo uninephrectomy
(UN) surgery. There were a total of five groups: NC (n = 5), fed a normal control diet; HC (n =
6), fed a high-cholesterol diet; HC+TP (n = 6), fed a high-cholesterol diet with TP; HC+UN (n =
8), fed a high-cholesterol diet and received uninephrectomy surgery; and HC+UN+TP (n = 8), fed
a high-cholesterol diet with TP and received uninephrectomy surgery. All mice that did not undergo
uninephrectomy were sham operated. TP was administered by oral gavage for 4 weeks before the end
of the experiment.

Uninephrectomy was performed as described previously [42]. For uninephrectomy, after mice
were anesthetized with 3–5% isoflurane, the left kidney was surgically removed via a left incision
on the back. The adrenal gland was carefully freed from the upper pole of the renal capsule before
removed the left kidney. The incision was closed with sutures. In sham surgery, the kidney was
manipulated without ablation. At 12 weeks after surgery, all mice were anesthetized and then sacrifice,
and kidneys were harvested for the analyses. Half of the kidneys were stored at −80 ◦C for molecular
analysis and the other half was fixed with 4% paraformaldehyde for histological analysis.

4.2. Serum Chemistry

At the end of the experimental period, blood samples from each mouse were collected into tubes
by cardiac puncture. The blood was sampled into ethylenediaminetetraacetic acid-free bottles for
serum separation. The blood urea nitrogen (BUN), creatinine (Cr), uric acid, total cholesterol (TC),
low-density lipoprotein (LDL) and triglycerides level in the serum were measured by GCLabs (Yongin,
Korea) using the Cobas 8000 modular analyzer system (Roche, Basel, Switzerland).

4.3. Histopathology

To detect kidney injury, the fixed right kidney was dehydrated in ethanol and embedded in
paraffin. Kidney tissue blocks were cut into 2-µm-thick sections and subjected to hematoxylin and
eosin (H&E) staining, periodic acid Schiff (PAS) staining, and Masson’s trichrome staining. For
immunohistochemical analysis of kidney tissues, we used the following antibodies: mouse monoclonal
against CD68 (ED1; 1:100; Abcam, Cambridge, MA, USA) and rabbit polyclonal against tumor necrosis
factor-α (TNF-α; 1:200; Abcam). Next, secondary antibody was performed using HRP-conjugated
polyclonal goat anti-rabbit IgG P0447 or goat anti-mouse IgG p0448 (Dako, Glostrup, Denmark) for 1 h.
The sections were visualized using 3,3-diaminobenzidine (DAB; DAKO ChemMate Detection Kit) and
counterstained with Mayer’s hematoxylin.

4.4. Oil Red O Staining

Fixed frozen kidney tissue was cut into 6-µm-thick sections, and subjected to Oil Red O
(Sigma-Aldrich, Saint Louis, MO, USA) staining following the manufacturer’s protocol. After
the sections were rinsed in distilled water and 60% isopropanol for 1 min, the sections were stained
with Oil red O for 15 min. and then rinsed in 60% isopropanol and distilled water each for 1 min.
Counterstaining was stained with hematoxylin for 1 min.
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4.5. Cell Treatments

Human renal proximal tubule epithelial cells (HK-2 cells) were purchased from the Korean Cell
Line Bank (KCLB, Seoul, South Korea). The cells were maintained in RPMI-1640 supplemented with
10% fetal bovine serum, and 100 units/mL penicillin and 100 µg/mL streptomycin antibiotic mixture
at 37 ◦C in 5% CO2 and 95% air. The Cells were pretreated with topiroxostat (TP), xanthine oxidase
inhibitor (5 or 10 µM), and 5 mM N-acetylcysteine (NAC) (Sigma-Aldrich) for 1 h, and stimulated with
LDL (200 µg/mL) for 30 min to induce lipotoxicity.

4.6. Hydrogen Peroxide Determination

H2O2 levels were measured using the Amplex Red Hydrogen Peroxide Assay Kit (Molecular
Probes, Invitrogen, Eugene, OR, USA), following the manufacturer’s protocol. To detect H2O2 released
from kidney tissue and treated HK cells, cell lysate or culture media were reacted with the Amplex Red
Reagent in the presence of horseradish peroxidase to produce the red-fluorescent oxidation product
resorufin. The fluorescence of resorufin was determined at 530nm excitation and 590 nm emission
using a fluorescence microplate reader (Molecular Devices, Sunnyvale, CA, USA). The concentrations
of H2O2 were calculated using standard curves. The loading buffer was measured and subtracted from
each value in order to exclude background fluorescence.

4.7. Intracellular ROS Measurement

Intracellular ROS generation was measured using 2′,7′-dichlorofluorescein diacetate (DCF-DA).
HK-2 cells and kidney tissues were stained for 40 min with 10 µM 2′,7′-dichlorodihydrofluorescein
diacetate (H2DCFDA; Molecular Probes) in a black 96-well plate. DCF-DA is hydrolyzed by esterases
to dichlorofluorescein (DCF), which is trapped within the cell. Then cellular oxidants oxidize this
non-fluorescent molecule to fluorescent dichlorofluorescein (DCF). Fluorescence signal intensity was
measured at 480 nm excitation and 520 nm emission using a fluorescence microplate reader (Molecular
Devices). The value of the fluorescence signal was expressed as a percentage of the control.

4.8. Determination of Intracellular Total Cholesterol

From the kidney tissues of ApoE mice, we extracted cellular lipids by chloroform:methanol
extraction (4:2:3, chloroform:methanol:water). Total cholesterol levels were determined
using a commercially available kit (Cell Biolabs Inc., San Diego, CA, USA) following
the manufacturer’s protocol.

4.9. Transfection of HK-2 with XDH siRNA

ON-TARGETplus SMARTpool siRNAs used for silencing expression of human XDH genes
(ID:7498) and non-targeting (negative control) siRNA were purchased from Dharmacon (Chicago, IL,
USA). Four target sequences in human XDH are 5′- AGA GUG AGG UUG ACA AGU U -3′, 5′- GGA
GUA ACA UAA CUG GAA U -3′, 5′- UAG AGG AGC UAC ACU AUU C -3′ and 5′- ACA CGG AGA
UUG GCA UUG A -3′. siRNAs were used at a concentration of 20 nM. Transfection was performed
using Opti-MEM™ transfection medium and Lipofectamine™ (both from Invitrogen, Paisley, UK).
One day prior to transfection, HK-2 cells were seeded and cultured to reach 30–40% confluence on
the following day. RNAi duplexes for XDH were mixed with Lipofectamine, forming a transfection
complex that was added to the plated cells. After 24 h of incubation, the medium was replaced with
RPMI, and cells were starved for 6 h. Transfected cells were used for quantitative real-time reverse
transcription-polymerase chain reaction (qRT-PCR).

4.10. Quantitative Real-Time Polymerase Chain Reactions

Quantitative real-time RT-PCR analysis was performed as described previously [7]. Total RNA
was extracted from cell lysates using TRIreagent (Thermo Fisher Scientific, Waltham, MA, USA)
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according to the provider’s instructions. One microgram of total RNA was reverse transcribed to
cDNA using the PrimeScript cDNA synthesis kit (TaKaRa, Otsu, Japan). Quantitative real-time
RT-PCR was performed on the ABI PRISM 7700 Sequence Detection System (Applied Biosystems,
Foster city, CA, USA) using the SYBR green PCR Master Mix (Applied Biosystems, Foster City, CA,
USA). The results were analyzed using the comparative Ct method for relative quantification of gene
expression. The primer sets used in this study are listed in Table 1.

Table 1. Oligonucleotide primer sequences.

Gene Forward Primer (5′–3′) Reverse Primer (5′–3′)

Mouse Msr1 CAC GGG ACG CTT CCA GAA T TGG ACT GAC GAA ATC AAG GAA TT

Mouse Scarb1 GGC CTG TTT GTT GGG ATG AA CGT TCC ATT TGT CCA CCA GAT

Mouse Lcat AGC CTT GGC TGT CTG CAT GT CCCGAGAGAGATAAAACCATCAA

Mouse Srebf1 GGC TAT TCC GTG AAC ATC TCC TA ATC CAA GGG CAT CTG AGA ACT C

Mouse Srebf2 GGT CCT CCA TCA ACG ACA AAA T TAA TCA ATG GCC TTC CTC AGA AC

Mouse Nr1h3 GAG TGT CGA CTT CGC AAA TGC CCT CTT CTT GCC GCT TCA GT

Mouse Abca1 GGC AAT GAG TGT GCC AGA GTT A TAG TCA CAT GTG GCA CCG TTT T

Mouse Ldlr CCAAATGGCATCACACTAGATCTT CCGATTGCCCCCATTG

Mouse Hmgcr GGG CCC CAC ATT CAC TCT T GCC GAA GCA GCA CAT GAT CT

Mouse Il-1β TCG TGC TGT CGG ACC CAT AT GGTTCTCCTTGTACAAAGCTCATG

Mouse Nlrp3 TCTCCCGCATCTCCATTTGTA CGC GCG TTC CTG TCC TT

Mous Il-18 GACAACTTTGGCCGACTTCAC TCCTCGAACACAGGCTGTCTT

Mouse Acta2 CTGACAGAGGCACCACTG CATCTCCAGAGTCCAGCA

Mouse Cdh GCAGTTCTGCCAGAGAAACC TGGATCCAAGATGGTGATGA

Mouse Fn1 CCA TTC TCC TTC TTC AAG TTT GC AGG AAT GGC TGT CAG GAT GGT

Mouse Col1 ACA ACC GCT TTG CCA CTT CT CGT AAG TCA CGG GCA CGT T

Mouse Gapdh TAA AGG GCA TCC TGG GCT ACA CT TTA CTC CTT GGA GGC CAT GTA GG

Human LDLR AGT TGG CTG CGT TAA TGT GAC A TCT CTA GCC ATG TTG CAG ACT TTG

Human SREBF1 GCT CCT CCA TCA ATG ACA AAA TC TGC AGA AAG CGA ATG TAG TCG AT

Human SREBF2 AGG CGG ACA ACC CAT AAT ATC A CTT GTG CAT CTT GGC GTC TGT

Human ABCA1 GAC ATC GTG GCG TTT TTG G CGA GAT ATG GTC CGG ATT GC

Human HMGCR GGA CAG GAT GCA GCA CAG AA GCATGGTGCAGCTGATATATAAATCT

Human NR1H3 CAC CTA CAT GCG TCG CAA GT CAG GCG GAT CTG TTC TTC TGA

Human NOX1 TGCCTAGAAGGGCTCCAAAC ACATTCAGCCCTAACCAAACAAC

Human NOX2 AGGGTCAAGAACAGGCTAAGGA TTCTCCACCTCCAACCCTCTTT

Human p47phox GGCAGGACCTGTCGGAGAA ATCGCCCCTGCCTCAATAG

Human p22phox ACTTTGGTGCCTACTCCATTGTG TGTCCCCAGCGCTCCAT

Human XDH GAAGGCCATCTATGCATCGAA GAAGGCCATCTATGCATCGAA

Human GAPDH TTCACCACCATGGAGAAGGCT TGGTTCACACCCATGACGAAC

4.11. Immunoblot Analysis

Protein concentration was measured using Bradford’s method in lysates of treated HK2 cells
and tissues. Total protein (20 µg) was separated by 10% SDS-polyacrylamide gel electrophoresis and
transferred to a nitrocellulose membrane. The membrane was blocked with 10% skim milk for 1 h
at room temperature, and incubated overnight at 4 ◦C with primary antibodies. The membrane was
incubated with HRP-conjugated polyclonal goat anti-rabbit IgG P0447 or goat anti-mouse IgG p0448
(Dako, Glostrup, Denmark) as the secondary antibody for 1 h and detected using advanced ECL
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reagents (Amersham Bioscience, Piscataway, NJ, USA). The target protein bands were normalized to
that of GAPDH. Expression levels were estimated using Scion Image software (Scion, Frederick, MD,
USA). The primary antibodies that detect proteins are listed in Table 2.

Table 2. List of antibodies used in immunohistochemistry and immunoblotting.

Antibodies Cat. No. Company

LXRα Ab176323 abcam
HMGCR Ab174830 abcam
ABCA1 Ab18180 abcam
α-SMA Ab5694 abcam

Fibronectin Ab2413 abcam
IL-1β 12242 Cell signaling

NLRP3 13158 Cell signaling
NF-kappaB p65 8242S Cell signaling

NF-kappaBphos-p65 3036S Cell signaling
NF-kappaBp105/p50 3035S Cell signaling

GAPDH 2118S Cell signaling

4.12. Statistical Analysis

Data are presented as mean ± SEM. Statistical analyses were performed using GraphPad Prism
5.01 (GraphPad Software Inc., La Jolla, CA, USA). The difference among the groups was analyzed
using a one-way nonparametric ANOVA followed by Tukey’s multiple comparison test. A p value of
<0.05 was considered statistically significant.
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Abbreviations

ABCA1 ATP Binding Cassette Subfamily A Member 1
ABCG1 ATP-binding cassette super-family G Member 1
ApoE KO Apolipoprotein E Knockout
BUN Blood urea nitrogen
CD68 Cluster of Differentiation 68
CKD Chronic kidney disease
DCFDA Dichlorodihydrofluorescein diacetate
HC High-cholesterol
HMGCR 3-Hydroxy-3-Methylglutaryl-CoA Reductase
Il-1 Interleukin-1
LCAT Lecithin-cholesterol acyltransferase
LDL Low-density lipoprotein
LDLR Low density lipoprotein receptor
LXRα Liver X receptor α
MSR1 Macrophage scavenger receptor types I
NR1H3 Nuclear receptor subfamily 1 group H member 3
NADPH Nicotinamide adenine dinucleotide phosphate
NF-κB Nuclear Factor-kappaB
NLRP3 NOD-, LRR- and pyrin domain-containing protein 3
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NOX NADPH oxidase
PAS Periodic acid-Schiff
ROS Reactive oxygen species
siXDH Small interfering RNA against XDH
SCARB1 Scavenger receptor class B type 1
SREBF Sterol regulatory element binding transcription factor
TC Total cholesterol
TG Triglyceride
TNF-α Tumor necrosis factor α
TP Topiroxostat
XO Xanthine oxidase
α-SMA Alpha-smooth muscle actin
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Abstract: Increasing evidence suggests that apoptosis of tubular cells and renal inflammation
mainly determine the outcome of sepsis-associated acute kidney injury (AKI). The study aim was
to investigate the molecular mechanism involved in the renoprotective effects of simvastatin in
endotoxin (lipopolysaccharide, LSP)-induced AKI. A sepsis model was established by intraperitoneal
injection of a single non-lethal LPS dose after short-term simvastatin pretreatment. The severity of
the inflammatory injury was expressed as renal damage scores (RDS). Apoptosis of tubular cells was
detected by Terminal deoxynucleotidyl transferase-mediated dUTP Nick End Labeling (TUNEL assay)
(apoptotic DNA fragmentation, expressed as an apoptotic index, AI) and immunohistochemical
staining for cleaved caspase-3, cytochrome C, and anti-apoptotic Bcl-xL and survivin. We found
that endotoxin induced severe renal inflammatory injury (RDS = 3.58 ± 0.50), whereas simvastatin
dose-dependently prevented structural changes induced by LPS. Furthermore, simvastatin 40 mg/kg
most profoundly attenuated tubular apoptosis, determined as a decrease of cytochrome C, caspase-3
expression, and AIs (p < 0.01 vs. LPS). Conversely, simvastatin induced a significant increase of
Bcl-XL and survivin, both in the strong inverse correlations with cleaved caspase-3 and cytochrome
C. Our study indicates that simvastatin has cytoprotective effects against LPS-induced tubular
apoptosis, seemingly mediated by upregulation of cell-survival molecules, such as Bcl-XL and
survivin, and inhibition of the mitochondrial cytochrome C and downstream caspase-3 activation.

Keywords: simvastatin; endotoxin; tubular apoptosis; cytochrome C; Bcl-XL; survivin
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1. Introduction

Acute kidney injury (AKI) is one of the major complications of sepsis-induced multiple organ
failure and is accompanied by high mortality [1]. During sepsis, a major mechanism of AKI includes
severe inflammation in the renal parenchyma, heterogeneous distortion of microvascular flow at the
peritubular and glomerular levels, and severe tubular epithelial injury and apoptosis [1,2].

Lipopolysaccharide (LPS), an endotoxin from the Gram-negative bacteria, has been identified
as the major factor associated with the development of sepsis-associated AKI [3]. Proinflammatory
cytokine, tumor necrosis factor-α (TNF-α), has a crucial role in the pathogenesis of the AKI caused by
endotoxemia, leading to renal inflammatory injury, and acute tubular cell apoptosis presumably by
activation of the extrinsic apoptotic pathway [1,4]. The pleiotropic cytokine TNF-α has a particular role
in the initiation of cell-survival signaling molecules such as upregulation of anti-apoptotic molecules
Bcl-2, and survivin (an inhibitor of apoptosis—IAP) through activation of nuclear factor-kappa
(NF-κB) [5]. In addition to the severe inflammatory syndrome, LPS activates Toll-like receptor 4
(TLR4) that is present in the membrane of immune cells and renal tubular epithelial cells, triggering
the excessive release of proinflammatory cytokines, oxidative stress, and tubular cell apoptosis [3,6].
Severe tubular cell apoptosis plays an important role in LPS-induced AKI, showing caspase-3-positivity
in tubular epithelial cells even at the early phase of AKI [3,7].

Mitochondrial dysfunction and damage are confirmed in the LPS and cecal ligation puncture
(CLP) model of septic AKI. Oxidative stress has also been known to contribute to the overproduction
of mitochondrial reactive oxygen species (ROS) and early mitochondrial dysfunction after the LPS
challenge, which triggers intrinsic apoptosis through the release of pro-apoptotic cytochrome C into
the cytosol and activating the caspase cascade. Importantly, antiapoptotic Bcl-2 members, such as
Bcl-XL, inhibit cell death by blocking of the cytochrome C release from mitochondria and thereby
prevent downstream caspases’ (caspase-9, -3, -7) activation [1,2,8,9].

Consistent with these results, LPS-induced AKI and renal tubular cells apoptosis were ameliorated
by novel potential agents, such as a pluripotent autocrine growth factor progranulin, an anion transporter
uncoupling protein 2 [10], the bee venom [11], and peroxiredoxin protein DJ-1 (Parkinson disease
protein 7, Park7) [12], as well as by vitamin D that suppressed p53-upregulated modulator of apoptosis
(PUMA) and upregulated expression of a Bcl-2 family antiapoptotic protein [13]. Thus, an LPS-induced
AKI model has been commonly recognized to study the pathophysiology of renal tissue injury and
tubular cell apoptosis and to evaluate potential new therapeutic agents for this medical condition [2,3].

Numerous experimental studies demonstrated that statins, well-known lipid-lowering drugs,
improved survival, and prevent tissue and organ injuries in local inflammation [14] or sepsis induced
by LPS or CLP [15,16]. By inhibition of hydroxy-3-methylglutaryl-CoA (HMG-CoA), reductase statins
block the mevalonate pathway and activation of intermediate products involved in cell signaling
pathways, such as apoptosis or cell survival. One previous study showed that atorvastatin ameliorated
contrast-induced nephropathy and reduced the extent of renal tubular cell apoptosis that is associated
with the decreased expression of proapoptotic Bax/caspase-3 and increased Bcl-2 [17]. Another study
that demonstrated the renoprotective effects of pitavastatin on cisplatin-induced AKI pointed to
suppression of the mitogen-activated protein kinase (MAPK)/NF-kB/inflammation axis and intrinsic
apoptotic pathway [18].

In the context of the experimental sepsis, we have previously shown that simvastatin improved
survival rate and significantly suppressed LPS-induced over-production of proinflammatory cytokines,
TNFα and interleukin (IL)-1β [19]. Furthermore, the cell-protective effect of simvastatin pretreatment
against LPS has been confirmed on cardiomyocytes [20], hepatocytes, and spleen lymphocytes [21].
These results showed that pretreatment with simvastatin mitigated myocardial, liver, and spleen tissue
injuries, and decreased activation of the cleaved caspase-3 along to the reduced apoptotic-cell death
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in the parenchyma. Simvastatin targets the cell-survival signaling pathway survivin/NF-κB/p65 and
anti-apoptotic Bcl-XL in these cells, which appears a protective mechanism in response to LPS-induced
tissue injury and programmed cell death [20,21].

Therefore, the present study was designed to determine whether pretreatment with simvastatin
(1) ameliorates LPS-induced AKI, and, if it does, (2) to elucidate its role in hindering apoptotic
death-inducing pathways in the tubular epithelial cells, and (3) subsequent upregulation of cell-survival
mechanisms like survivin and Bcl-XL.

2. Results

2.1. Protective Effects of Simvastatin on the LPS-Induced Acute Renal Injury

Renal specimens taken from the control rats revealed the normal histological structure of the
glomeruli and renal tubules (Figure 1A). Treatment with LPS only (Figure 1B) induced congestion
and small multifocal hemorrhages in the cortical and interstitial blood vessels with the presence of
polymorphonuclear leukocytes (PMNL) infiltrate. Glomerular lesions were characterized by increased
numbers of epithelial cells and pericapilar infiltration by PMNL and erythrocytes, predominantly.
Both proximal and distal convoluted tubules showed diffuse epithelial cell swelling, loss of brush
border, vacuolar degeneration, and focal necrosis. These changes were correlated with the RDS of
3.58 ± 0.50 confirming the LPS-induced severe renal damage (Table 1). Pretreatment with simvastatin
10 mg/kg reduced histopathological changes (RDS= 2.67 ± 0.48, not significantly vs. LPS group).
Renal histopathological examination in the simvastatin 20 group (Figure 1C) showed the decreased
intensity of tissue damage with the distinct renal tubular epithelial cell swelling and degeneration.
Only individual glomeruli showed hypercellularity, with increased numbers of both resident cells and
infiltrating leukocytes, indicative of the significantly lower RDS of 2.33 ± 0.47 (p < 0.05 vs. control and vs.
LPS group, respectively). Renal histology in the simvastatin 40 group was mostly unchanged and showed
mild edema and hyperemia, rare small hemorrhages, and a single PNML infiltration throughout the cortex
with irregular swelling of renal tubular cells. A mean RDS was minimal, 1.42 ± 0.50, in comparison to the
LPS (p < 0.01). Semiquantitative assessment of renal tissue lesions reveals that simvastatin ameliorated
LPS-induced histopathological changes in a dose-dependent manner (Figure 1C,D).

 

Figure 1. Protective effects of simvastatin pretreatment against LPS-induced acute renal damages,
Hematoxylin and Eosin (H&E) method, 200×magnified images, black arrows indicates the gromeruls
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and tubules. (A) Appearance of renal tissue of control animals, (B) renal tissue challenged with
LPS, (C) renal tissue from simvastatin 20 group, (D) renal tissue from simvastatin 40 group.
Histopathological analysis revealed decreased renal inflammatory damages in both simvastatin-treated
groups, while severe alterations persisted only in the LPS-treated group.

Table 1. The effects of different treatments on the degree of renal alterations—Renal Damage Score (RDS)

Treatment (mg/kg)
Renal Damage Score (6 Kidneys/Group × 6 Slices/Kidney)

X ± S.D.
0 1 2 3 4

Control 30 6 0 0 0 0.67 ± 0.48

LPS 0 0 0 15 21 3.58 ± 0.50 a3

Simvastatin 10 group 0 0 12 24 0 2.67 ± 0.48 a1

Simvastatin 20 group 0 0 24 12 0 2.33 ± 0.47 a1

Simvastatin 40 group 0 21 15 0 0 1.42 ± 0.50 b2

Statistical analysis was performed using the Kruskal–Wallis test. a1, a3—p < 0.05, 0.001 in comparison to the control
group, b2—p < 0.01 in comparison to the LPS-only treated group. (X—mean value, S.D—standard deviation).

2.2. Simvastatin Inhibited Cleaved Caspase-3 Expression and Apoptotic Cell Death of Renal Tubular Epithelial
Cells Induced by LPS

Occurrence and the extent of apoptosis of the renal tubular epithelium was assessed based on the
expression of cleaved caspase-3 and confirmed by the TUNEL assay with quantification of apoptotic
index (AIs, see Methods and Materials Section) (Figure 2A–D and Figure 3A–D). We analyzed tissue
sections challenged with simvastatin of 20 and 40 mg/kg, as the dose of 10 mg/kg did not show a
significant protective effect on RDS. LPS induced cleavage of caspase-3 (active molecule) predominantly
in the renal tubular epithelial cells, characteristically localized in the cytoplasm and perinuclear region
of apoptotic cells. As shown in Figure 2, a substantial increase of cleaved caspase-3 expression in
the LPS group (43.6% ± 4.4%, p < 0.01 vs. control group), was the most profoundly reduced with
simvastatin 40 mg/kg (17.2% ± 2.9%, p < 0.01 vs. LPS group, and p < 0.05 vs. simvastatin 20 group),
showing also and dose-dependent efficacy (Figures 2 and 3E).

 

Figure 2. Representative images of apoptotic renal tubular epithelial cells that were challenged with
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LPS or pretreated with simvastatin prior to LPS, simvastatin 20 mg/kg or 40 mg/kg, respectively.
Attenuation of the renal apoptosis induced by LPS shown as decreased cleaved caspase-3 expression in
the tubular epithelial cells, assessed by immunohistochemistry, magnification 400×. (A) The control
group, (B) intense cytoplasmic staining of cleaved caspase 3 in the tubular epithelium in the LPS group,
as one of the feature of apoptotic cell, significant reduction of apoptotic cells in the groups treated with
simvastatin 20 mg/kg (C) and 40 mg/kg, respectively (D).

 

 

Figure 3. Simvastatin inhibited apoptosis of renal tubular epithelial cells in inflammatory injury induced
by LPS, confirmed by TUNEL assay, magnification 400×. The apoptotic indices (AI) are based on the
relative number of brown stained nuclei (TUNEL-positive renal tubular epithelial cells) and showed
significant increase in the LPS group (B), simvastatin 20 mg/kg (C), and 40 mg/kg group (D) respectively,
compared with the control group (A). LPS challenge led to a marked increase of TUNEL-positive
tubular epithelial cells (shown as AIs in white columns AIs) while the AIs were significantly decreased
in the simvastatin groups. Quantitative comparison of the immunohistochemically stained renal tissue
for cleaved caspase 3 and the TUNEL-positive tubular epithelial cells expressed as AIs (* p < 0.05 vs.
LPS group, ** p < 0.05 vs. simvastatin 20 group, # p < 0.01 vs. LPS group) (E).

Definite apoptosis was confirmed with the TUNEL assay that detected chromatin condensation
and DNA fragmentation, with the main features of apoptosis shown as dark brown nuclei (Figure 3).
The apoptotic indices, as the degrees of apoptosis in renal tissue, significantly increased after LPS
administration (in all experimental treated groups) compared with the control (p < 0.01), but they were
markedly decreased in the group with simvastatin 20 (AI = 26.7% ± 3.7%, p < 0.05) and simvastatin
40 group (AI = 14.0% ± 3.3%, p < 0.01) in respect to the LPS group (AI = 34.8% ± 3.6%) (Figure 3).
Immunohistochemical staining and TUNEL assay revealed insignificant differences in the cleaved
caspase-3 expression (total number of immuno-positive cells) compared to the AIs, that were strongly
positively correlated across the experimental groups (p < 0.05) (Figure 3E). This could be explained by
the fact that cytoplasmic immune-positivity of cleaved caspase-3 represents both apoptotic and the
cells in pre-apoptosis without condensation of chromatin (TUNEL-positive cells) and with preserved
cellular morphology.

103



Int. J. Mol. Sci. 2020, 21, 7236

2.3. Simvastatin Attenuated Expression of Pro-Apoptotic Cytochrome C in Renal Tubular Epithelial Cells after
LPS Administration

To further investigate an apoptotic pathway targeted by simvastatin in LPS-induced AKI,
we assessed mitochondrial pro-apoptotic marker, cytochrome C. The control group showed minimal
immunostaining in the sporadic tubular epithelial cells. LPS administration increased expression
of cytochrome C, quantified as the intense brown cytoplasmic staining in the affected tubular cells
(45.11% ± 4.14%). Conversely, simvastatin markedly mitigated LPS-induced cytochrome C expression
in comparison to the LPS group (Figure 4A–D). Consistently, quantitative analysis of cytochrome C
immunopositivity showed a significant difference among groups (p < 0.05 in simvastatin 20 group and
p < 0.01 in simvastatin 40 group vs. LPS, respectively), while very strong positive correlations between
apoptotic markers, cleaved caspase-3, and cytochrome C were determined across the groups (p = 0.01).

 

       
 

 
     

         

˂
˂

 

Figure 4. Simvastatin attenuated cytochrome C expression in renal tubular epithelial cells
after LPS-administration. The expression of cytochrome C in rat renal tissue examined by
immunohistochemical staining, magnification 400×, (A) negative immunostaining in the control
group, (B) intense brown cytoplasmic staining in the tubular epithelium in the LPS group indicates
increased expression of the pro-apoptotic protein cytochrome C. A significant decrease of cytochrome
C-positive cells in the groups pretreated with simvastatin 20 mg/kg (C) and 40 mg/kg group (D),
respectively. A quantitative analysis of cytochrome C-positive renal tubular epithelial cells assessed in
the immunohistochemically stained sections in the renal tissue (* p < 0.05 vs. LPS group, ∗∗ p < 0.01 vs.
simvastatin 20 group, # p < 0.01 vs. LPS group) (E).

2.4. Expression of Anti-Apoptotic Bcl-XL in Renal Tubular Epithelial Cells after Simvastatin and LPS
Administration

Expression of anti-apoptotic Bcl-xL in renal tubular epithelial cells significantly differed among
LPS and simvastatin groups (Figure 5). Immuno-positive Bcl-XL renal tubular cells were sporadically
determined in the control, and significantly in the LPS groups (36.4%, p < 0.05 vs. control) (Figure 5A,B).
Upregulation of Bcl-XL implied that LPS might trigger a potential cell self-protective mechanism against
the intrinsic apoptotic pathway. Pretreatment with simvastatin 20 mg/kg and simvastatin 40 mg/kg
produced a gradual and significant increase in Bcl-xL expression in the tubular cells compared to
the LPS group (56.4% ± 4.8%, p < 0.05 and 71.6% ;± 4.9%, p < 0.01, respectively), showing intensive
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brown cytoplasmic staining (Figure 5A–E). To compare the expression of key apoptotic proteins and
Bcl-XL in tubular cells in the treated groups, we analyzed their correlations (Figure 6). The result
showed the strong inverse correlation between Bcl-XL and cleaved caspase-3-positive cells in the
simvastatin 20 group (R2 = 0.61, p < 0.05) and simvastatin 40 group (R2 = 0.78, p < 0.05) group. As it is
shown (Figure 7), Bcl-XL expression is in a very strong negative correlation with cytochrome C in the
simvastatin 40 group (R2 = 0.81, p < 0.05), similarly as in the simvastatin 20 group, suggesting that
through induction of anti-apoptotic Bcl-XL, simvastatin might express a cell-protective mechanism.

 

 

       

   
   

   

 

Figure 5. Simvastatin increased Bcl-XL expression in renal tubular epithelial cells after LPS
administration. The expression of Bcl-XL in renal tissue was examined by immunohistochemical staining,
magnification 400×, (A) the control group showed rare immuno-positive cells, (B) note Bcl-XL-expression
in the tubular epithelial cells in the LPS group, in simvastatin 20 mg/kg (C) and 40 mg/kg group
(D), respectively. Bcl-XL expression significantly increased, and it is determined as intensive brown
cytoplasmic staining widely distributed in renal tubular epithelial cells. (E) A quantitative analysis of
Bcl-XL-positive renal tubular epithelial cells assessed in immunohistochemically stained sections of the
renal tissue (* p < 0.05 vs. LPS group, ∗∗ p < 0.05 vs. simvastatin 20 group, # p < 0.01 vs. LPS group).
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Figure 6. The correlations are shown for Bcl-XL and cleaved-caspase-3 in the renal tubular epithelial
cells: (A) LPS group only, (B) simvastatin 20 mg/kg group, (C) simvastatin 40 mg/kg group.

 

 
Figure 7. The correlations are shown for Bcl-XL and cytochrome C in the renal tubular epithelial cells:
(A) LPS group only, (B) simvastatin 20 mg/kg group, (C) simvastatin 40 mg/kg group.
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2.5. Simvastatin Enhanced Survivin Expression in Renal Tubular Epithelial Cells after LPS Administration

As the results demonstrated that simvastatin enhanced Bcl-XL expression in renal tubular
epithelial cells after LPS administration, we further analyzed if simvastatin upregulates expression
of a downstream inhibitor of apoptosis, survivin (Figure 8). Weak cytoplasmic staining assessed
as positive survivin expression in the control was considered as its basal expression (Figure 8A).
The LPS challenge resulted in a marked increase of survivin expression in tubular cells (p < 0.05 vs.
control group), suggesting that survivin itself presents a cell-protective mechanism in LPS injury
(Figure 8B). Further results demonstrated that simvastatin induced cell survival pathways, showing a
dose-dependent increase in strong cytoplasmic expression of survivin (Figure 8C,D). Quantitative
analysis revealed that pretreatment in simvastatin 20 and 40 groups led to a striking increase of
survivin expression (49.5% ± 4.7% and 73.3% ± 5.3% vs. LPS group, p < 0.01, respectively) (Figure 8E).
As survivin is one of the IAPs, we tested its correlation with cleaved caspase-3 and cytochrome C.
As illustrated in Figure 9, strong inverse correlations were determined between survivin and cleaved
caspase-3 in simvastatin 20 and 40 groups (R2 = 0.71 and R2 = 0.83, p < 0.01, respectively). Consistently,
Pearson’s correlation analysis revealed a strong inverse correlation of survivin with cytochrome
C-positive tubular cells in simvastatin 20 and 40 groups (R2 = 0.69 and R2 = 0.85, p < 0.01, respectively)
(Figure 10), suggesting that simvastatin protects tubular cells in LPS-induced AKI by inhibiting key
apoptotic proteins of the intrinsic pathway and activates cell-survival mechanisms.

 

     

     

     

 

Figure 8. Simvastatin increased survivin expression in renal tubular epithelial cells after LPS
administration. The expression of survivin in renal tissue examined by immunohistochemical staining,
magnification 400×, (A) the control group showed rare immuno-positive cell, (B) note immuno-positive
survivin cells in the LPS group, in simvastatin 20 group (C), and simvastatin 40 group (D), survivin
expression significantly increased, and it is determined as intensive brown cytoplasmic staining widely
distributed in renal tubular epithelial cells. (E) A quantitative analysis of survivin-positive renal tubular
epithelial cells assessed in immunohistochemically stained sections of the renal tissue (* p < 0.01 vs.
LPS group, ∗∗ p < 0.05 vs. simvastatin 20 group).
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Figure 9. The correlations are shown for survivin and cleaved-caspase-3 in the renal tubular epithelial
cells: (A) LPS group only, (B) simvastatin 20 mg/kg group, (C) simvastatin 40 mg/kg group.

 

 
Figure 10. The correlations are shown for survivin and cytochrome C in the renal tubular epithelial
cells: (A) LPS, (B) simvastatin 20 mg/kg group, (C) simvastatin 40 mg/kg group.
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3. Discussion

In the present study, a standard model of AKI induced by LPS was used to investigate the
renoprotective effects of simvastatin on apoptotic signaling molecules in the development of AKI.
The main findings indicate that without simvastatin, LPS severely damaged renal tissue, mainly due
to induction of glomerular cell proliferation and tubular epithelial cell apoptosis mediated by a
mitochondrial apoptotic pathway leading to caspase-3 cleavage. In contrast, with simvastatin
pretreatment, the rats were protected against LPS-induced renal inflammatory injury, that is
confirmed by attenuated apoptosis of tubular epithelial cells, and significantly increased expression of
anti-apoptotic molecules, Bcl-XL and survivin. These results demonstrate that inhibition of cytochrome
C apoptotic cascade and activation of IAP might be a mechanism of simvastatin cell-protective effects
against bacterial toxin-associated AKI.

Growing experimental evidence has shown that pretreatment with statins prevents tissue injuries
induced by bacterial toxins [20–24]. Consistently, our work and the studies by Apaya et al. [25]
and Ozkok et al. [26] demonstrated that simvastatin attenuated LPS-induced renal injury, seen as a
significantly reduced amount of infiltrating leukocytes associated with minimal histopathological
features. It has been known that LPS/TLR4 signaling triggers systemic inflammation but also local renal
inflammatory injury and apoptosis through the proinflammatory cytokines TNF-α release, to induce
AKI [13]. Our previous results showed that simvastatin dose-dependently decreased overproduction
of TNF-α and IL-1β in endotoxemia [19], therefore it is conceivable that in this study, simvastatin
targets both inflammatory pathways to protect renal tubules against LPS.

Statins are known to have potent renoprotective effects in gentamicin-, cisplatin-,
and cyclosporine-induced nephrotoxicity by a variety of mechanisms, ranging from antioxidant,
anti-inflammatory, and anti-apoptotic effects [27]. However, to our knowledge, simvastatin
suppression of tubular cell apoptosis in AKI associated with a septic condition has not been reported.
Here, we showed that one of the potential protective mechanisms of simvastatin against AKI is blockade
of renal tubular cell apoptosis, confirmed by reduced cytochrome C and cleaved caspase-3 expression
and corresponding DNA fragmentation. Interestingly, results of antiapoptotic actions of simvastatin
through inhibition of pro-apoptotic Bim/Bax and effectors caspases have been well documented in
hepatocytes and lymphocytes, and cardiomyocyte in other’s and our previous studies [20,21,28,29].

Ultrastructural changes and dysfunctions of renal epithelial mitochondria appear to be an
underlying mechanism in septic AKI, similarly to other sepsis-induced multi-organ failure [1,8].
A recent study by Liu et al. [9] showed dominant mitochondrial-mediated apoptosis in CLP-induced
AKI with notable leakage of cytochrome C, followed by activation of downstream caspase-9 and -3,
and disturbance of mitochondrial dynamics. In the present study, we observed that simvastatin
abolished an LPS-induced significant increase of cytochrome C in renal tubular cells. This observation
tightly correlates with a marked inhibition of cleaved caspase-3 in simvastatin groups, indicating its
cell-protective mechanism against LPS.

Importantly, Bcl-2-related antiapoptotic protein such as Bcl-XL, control outer mitochondrial
membrane integrity, bind to proapoptotic Bim/Bax proteins, and inhibit cell-death by preventing the
release of pro-apoptotic factors such as cytochrome C or apoptosis-inducing factor [8,30]. Our results
showed overexpression of Bcl-XL in tubular cells in simvastatin groups, accompanied by significantly
decreased cytochrome C.

Consistently, our previous studies demonstrated that simvastatin upregulated Bcl-XL expression
in LPS-challenged organs [20,21], while vitamin D or glycyrrhizin acid, an active ingredient of licorice,
by targeting Bcl-2, suppressed tubular apoptosis, and markedly prevented LPS-induced AKI [13,31].
As Bcl-XL is one of the key anti-apoptotic proteins in renal tubular cells, our findings strongly suggest
that simvastatin controls apoptosis by targeting Bcl-2 proteins and inhibiting cytochrome C.

Survivin, the unique member of the IAPs family, has a dual cellular role in the regulation of
mitosis and inhibition of apoptosis. Biological functions of survivin depend on localization, so that in
the cytosol (mitochondrial survivin), it initiates anti-apoptotic activity by blockade caspase cascade,
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while nuclear localization enables cell division. Cytoprotection by survivin is more selective and
appears to target the cascade of mitochondrial cytochrome C-mediated apoptosis in order to prevent
caspase-9 and downstream caspase-3 activation [5,32,33]. Previous studies have demonstrated that
survivin, expressed dominantly in the proximal tubular cells, prevents development of AKI and renal
apoptosis induced by various nephrotoxins (such as folic acid, cisplatin) by suppression of expression
of the p53 gene [34,35] and in ischemia/reperfusion (I/R) injury through activation of the Notch-2
intracellular signaling pathway [36]. Our results have demonstrated increased cytoplasmic survivin
expression in renal tubular cells in response to LPS that we assumed as induction of a cell-protection
mechanism. Further, simvastatin induced intense and dose-dependent expression of survivin in the
tubular epithelium that is inversely correlated with cytochrome C and cleaved caspase-3 respectively,
and indicates its evident anti-apoptotic effects. Because our previous studies indicated an important
role of survivin/NF-κB/p65 pathway activation in cytoprotection against LPS-injury [20,21], similar to
Wilson et al. [37], in CLP-induced cardiomyopathy, we hypothesized that simvastatin has significant
cell-protective effects in septic AKI but not only by inhibiting of apoptotic cell death but through
induction of the important intracellular survival pathways in renal tubular epithelium.

4. Materials and Methods

4.1. Experimental Animals

Adult Wistar rats, 6–8 weeks old (200–220 g), raised at the Institute for Biomedical Researches,
Military Medical Academy, Belgrade, Republic of Serbia, were used in this trial.

A typical macrolon plastic cage (Bioscape, Castrop-Rauxel, Germany) filled with clear sawdust
(Versele-Laga, Deinze, Belgium) was used for experimental animals’ housing. Ambient conditions,
the temperature of 22 ± 2 ◦C, the humidity of 55% ± 15%, air changes/h of 15–20, and the light/dark
cycle of 12/12 h, in the animal housing room were centrally regulated. A commercial diet mixture for
rats (Veterinary Institute Subotica, Subotica, Republic of Serbia) and tap water ad libitum were applied
for animals’ feeding.

Before the start of the study, the experimental design, laboratory protocol, and welfare of the
experimental animals were approved by the Ethics Committee of Experimental Animals of the Military
Medical Academy, Belgrade, Serbia (No. 282-12/2002). This decision confirmed that in the complete
experimental study, animal care and all treatments throughout the research are in compliance with
Directive 2010/63/EU on the protection of animals used for scientific purposes and the Guidelines for
Animal Welfare adopted by the Republic of Serbia (No. 323-07-04943/2014-05/1).

4.2. Drugs

The drug used in the experiment, simvastatin (donation for research purposes only,
from pharmaceutical company Krka, Novo Mesto, Slovenia), was prepared in 0.5% methylcellulose as
10 or 20 mg/mL stocks.

Lipopolysaccharide (LPS, endotoxin, producer Sigma Aldrich, Munich, Germany), serotype
0127:B8 Escherichia coli was dissolved with sterile pyrogen-free physiologic saline and administered
intraperitoneally (i.p.) immediately after dilution.

Each invasive procedure in animals was operated under aseptic conditions.

4.3. Experimental Design

In the model of experimental sepsis, we used endotoxin, and challenged the experimental
animals with a non-lethal single dose of LPS i.p. (0.25 LD50/kg). This experimental sepsis is a widely
accepted model that is featured with high-grade acute systemic inflammation, inflammatory infiltration,
increased oxidative stress, and apoptosis of organ tissues [14,38,39]. Simvastatin was administered
in the three different dose regimens (10, 20, and 40 mg/kg p.o.), that was confirmed in our previous
experiments as the doses that completely protect the animals against the single median lethal dose
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(LD50) of 22.15 mg/kg i.p. of LPS in rats (95% CI 16.5–29.1) [19]. The dose selection of simvastatin
was based on the previous rat/murine in vivo studies where the dose range was 10–100 mg/kg/day,
considering a rapid upregulation (3- to 10-fold) of HMG-CoA reductase’s activity induced by statin
treatment or other inhibitors in rodents. Therefore, the simvastatin doses in this experiment were
higher compared to those recommended in clinical medicines [14,40,41].

A total of 30 animals were divided into five experimental groups and received the following
treatments: (1) Control group (0.5% methylcellulose 1 mL/kg i.p.), (2) LPS group (non-lethal dose
as 0.25 LD50/kg i.p., that is equal to 5.5 mg/kg of LPS i.p.), (3) Simvastatin 10 group (simvastatin
10 mg/kg p.o. + 0.25 LD50/kg LPS i.p.), (4) Simvastatin 20 group (simvastatin 20 mg/kg p.o. +
0.25 LD50/kg LPS i.p.), and (5) Simvastatin 40 group (simvastatin 40 mg/kg p.o. + 0.25 LD50/kg LPS i.p.).

After dissolution, simvastatin was given per os via oral gavage in the short-term treatment of
5 days, and the single non-lethal dose of LPS was administered 1.5 h after the simvastatin pretreatment.
In the LPS group, animals received the same vehicle (1 mL/kg) of 0.5% methylcellulose for the same
period as the simvastatin treatment, prior to LPS injection. The control group received an identical
volume of vehicle only. After LPS administration, the animals were monitored continuously for 48 h
and then sacrificed.

4.4. Histopathological Examination and Semiquantitative Analysis of Renal Damage Score

The renal protective effect of simvastatin was evaluated after receiving the last treatment.
Before sacrification, all animals were immobilized in a dorsal position and euthanized by using sodium
pentobarbital in a single dose of 30 mg/kg i.p. (Hemofarm AD, Vršac, Republic of Serbia). Shortly after
the autopsy, a renal tissue sample from each animal was fixed in 10% neutral solution during the
one-week period. Then, fixed renal tissue samples were divided into six equal sections, which were
dehydrated in a series of alcohol (70%, 96%, and 100%) and xylene. After fitting into paraffin blocks,
each 2 µm thick renal tissue section was stained using the hematoxylin and eosin (H&E) method.

The whole visual field from each renal slice was analyzed and photographed at magnification
200×, by using a light microscope connected with a digital camera (BX-45, Olympus, Tokyo, Japan)
for histopathological examination, as per our method previously published in the literature [42–48].
To assess the degree of renal damages, which consists of edema, hyperemia, neutrophils infiltration,
glomerular cells’ proliferation, and renal hemorrhages, a semi-quantitative 5-point scale was applied
as previously described [43]. The severity of renal impairment expressed as Renal Damage Score (RDS)
is shown in Table 2. The exact method for RDS calculation is presented in Table 1.

Table 2. Tissue scoring scale for renal alterations—Renal Damage Score (RDS).

Degree Description

0 Normal finding.

1
Mild damage: Single glomerular cells slightly enlarged. Mild dilatation of small blood vessels.

A few foci of inflammatory cell infiltrates.

2
Moderate damage: < 50% glomerular cells with proliferation. Severe vasodilatation associated

with hyperemia and edema. Various numbers of inflammatory cells infiltrates.

3
Severe and focal damage: > 50% glomerular cells with proliferation. Transmural rupture of the

blood vessels (up to 50%) associated with an accumulation of inflammatory cells.

4
Severe and diffuse damage: Complete loss of the normal glomerular architecture, and the basal
membrane and endothelial cells of the blood vessels (>50%). High-intensity hemorrhages and

diffuse accumulation of inflammatory cells.
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4.5. Detection and Quantification of Tubular Cell Apoptosis in Situ by TUNEL Method

The TUNEL (Terminal deoxynucleotidyl transferase-mediated dUTP Nick End Labeling) assay was
used to assess the apoptosis of renal tubular cells. To perform TUNEL staining on paraffin-embedded
sections (4–6 µm thickness), we used the In-Situ Cell Death Detection Kit POD (Roche Molecular
Biochemicals, Basel, Switzerland, Cat. No 11 684 817 910) according to the manufacturer’s instructions.
Renal tissue slides were incubated with anti-fluorescein antibody conjugated with horseradish
peroxidase (POD), and then color development was performed using diaminobenzidine (DAB)
substrate. According to these instructions, negative (incubation with Label Solution, instead of TUNEL
reaction) and positive controls (incubation with DNase I recombinant, grade I) were performed.

Two blinded pathologists assessed TUNEL cells (immuno-positive reaction). The slides
were examined under a light microscope (Olympus Plaza, Tokyo, Japan) at 400× magnifications.
Twenty non-successive fields per sample were counted for the number of TUNEL-positive tubular
cells. Apoptotic index (AI) defined as the percentage (%) of apoptotic tubular cells was calculated
according to the formula (1):

AI (% of apoptotic cells) =
the number of TUNEL− positive tubular cells × 100

total number of tubular cells
(1)

4.6. Detection and Quantification of Apoptosis Regulating Molecules by Immunohistochemistry

Paraffin-embedded sections of kidney tissues were stained with polyclonal rabbit antibodies for
cleaved caspase-3 (Asp 175, Cat. 9661, Cell Signaling Technology, Frankfurt, Germany), monoclonal
mouse antibody for Cytochrome C, clone 7H8.2C12 (Cat. MA5-11674, Invitrogen, Thermo Fisher
Scientific, Walthman, MA, United States), polyclonal rabbit antibody for anti-apoptotic Bcl-XL
(Cat. PA1-37161, Invitrogen, Thermo Fisher Scientific, Walthman, MA, United States), and monoclonal
mouse antibody for survivin, clone 8E2 (Cat. MS-1201-P1 NeoMarkers Inc., Fremont, CA, The United
States), according to the manufacturer’s instructions.

The standard protocol was followed for the immunohistochemistry staining on 3–4 µm
deparaffinized and rehydrated tissue sections. Slides were then boiled for 20 min in a microwave oven
with a citric acid buffer solution (0.01 mol/L citrate buffer, pH 6.0.). To reduce nonspecific background
staining, slides were incubated in 3% hydrogen peroxide for 10 min. Primary antibodies for cleaved
caspase-3 (1:300), Cytochrome C (1:100), Bcl-XL (RTU), and survivin (1:50) were applied according to the
manufacturer’s recommended protocol. The slides were washed thoroughly with phosphate-buffered
saline, pH 7.4, between the steps. 3,3′-Diaminobenzidine (DAB) (TL-015-HDJ, Thermo Scientific Lab
Vision UltraVision ONE Detection System) was used as chromogen, to develop the antigen-antibody
complex, and all slides were then counterstained with H&E, dehydrated, and mounted. Appropriate
positive and negative controls were processed in parallel.

The slides were analyzed with a microscope (Olympus, Tokyo, Japan) at 400× magnification.
For these sections, the average number of immune-positive cells (tubular cells with intensive optical
density expression of cleaved caspase-3, Cytochrome C, BCL-XL, and survivin) across twenty
non-successive fields was calculated by two independent pathologists in a blinded manner, using
ImageJ software 1.50 (National Institute of Health, Bethesda, Rockville, MD, United States).

Quantitative measurement of the immuno-positive tubular cells was expressed according to this
formula (2):

% of positively stained cells =
the number of positively stained tubular cells × 100

total number of tubular cells
(2)

Survivin expression was evaluated qualitatively, where tubular cells positive for cytoplasmic
staining were considered immuno-positive and taken into account [33,49,50].
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4.7. Statistical Analysis

The statistical software package SPSS 19.0. (IBM Corporation, New York, NY, The United States)
was used to analyze the results which were presented as mean value (X) ± standard deviation (SD).
To differentiate the renal damage score (RDS) as well as the expression of biomarkers among the groups,
we used the Kruskal–Wallis rank test and analysis of variance (one-way ANOVA) followed by the
Tamhane’s T2 post hoc test, respectively. Correlation analysis was presented as Pearson’s correlation
coefficient. p < 0.05 was considered statistically significant.

5. Conclusions

This study broadened the current understanding of simvastatin anti-apoptotic and cytoprotective
effects against LPS-induced AKI. Mechanistically, it seems that simvastatin inhibits the mitochondrial
release of cytochrome C and consequent cleavage of the effector caspase-3, resulting in the blockade
of tubular cells’ apoptosis. Moreover, simvastatin promotes cell-survival by enhancing Bcl-XL and
survivin expression, signaling molecules are known that inhibit the intrinsic apoptotic pathway
mediated by cytochrome C and directly block caspase-3 respectively, and in turn, inhibits apoptosis
in tubular epithelium. Based on our findings in the AKI model reported here, we suggest that using
simvastatin for the prevention of AKI in septic conditions is a promising therapeutic option in targeting
apoptosis, and more preclinical and clinical studies should be encouraged in this regard.
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Abstract: Renal ischemia-reperfusion (IR) injury leading to cell death is a major cause of acute kidney
injury, contributing to morbidity and mortality. Autophagy counteracts cell death by removing
damaged macromolecules and organelles, making it an interesting anchor point for treatment
strategies. However, autophagy is also suggested to enhance cell death when the ischemic burden is
too strong. To investigate whether the role of autophagy depends on the severity of ischemic stress,
we analyzed the dynamics of autophagy and apoptosis in an IR rat model with mild (45 min) or severe
(60 min) renal ischemia. Following mild IR, renal injury was associated with reduced autophagy,
enhanced mammalian target of rapamycin (mTOR) activity, and apoptosis. Severe IR, on the other
hand, was associated with a higher autophagic activity, independent of mTOR, and without affecting
apoptosis. Autophagy stimulation by trehalose injected 24 and 48 h prior to onset of severe ischemia
did not reduce renal injury markers nor function, but reduced apoptosis and restored tubular dilation
7 days post reperfusion. This suggests that trehalose-dependent autophagy stimulation enhances
tissue repair following an IR injury. Our data show that autophagy dynamics are strongly dependent
on the severity of IR and that trehalose shows the potential to trigger autophagy-dependent repair
processes following renal IR injury.
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1. Introduction

Renal ischemia-reperfusion (IR) injury is a major contributor to acute kidney injury (AKI), leading
to acute tubular necrosis [1,2]. AKI is a very common condition, affecting 3–18% of hospitalized
patients and 33–66% of those admitted to intensive care [3]. AKI is an independent risk factor for death,
especially when renal replacement therapy is needed, and is associated with a mortality of 40–70% in
critically ill patients [4,5]. Currently, there are no effective treatment strategies for AKI, and measures
are supportive while recovery is awaited. Indeed, the kidney’s capacity to recover after ischemic injury
is remarkable but not perfect [6,7]. In mild injury, this repair process restores renal structure and
function; however, when the injury is severe, the repair process can trigger fibrosis, increasing the risk
of developing chronic kidney disease [8]. Understanding the link between the severity of injury and
the regeneration process could lead to the development of treatments that enhance recovery. A possible
link is autophagy, an evolutionary conserved intracellular degradation pathway with homeostatic and
damage-mitigating functions.
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Macroautophagy, the best studied type of autophagy (and hereafter simply referred to as
“autophagy”), manifests as intracellular vesicles (autophagosomes) that envelop cytoplasmic material
and subsequently transport and deliver their cargo to the lysosomes for degradation. It involves
more than 30 autophagy (Atg) proteins for the initiation, formation, transportation, and fusion of
autophagosomes towards lysosomes [9]. Its levels depend on input from various signaling pathways,
including nutrient signaling through the mammalian target of rapamycin (mTOR) and energy status
monitoring through adenosine monophosphate -activated kinase AMPK. Typically, autophagy is
stimulated upon stress as a survival pathway. This way, autophagy recycles damaged and toxic
cytoplasmic material into cellular building blocks, which are then used to support anti-stress responses
and energy maintenance. Moreover, autophagy is able to degrade damaged mitochondria, preventing
the initiation of apoptosis, and therefore might reduce IR injury [10,11]. However, in addition to
necrosis and apoptosis [12–14], autophagy has also been positively associated with injury during renal
IR [15–19]. Indeed, autophagy can both prevent and assist cell death, depending on the type and
duration of the stress, due to the molecular crosstalks between autophagy and cell death mechanisms
such as apoptosis and necrosis (reviewed in [20,21]). This autophagy paradox—damaging on the one
hand, protecting on the other—implies that the role and dynamics of autophagy during renal IR injury
are not well understood [22]. We hypothesized earlier that the role of autophagy in renal IR injury
depends on the duration of ischemia, where autophagy can switch from a protective to an injuring
mechanism with an increasing ischemia time [23,24].

We now examined this hypothesis by evaluating the dynamics of autophagy, apoptosis, and injury
in a rat renal IR model. Subsequently, we assessed the effects of autophagy stimulation on renal
IR injury by the administration of trehalose, a naturally occurring disaccharide known to stimulate
autophagy [25].

2. Results

2.1. Transient Renal Injury Following Mild Ischemia

All Sham and I45 rats (subjected to 45 min of mild ischemia) survived 90 days of reperfusion
(R90d). The plasma creatinine was higher after I45 compared to the Sham rats up to R7d (Figure 1A),
as were plasmatic aspartate aminotransferase (AST) and heart-fatty acid binding protein (h-FABP),
especially early post reperfusion (Figure 1B,C). Terminal deoxynucleotidyl transferase end labeling
(TUNEL) staining gradually increased with increasing reperfusion time, with the strongest signal at
R6h (Figure S1a). The positive area originated around the blood vessels (R1h) and migrated towards the
tubuli at R6h and R24h. Cortical areas were most prominently stained, although some disperse staining
was observed in the medulla. It should be noted that besides the expected TUNEL staining of the nuclei,
we observed most prominently the staining of the tubular lumen, as previously described [26,27].
TEM revealed swollen and damaged mitochondria at R3h (Figure S1b) in the kidney, confirming the
occurrence of intracellular damage. TEM also revealed possible early and late autophagosomes, but clear
differences between the Sham and I45 group were not observed. In addition, the mRNA transcription
of inflammatory factors intracellular adhesion molecule-1 (ICAM-1) (Figure 1D), interleukins IL-6 and
IL-10 (Figure S1c,d) and stress marker heat shock protein 70 (Hsp70) (Figure 1E) significantly increased,
with a peak around R3h. These results thus indicate that the kidneys are transiently injured in the
I45 model, concomitant with decreased function, enhanced inflammation, and with sustained survival.
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Figure 1. Kidney function is reduced, injury is increased, and tissue inflammatory processes are
activated after mild ischemia and reperfusion. Rats, either Sham-operated (Sham) or subjected to
45 min of renal ischemia (I45), were sacrificed at various time points post reperfusion (R0h, R1h, R3h,
R6h, R24h, R48h, R7d, and R90d). Plasma was collected to measure the creatinine (A), aspartate
aminotransferase (AST) (B), and heart-fatty acid binding protein (h-FABP) (C). Kidneys were collected
and analyzed for the mRNA expression of intracellular adhesion molecule-1 (ICAM-1) (D) and heat
shock protein 70 (Hsp70) (E). * p <0.05, ** p < 0.01, *** p < 0.001. N = 6.

2.2. Autophagy Is Suppressed during Ischemia and Reperfusion Following Mild Ischemia

This rat IR model was now exploited to investigate the autophagic response to mild ischemia.
Autophagy markers were assessed by Western blotting on Sham and I45 rat kidney lysates at
several time points during reperfusion (R0h, R1h, R3h, R6h, R24h, R48h, R7d, and R90d) (Figure S2).
During autophagy, LC3-I is converted into LC3-II, which then recruits to the autophagosomal membrane.
As such, the LC3-II levels represent the amount of autophagosomes present at the time of kidney
collection. As recommended in the literature, we quantified the ratio of LC3-II over the housekeeping
protein Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) [28]. Interestingly, ischemia alone (R0h)
led to a reduction in LC3-II (Figure 2A). Since LC3-II eventually is degraded in the lysosomes, a decrease
in LC3-II can signify reduced autophagosome formation or enhanced autophagosome clearance [28].
To establish the overall results of IR for the autophagic degradation rate, we also assessed the levels of
Sequestosome 1 (Sqstm1/p62), a substrate for autophagic degradation. Ischemia alone (R0h) resulted
in an elevation of p62, concomitant with the decrease in LC3-II (Figure 2B), suggesting suppressed
autophagy. Since mTOR is the canonical signaling kinase negatively regulating autophagy, we evaluated
the phosphorylation of ribosomal protein S6, which is indirectly phosphorylated by mTOR via the
activation of p70S6 kinase. Reduced S6 phosphorylation was observed at R0h (Figure 2C), suggesting
that the suppression of autophagy during ischemia could be mTOR-independent.
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Figure 2. Autophagy is suppressed post reperfusion following mild ischemia. Rats, either Sham-operated
(Sham) or subjected to 45 min of renal ischemia (I45), were sacrificed at various time points post
reperfusion (R0h, R1h, R3h, R6h, R24h, R48h, R7d, and R90d). Kidney tissue was collected and analyzed
by Western blotting for LC3 (A), p62 (B), S6, and phosphorylated S6 (pS6) (C), and by qPCR for the
mRNA expression of LC3 (D), p62 (E), and BECN1 (F). * p <0.05, ** p < 0.01, *** p < 0.001. N = 6.

Following mild ischemia, a decrease in LC3-II was generally detected compared to the Sham
group, with significant reductions at R0h, R3h, and R24h (Figure 2A). Corresponding with a decrease
in LC3-II, the p62 levels were significantly upregulated post reperfusion (Figure 2B), indicating that
autophagy is suppressed during reperfusion in this model. Although phosphorylated S6 was decreased
during ischemia (R0h), it was strongly increased post reperfusion (Figure 2C), suggesting that the
decrease in autophagy could be partially explained by the negative regulation of autophagy by mTOR.
It should be noted, however, that S6 can be phosphorylated by other kinases as well [29].

Next, we analyzed whether the results observed on the protein level were also reflected in the
mRNA expression of LC3, p62, and BECN1. Interestingly, the LC3 and BECN1 expression were
significantly reduced between R3h and R24h (Figure 2D,F). The sqstm1/p62 mRNA levels remained
relatively stable, despite an increase at R6h, followed by a decrease at R24h (Figure 2E). As such, it is
unlikely that the increase in the p62 levels on a protein level have a transcriptional cause, and most
likely reflect the reduction in the autophagic degradation of the p62 protein. In conclusion, these data
suggest that autophagy is most prominently suppressed during reperfusion in rats subjected to 45 min
of ischemia.

2.3. Apoptosis Is Enhanced during Reperfusion Following Mild Ischemia

We further investigated the apoptotic pathway post reperfusion. Therefore, Western blotting was
performed for pro- (Bax, cleaved caspase 3) and anti-apoptotic (Bcl-2) markers on kidney protein lysates
from Sham and I45 rats (Figure S3). Despite the reduction in autophagy, apoptosis was not affected
following ischemia alone (R0h) (Figure 3A–C). While the Bax protein levels were significantly elevated
between R1h and R7d (Figure 3A), the Bcl-2 levels remained stable (Figure 3B). Despite the fast increase
in Bax, the levels of cleaved Caspase 3 did not increase before R48h (Figure 3C). Interestingly, a similar
trend was observed for the mRNA expression of Bim, a pro-apoptotic BH3-only protein (Figure 3F).
Unlike the protein levels, the Bax mRNA expression decreased in I45 rats at R24h and increased at
R48h and R90d (Figure 3D). The expression of anti-apoptotic Bcl-2 mRNA was reduced at most time
points post reperfusion in I45 rats (Figure 3E). Taken together, these results indicate that the apoptotic
machinery is activated late post reperfusion (after 24 h) following mild ischemia in rat kidneys.
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Figure 3. Apoptosis increases post reperfusion following mild ischemia. Rats, either Sham-operated
(Sham) or subjected to 45 min of renal ischemia (I45), were sacrificed at various time points post
reperfusion (R0h, R1h, R3h, R6h, R24h, R48h, R7d, and R90d). Kidney tissue was collected and analyzed
by Western blotting for Bax (A), Bcl-2 (B), and Cleaved Caspase 3 (C), and by qPCR for the mRNA
expression of Bax (D), Bcl-2 (E), and Bim (F). * p <0.05, ** p < 0.01, *** p < 0.001. N = 6.

2.4. More Severe Ischemia Increases Kidney Damage

To understand whether autophagy is protective or detrimental for renal IR injury, we first
compared the autophagic response in rats subjected to mild (I45) and severe (I60) ischemia. First,
in the I60 group, 4/6 rats died within seven days following IR, while in both the I45 and Sham group,
all the rats survived. Moreover, the plasma creatinine and AST were also higher in I60 compared
to I45 at R3h and R24h (Figure 4A,B), while the plasma h-FABP was only significantly different at
R3h (Figure 4C). In addition, the mRNA expression of inflammatory and stress markers ICAM-1 and
Hsp70 were higher in I60 versus I45 at R3h (Figure 4D,E). The expressions of IL-6 and -10, however,
were lower in I60 compared to I45 (Figure S4a,b). Altogether, the I60 rat model inflicted more kidney
damage and inflammation compared to the I45 model.

 

Figure 4. Kidney function is reduced and injury is increased following severe compared to mild or
no ischemia. Rats, either Sham-operated (Sham) or subjected to 45 min (I45) or 60 min (I60) of renal
ischemia, were sacrificed at various time points post reperfusion (R0h, R3h, and R24h). Plasma was
collected to measure the creatinine (A), AST (B), and h-FABP (C). Kidneys were collected and analyzed
for the mRNA expression of ICAM-1 (D) and Hsp70 (E). * p <0.05, ** p < 0.01, *** p < 0.001. N = 6.
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2.5. More Autophagy upon Severe Compared to Mild Ischemia

In the I60 model of severe ischemia, we then explored autophagy and apoptosis markers in
the kidney. The results observed in the I60 model at the post-reperfusion times R0h, R3h, and R24h
(Figure S5a–c) were compared with these time points in the mild ischemia (I45) model. LC3-II decreased
in both I45 and I60 in a similar trend, but its levels at R24h were significantly higher in I60 versus
I45 (Figure 5A). Interestingly, this was associated with lower p62 levels in the I60 model (Figure 5B
and Figure S5b), suggesting a higher autophagic activity in I60 compared to I45. The phosphorylated
S6 levels did not significantly differ between I45 and I60 (Figure 5C). On the mRNA level, the LC3
expression was, similarly to the protein levels, increased in I60 versus I45 (Figure 5D), while the p62
levels remained unaltered between the two groups (Figure 5E). The BECN1 expression was significantly
lower in I60 versus I45 at R0h, but remained similarly downregulated in both groups afterwards
(Figure 5F). Despite these changes in autophagy, no clear trend was observed in the apoptosis markers
comparing I60 and I45 (Figure S5d–i). These data thus indicate elevated autophagy upon severe
ischemia compared to mild ischemia.

1 α bond. It is an mTOR

Figure 5. Autophagy is increased during ischemia and after reperfusion following severe ischemia
compared to mild ischemia. Rats, either Sham-operated (Sham) or subjected to 45 min (I45) or 60 min (I60)
of renal ischemia, were sacrificed at various time points post reperfusion (R0h, R3h, and R24h). Kidneys were
collected and analyzed by Western blotting and qPCR for LC3 (A), p62 (B), S6, and phosphorylated
S6 (pS6) (C), and by qPCR for the mRNA expression of LC3 (D), p62 (E), and BECN1 (F).The relative
change in I45 and I60 compared to the corresponding Sham group (represented by the dashed line at
y = 1) was plotted. * p <0.05, ** p < 0.01, *** p < 0.001. N = 6.

2.6. Trehalose Stimulates Autophagy and Reduces IR Injury in the Kidney

To evaluate whether autophagy modulation would alter IR injury, rats were given 2 g/kg body weight
trehalose by intraperitoneal injection 48 and 24 h prior to 60 min of ischemia, followed by 24 h or 7 days
of reperfusion. Trehalose is a naturally occurring sugar synthesized by bacteria, fungi, and invertebrates,
consisting of two glucose molecules connected by a 1-1 α bond. It is an mTOR-independent autophagy
inducer that acts partially by inhibiting glucose transport [30]. The kidneys of trehalose-treated rats
displayed higher LC3-I and LC3-II levels compared to vehicle-treated rats following 60 min of ischemia
and 24 h of reperfusion, without affecting phosphorylated S6, suggesting no change in the mTOR
activity and apoptosis (Figure 6A,B). Despite an improvement in survival after R7d (vehicle 50%;
trehalose 83%), trehalose did not reduce renal injury at R24h, as evidenced by the similar TUNEL
staining (Figure 6C) and plasma AST levels (Figure 6D). The mRNA expression of ICAM-1, Hsp70,
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and IL-10 even displayed an increasing trend upon trehalose treatment (Figure S6a–d). In addition,
the plasma creatinine was increased in the trehalose-treated rats (Figure 6E), suggesting reduced
kidney function. However, at R7d, the trehalose-treated rat kidneys showed reduced TUNEL staining
(Figure 6F) and an overall improved kidney structure with less dilated tubules (Figure 6G). Together,
this suggests that trehalose-induced autophagy does not reduce AKI but improves the repair of the
affected tissue.

Figure 6. Trehalose induces autophagy and improves the renal structure post reperfusion following
severe ischemia. Rats were injected with vehicle (Veh) or trehalose 48 h and 24 h prior to 60 min of
renal ischemia (I60), and sacrificed 24 h (I60R24h) or 7 days (I60R7d) post reperfusion. Kidneys of
I60R24h were analyzed by Western blotting for the annotated markers (A) and compared between Veh-
and trehalose-treated for LC3-I, LC3-II, phosphorylated S6 (pS6), and cleaved caspase 3 (B). Kidney
sections of I60R24h were also stained with TUNEL (C) and the plasma levels of AST (D) and creatinine
(E) were determined. In the kidney sections of I60R7d, TUNEL staining was performed (F) and the
average tubule diameter was assessed (G). * p < 0.05, ** p < 0.01, *** p < 0.001. N = 6.

3. Discussion

Renal IR injury is a common clinical complication and is the leading cause of AKI. With no
effective treatment available to alleviate renal IR injury, it may progress into acute renal failure
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and increase mortality rates. Therefore, understanding the underlying mechanisms of this injury is
crucial to reveal new therapeutic approaches. A central pathway in the progress of renal IR injury is
autophagy, an evolutionary conserved intracellular catabolic pathway regulating cellular homeostasis
and survival during stress. However, the exact role of autophagy in renal IR injury is still undetermined,
as both protective and detrimental effects have been described [23,24]. Indeed, in certain conditions
autophagy-dependent cell death can occur. This is suggested to be dependent on the dynamics of
autophagy, where excessive or uncontrolled autophagy could trigger the initiation of cell death [19].
The role of autophagy in renal IR injury could therefore be dependent on the ischemic duration of the
model, with mild ischemia triggering moderate, protective autophagy and severe ischemia triggering
excessive, detrimental autophagy [23,24]. Here, we observed that autophagy dynamics are indeed
strongly influenced by these parameters.

First, autophagy was attenuated very rapidly following ischemia (Figure 2). This was not expected,
as the lack of oxygen and subsequently energy reduction during ischemia should activate autophagy
through AMPK [31]. However, AMPK-dependent autophagy activation occurs upon subtle changes in
ATP production, while warm ischemia in rat kidneys leads to a fast and sudden fall in the ATP levels [32].
In view of the ATP dependency of the conjugation reactions leading to the autophagy-specific lipidation
of LC3-I into LC3-II [33], this sudden lack of ATP is possibly the cause of the observed decrease in
autophagy during ischemia. Similar observations of reduced LC3-II levels have also been observed
following renal ischemia in mice [34].

Second, autophagy fluctuated during reperfusion (Figure 2), but overall the attenuation of
autophagy during ischemia continues during reperfusion. This effect post reperfusion is most likely
due to increased mTOR activity, in which the re-introduction of nutrients during reperfusion likely
stimulates mTOR after a suppression caused by nutrient absence during ischemia [35]. This is reflected
in the levels of phosphorylated S6, an indirect target of mTOR (Figure 2C). However, it should be
noted that the phosphorylation status of S6 is the sum of multiple kinase activities (including mTOR
and protein kinase A) and the activity of protein phosphatase-1 [29]. Ideally, the phosphorylation of
ULK-1 at Ser757 should be assessed to determine the link between mTOR activity and autophagy [36].

Despite the dynamics of injury and autophagy, apoptosis occurred rather late post reperfusion
(R48h). Although TUNEL staining was mostly observed early post reperfusion (R3–6h), this did
not correspond with the levels of cleaved caspase 3. In addition, this staining was not typically
nucleus-specific, as has been observed previously [26,27]. This suggests that TUNEL staining is indicative
of apoptosis-independent DNA damage during renal IR. Indeed, massive reactive oxygen species
production has been suggested to induce DNA damage independent of necrosis and apoptosis [37].
These data, therefore, suggest that that the initial (acute) injury post reperfusion is likely more associated
with other (inflammatory) types of cell death (e.g., necrosis, caspase3-independent pyrroptosis,
ferroptosis, or necroptosis) rather than apoptosis [38,39]. Indeed, in previous work we have shown that
necroptosis inhibitor Nec-1 reduces the positive TUNEL staining 3 h post reperfusion in our model [26],
suggesting that necroptosis is activated shortly following reperfusion. However, since Nec-1 did not
affect the injury markers AST and h-FABP and the plasma creatinine levels, other types of cell death are
likely to be activated as well. As such, the observed late apoptosis enhancement 48 h post reperfusion
could therefore rather represent a mechanism to remove damaged cells associated with tissue repair.

Third, the autophagy levels are higher when the ischemic duration increases (Figure 5). In general,
these data suggest that more severe ischemia is associated with higher autophagy levels and that
autophagy dynamics are dependent on the ischemia and reperfusion duration. This could explain the
differences in autophagy regulation observed in the literature, as reports often focus on one or few
time points post-reperfusion [23]. These differences in the literature are further complicated by the
dependency of the IR-induced autophagic response on the gender and age of the model [40], as well
as the differences between species. In this context, it is important to note that cell death responses to
anoxia-reoxygenation differ between rodent and human cells [41], and that this will likely be reflected
in the autophagy dynamics as well. Moreover, in the clinical AKI setting the ischemic time is longer
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than that in the model presented here. The fact that autophagy dynamics are very dependent on the
species and ischemia/reperfusion time, as this study suggests, warrants the need for further evaluation
in AKI patients.

As severe ischemia is associated with decreased survival and elevated autophagy, these results
bring into question whether autophagy plays an active role in renal damage or is stimulated to
prevent renal IR injury. In this respect, trehalose, an autophagy inducer, seemed to have a dual effect
following severe ischemia: a (slight) exacerbation of renal injury 24 h post reperfusion on the one
hand and an improvement in the kidney tubular structure and reduced apoptosis 7 days following the
ischemia on the other (Figure 6 and Figure S6). A similar autophagy-dependent stimulation of tissue
remodeling was observed following cardiac injury, in which the beneficial effects of trehalose were
blunted by the suppression of autophagy [42]. These observations, together with the lower autophagy
levels associated with mild ischemia (Figure 2), suggest that autophagy may be detrimental in the
acute phase of IR injury, but protective by promoting tissue repair in the recovery phase. This opens
prospects for possible clinical applications of autophagy modulators such as trehalose; for example,
as it functions in the repair process following injury, it could be administered peri- or post-operatively
during kidney transplantation. In this respect, it is important to note that trehalose is an essential
component of the “extracellular type” ET-Kyoto organ preservation solution, which is used in clinical
lung transplantation [43], and which was found to be superior in the preservation of rat livers compared
to the University of Wisconsin solution [44]. The molecular mechanisms of the beneficial effects of
trehalose in renal IR injury, whether this is autophagy-dependent and whether this could be used in
the clinical setting, require more investigation.

Due to the limitations of the rat model in this study, autophagy was only analyzed with the Western
blotting and qPCR techniques. Nevertheless, it is recommended to analyze autophagy through a series of
techniques [28]. Although TEM analysis revealed autophagic vesicles in the kidney tissue (Figure S1b),
no clear differences were observed between the Sham and I45 rats. However, TEM is performed on a
very small section of the kidney, while the altered autophagy responses are likely restricted to certain
renal zones (cf. positive TUNEL staining in the corticomedullary area). Similar experiments in GFP-
or RFP-GFP-LC3 mice subjected to various durations of ischemia and reperfusion should gain more
insight in the exact dynamics of autophagy. Nonetheless, the combination of the autophagosome
marker LC3-II and autophagy degradation marker p62 analyzed in our experiments revealed the
expected inverse correlation of LC3-II and p62 dynamics, indicating that these levels indeed reflected
autophagy alterations in response to renal ischemia and reperfusion.

In conclusion, the differential dynamics observed in these different IR models thus partially
explain the conflicting findings in the literature regarding the role of autophagy in renal IR injury,
which is dependent on ischemic duration and the time of reperfusion. As such, it is important
to investigate multiple time points post reperfusion and various ischemic lengths. Additionally,
modulation with trehalose revealed that autophagy stimulation likely has different outcomes in tissue
repair (protective) and in acute IR injury (detrimental). This information is crucial in light of the
possible clinical application of (trehalose-dependent) autophagy stimulation in acute kidney injury or
kidney transplantation.

4. Materials and Methods

4.1. Ischemia-Reperfusion Injury Model

Female Sprague-Dawley rats (200–250 g; 8–10 weeks old) were housed at the KU Leuven animal
facility. After at least 1 week of acclimatization, they were anesthetized by an intraperitoneal injection of
7.5 mg/kg of ketamin (Anesketin®, Eurovet Animal Health BV, Bladel, The Netherlands) and 2.5 mg/kg
of xylazin (Xyl-M 2%®, Van Miert & Dams Chemie (VMD), Arendonk, Belgium). Both renal pedicles
were dissected free through a midline abdominal incision and clamped “en bloc” with microaneurysm
clamps to induce ischemia. Reperfusion was initiated by the removal of the clamps. Sham-operated
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rats underwent the same surgery without the clamping of the pedicles. Analgesics were administered
daily (Vetergesic 0.1 mg/kg, CEVA, Libourne, France) following surgery. At the end of the experiment,
pentobarbital (Nembutal 60 mg/kg, CEVA) was injected intraperitoneally and the rats were sacrificed
by exsanguination, which allowed plasma sampling directly from the aorta. Plasma was spun down
(1000× g; 10 min) and snap-frozen. Kidneys were collected and processed immediately, as described
below. For the trehalose experiments, sterile PBS (Vehicle) or 2 g/kg bodyweight of trehalose in
PBS (in a total volume of ca. 500 µL) was injected intraperitoneally 48 h and 24 h prior to surgery.
The rat survival, behavior, and humane endpoints were monitored thrice daily. The animal care and
experimental protocols were in accordance with the European guidelines and approved by the Ethical
Committee for Animal Experimentation of KU Leuven (P053/2016).

4.2. Experimental Groups

First, to analyze the dynamics of autophagy during reperfusion, Sham-operated rats (Sham) and
rats subjected to 45 min of ischemia (I45-mild ischemia) were divided into subgroups with various
reperfusion (R) times: R0h, R1h, R3h, R6h, R24h, R48h, R7d, or R90d. Next, to assess the effects of the
ischemic time, we compared the I45 mild ischemia group with rats subjected to 60 min of ischemia
(severe ischemia-I60), followed by 0 h, 3 h, 24 h, and 7 days of reperfusion. Six rats were included
per subgroup.

4.3. Kidney Function and Injury

Kidney function was assessed by plasma creatinine, measured by the kinetic Jaffé method
(Hitachi/Roche Modular P, Roche Diagnostics, Diegem, Belgium) by the central laboratory of
our University Hospitals. The cellular injury markers aspartate aminotransferase [26,45] (AST,
colorimetric method on Hitachi/Roche Modular P) and heart-fatty acid binding protein [26,45,46]
(h-FABP, enzyme-linked immunosorbant assay (ELISA)) were assessed according to the manufacturer’s
instructions (HK414-Hycult Biotech, Uden, The Netherlands).

4.4. Transmission Electron Microscopy

Small samples of the cortex (ca. 1 mm3) were fixed in 2.5% glutaraldehyde, 0.1 M of sodium
cacodylate, and 0.05% CaCl2 (pH 7.4) and further processed for transmission electron microscopy,
as described previously [47], with minor modifications (extra staining with 1% tannic acid in veronal
acetate for 1h after OsO4 postfixation). A FEI Tecnai microscope was used to examine ultrathin sections
at 80–120 kV.

4.5. Western Blotting

Snap-frozen kidney samples were homogenized in a radioimmunoprecipitation assay buffer (RIPA)
lysis buffer containing 50 mM of Tris-HCl (pH 7.4); 150 mM of NaCl; 1 mM of EDTA; 1% Ipegal; protease,
and phosphatase inhibitors (Roche, Basel, Switzerland). The protein concentration was determined
through use of a Bradford protein assay (Sigma-Aldrich, Saint-Louis, MO, USA). Samples were prepared
with Laemmli buffer containing β-mercaptoethanol, heated at 95 ◦C for 3 min and loaded on Any kD
Mini-Protean TGX Precast Gel (Bio-Rad Laboratories, Hercules, CA, USA). SDS-PAGE was performed
with a constant voltage of 150 V. Next, the proteins were blotted on polyvinylidene difluoride (PVDF)
membranes using the semi-dry Trans-Blot Turbo Transfer system (Bio-Rad Laboratories). Membranes
were blocked for 1h at room temperature with PBS-Tween (0.1%) containing 5% milk powder (MP),
followed by incubation with the primary antibody diluted in PBS-T and 2% MP overnight at 4 ◦C.
Next day, the membranes were washed 3 times with PBS-T and then incubated with the secondary
horseradish peroxidase (HRP)-coupled antibody for 45 min with PBS-T + 2% MP. After washing three
times with PBS-T, immunoreactive bands were visualized through enhanced chemoluminescence
(Pierce ECL Western Blotting Substrate, Thermo Fisher Scientific, Waltham, MA, USA), followed by
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detection and band intensity quantification using the Chemidoc MP technology and associated
Imagelab software (Bio-Rad Laboratories).

4.6. Antibodies

The following antibodies and reagents were used for the Western blotting experiments. Anti-LC3
(5F10, Nanotools), anti-S6 (2217, Cell Signaling Technology, Danvers, MA, USA), anti-phospho-S6 (4858,
Cell Signaling Technology), anti-cleaved caspase 3 (9664, Cell Signaling Technology), anti-SQSTM1/p62
(P0067, Sigma-Aldrich, Saint-Louis, MO, USA), anti-Bcl-2 (sc-492, Santa Cruz Biotechnology, Dallas,
TX, USA), and anti-Bax (sc-493, Santa Cruz Biotechnology). Anti-GAPDH (G8715, Sigma-Aldrich)
served as an internal control. Secondary antibodies are HRP-linked anti-mouse IgG (7076, Cell Signaling
Technology) and HRP-linked anti-rabbit IgG (1706515, Bio-Rad Laboratories, Hercules, CA, USA).

4.7. Quantitative Real-Time Polymerase Chain Reaction

RNA was extracted from kidney tissues using Trizol reagent and chloroform, followed by
an additional purification step with the RNeasy mini kit (Qiagen, Hilden, Germany), according
to the manufacturer’s protocol. The mRNA expression levels in kidney tissues were analyzed
using quantitative real-time polymerase chain reaction (Q-RT-PCR). Reverse transcription was
performed at 37 ◦C for 1 h with the M-MLV Reverse Transcriptase along with FSBuffer and Rnase
out (Life Technologies, Carlsbad, CA, USA). Q-RT-PCR was performed with the PCR mastermix of
Applied Biosystems (1.503.193, Foster City, CA, USA). Thermal cycling conditions were composed
of cDNA initially denatured at 95 ◦C for 60 s, and then amplified by PCR for 45 cycles (95 ◦C for 5 s,
60 ◦C for 30 s). Experiments were carried out in duplicates. Using the 2-∆∆Ct method [48], the relative
quantification in gene expression was determined. Data are expressed as the relative differences (fold
change) between the sham and IR samples after correction for GAPDH expression.

4.8. qPCR Taqman Probes

The following reagents from TaqMan Gene Expression Assays (Applied biosystems, Foster Cyti,
CA, USA) were used for RT-PCR experiments: GAPDH (Rn01775763_g1), BECN1 (Rn00586976_m1),
LC3 (Rn02132764_S1), p62 (Rn00709977_m1), Bcl-2 (Rn99999125_m1), Bax (Rn01480160_g1),
Bim (Rn00674175_m1), Hsp70 (Rn00583013_S1), ICAM-1 (Rn00564227_m1), IL-10 (Rn00563409_m1),
and IL-6 (Rn01410330_m1).

4.9. Terminal Deoxynucleotidyl Transferase End Labeling

For the detection of oligonucleosomal DNA cleavage via terminal deoxynucleotidyl transferase
end labeling (TUNEL), tissue sections were deparaffinized in toluene (2 × 5 min), rehydrated in
distilled water (5 min), and pretreated with 3% citric acid (60 min) to remove tissue calcification.
Endogenous peroxidase was quenched by incubating sections for 15 min in 0.9% hydrogen peroxide.
Thereafter, TUNEL was performed using an ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit
(Merck-Millipore, Burlington, MA, USA) according to the instructions of the manufacturer. Slides were
observed with an Olympus BX61 microscope at 20×magnification, and pictures were taken with the
Olympus Stream Essentials 1.9 software. Quantification of the TUNEL staining was performed with
the “color threshold” function of ImageJ, using the color space RGB and the same parameters for each
analyzed picture.

4.10. Statistical Analysis

If data were normally distributed, unpaired t-tests were used for the comparison of 2 groups
(Sham versus IR group) or a one-way ANOVA for 3 groups (Sham, I45, and I60) with Tukey Multiple
Comparison test post-hoc. F-test was performed to compare variances. If the variances were
significantly different, Welch’s correction was applied. If a group was not normally distributed,
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non-parametric tests (Mann–Whitney or Kruskal–Wallis test with Dunns post-hoc) were performed.
For relative Western blotting and qPCR data, values were normalized to the mean of the control Sham
group. Outliers were removed based on the Grubb’s test. Normal distribution was analyzed with the
Kolmogorov–Smirnov test (for small sample sizes).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/19/
7185/s1.
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AKI Acute kidney injury
AMPK 5′ adenosine monophosphate-activated protein kinase
AST Aspartate transaminase
Bcl-2 B-Cell lymphoma 2
hFABP heart-type fatty acid binding protein
Hsp70 Heat shock protein 70
ICAM Intracellular adhesion molecule
IL Interleukin
IR Ischemia-reperfusion
LC3 (microtubule-associated protein 1) Light chain 3
mTOR mammalian target of rapamycin
Sqstm1 Sequestosome 1
TEM transmission electron microscopy
TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling
ULK-1 Unc51-like kinase-1
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Abstract: DJ-1 is a redox-sensitive chaperone with reported antioxidant and anti-inflammatory
properties in the kidney. The 20 amino acid (aa) peptide ND-13 consists of 13 highly conserved aas
from the DJ-1 sequence and a TAT-derived 7 aa sequence that helps in cell penetration. This study
aimed to determine if ND-13 treatment prevents the renal damage and inflammation associated
with unilateral ureter obstruction (UUO). Male C57Bl/6 and DJ-1−/− mice underwent UUO and were
treated with ND-13 or vehicle for 14 days. ND-13 attenuated the renal expression of fibrotic markers
TGF-β and collagen1a1 (Col1a1) and inflammatory markers TNF-α and IL-6 in C57Bl/6 mice. DJ-1−/−

mice treated with ND-13 presented similar decreased expression of TNF-α, IL-6 and TGF-β. However,
in contrast to C57Bl/6 mice, ND-13 failed to prevent renal fibrosis or to ameliorate the expression of
Col1a1 in this genotype. Further, UUO led to elevated urinary levels of the proximal tubular injury
marker neutrophil gelatinase-associated lipocalin (NGAL) in DJ-1−/− mice, which were blunted by
ND-13. Our results suggest that ND-13 protects against UUO-induced renal injury, inflammation and
fibrosis. These are all crucial mechanisms in the pathogenesis of kidney injury. Thus, ND-13 may be
a new therapeutic approach to prevent renal diseases.

Keywords: renal disease; DJ-1; ND-13; renal inflammation; oxidative stress; UUO; fibrosis

1. Introduction

Renal oxidative stress and inflammation are two of the most important factors involved in the
pathogenesis of renal diseases and other cardiovascular disease complications [1]. Inflammation,
the consequent oxidative stress, and vice versa, are considered major factors triggering fibrosis, and are
key components in the development and progression of renal failure [2]. Renal fibrosis is caused,
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in part, by excess deposition of extracellular matrix, and inflammation is one of the main pathways
that trigger this mechanism [3]. The inflammatory response during the initial stages of renal disease is
characterized by glomerular and tubulo-interstitial infiltration of immune cells, including neutrophils
and macrophages [4]. Furthermore, the activation of neutrophils during these early stages results in the
release of proinflammatory and profibrogenic cytokines [4], followed by the infiltration of macrophages
and T and B lymphocytes into the tissues. Macrophages are a major source of TGF-β in fibrotic
organs [5,6], and recruitment of T and B lymphocytes to the site of injury further facilitates the secretion
of fibrogenic cytokines [7,8]. TGF-β is also a potent chemoattractant involved in the recruitment
of inflammatory cells [9] and, thereby, facilitates the expansion of the inflammatory process. Renal
inflammation plays a central role in the initiation and progression of fibrosis in chronic kidney disease.
Therefore, attenuation of the inflammatory response may be a critical step for the restoration of the
proper balance between pro and antifibrotic signaling pathways [10,11] in the kidney and other organs.

DJ-1, also known as Park 7, is a multifunctional oxidative stress response protein. DJ-1 was
initially identified as an autosomal recessive gene associated with Parkinson’s disease, and it has
been shown to be expressed in the brain, heart, kidney, liver, pancreas, and skeletal muscle in rodents
as well as in humans [12]. DJ-1 functions as a redox-sensitive chaperone with intrinsic antioxidant
properties, especially in the mitochondria, and it regulates the expression of several antioxidant genes
such as glutathione and heat shock protein 70 in dopaminergic neurons [13,14]. DJ-1 is mainly present
in the cytoplasm and, to a lesser extent, in the mitochondria. However, upon an oxidant challenge,
DJ-1 translocates from the cytoplasm to the mitochondria where it protects mitochondrial function [15].
In a previous report, our group demonstrated that renal DJ-1 plays a critical role in the regulation of
oxidative stress-dependent hypertension in mice [16].

Nrf2 (nuclear factor erythroid 2-related factor 2) is a transcription factor that regulates the
expression of several antioxidant genes and also inhibits the development and progression of acute
kidney injury caused by heavy metals, ischemia and xenobiotics such as cyclosporin A and cisplatin [17].
Nrf2 attenuates the NFκB-inflammatory pathway and suppresses proinflammatory cell signaling [18,19].
We previously reported that the kidney-selective silencing of DJ-1 in mice leads to impairment of the
antioxidant response mediated by the dopamine receptor 2 and increases in blood pressure associated
with decreased Nrf2 expression and activity in the kidney [16,20]. In addition, mice with DJ-1 selectively
silenced in the kidney, and mice with germline deletion of DJ-1 (DJ-1−/− mice), develop high blood
pressure, renal damage and decreased kidney expression and activity of Nrf2 [20], suggesting that DJ-1
inhibits the production of renal reactive oxygen species (ROS), at least in part, via the activation of
Nrf2-controlled antioxidant genes. We also recently demonstrated the important role of the antioxidant
protein UCP2 in hypertension associated with the depletion of DJ-1 [21]. Moreover, other reports
also implicated the DJ-1/Nrf2 pathway in the pathogenesis of several renal diseases, such as diabetic
nephropathy in rats [22].

Dr. Daniel Offen’s laboratory, at the University of Tel Aviv, developed a 13 aa-long peptide
derived from the most conserved sequence of DJ-1 [23]. To achieve cell permeability, this 13 aa chain
was fused to a 7 aa TAT sequence (YGRKKRR). The resulting 20 amino acid compound was named
ND-13 and was demonstrated to be effective in protecting neuronal cultures from the effects of relevant
neurotoxins in the setting of Parkinson’s disease, amyotrophic lateral sclerosis or multiple system
atrophy [23–25]. ND-13 exerts these protective effects by reducing apoptosis and by inactivating the
proapoptotic protein caspase-3 in neuronal cell lines exposed to these neurotoxic insults. In those
studies, ND-13 treatment led to the activation of the Nrf2 pathway and the consequent increased
expression of Nrf2-induced antioxidant genes [23], similar observations to our previous findings
in the kidney of DJ-1−/− mice [20]. However, the potential protective effects of ND-13 against the
development of renal disease remain unknown. Therefore, the goal of these studies was to determine
if ND-13 prevents the renal damage and inflammation associated with an animal model of progressive
kidney fibrosis, the unilateral ureter obstruction (UUO) model, and if this protection is mediated by
the activation of the DJ-1/Nrf2 pathway.
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2. Results

2.1. ND-13 Treatment Reduces UUO-Induced Renal Fibrosis in WT Mice, but Not in DJ-1−/− Mice

Because UUO is a classical model of progressive renal fibrosis, we evaluated by RT-PCR the
expression levels of markers of fibrosis in the cortex of wild type (WT) mice that underwent sham or
UUO surgery and were treated with ND-13 or vehicle for 14 days. We found that after UUO surgery,
WT mice treated with vehicle presented a significant upregulation of the markers of fibrosis Col1a1

and TGF-β (~70-fold increase for Col1α1 and ~7-fold increase for TGF-β p < 0.05; Figure 1) in the renal
cortex. Importantly, daily treatment with ND-13 significantly decreased the cortical expression of both
markers of fibrosis, suggesting a protective effect of this peptide against the development of the cortical
fibrosis typically induced by UUO.

Figure 1. Treatment with ND-13 reduces the unilateral ureter obstruction (UUO)-induced renal
expression of fibrotic markers in wild type (WT) mice, but not in DJ-1−/− mice. Relative mRNA
expression of markers of fibrosis col1a1 and TGF-β in renal cortex of WT and DJ-1−/− mice that
underwent sham surgery, UUO and vehicle treatment or UUO and ND-13 treatment. N = 4–5/group;
* p < 0.05 vs. same genotype sham, † p < 0.05 vs. same genotype UUO + vehicle, ‡ p < 0.05 vs. WT
UUO + vehicle; two-way ANOVA with Tukey’s post-hoc test.

In order to characterize the role of DJ-1 in the development of the renal fibrosis associated with
UUO, we performed similar studies using the DJ-1 global knockout (DJ-1−/−) mouse. In response to
UUO, and similar to our findings in the WT mice, DJ-1−/− mice significantly upregulated the mRNA
expression of the marker of fibrosis Col1a1 compared to the levels that the sham group presented
(Figure 1). However, and contrary to the results found in WT mice, treatment of DJ-1−/− mice with
ND-13 failed to prevent the elevation of Col1a1 in the cortex after UUO. In contrast, the cortical levels
of TGF-β after UUO did not significantly increase in the DJ-1−/− mice compared to sham controls,
but interestingly, treatment with ND-13 was efficient in decreasing the mRNA expression of TGF-β in
the renal cortex (Figure 1).

Similar to the results obtained by RT-PCR, Masson’s blue trichrome histological staining
demonstrated extensive interstitial fibrosis in the cortex, outer and inner medulla in WT mice
treated with vehicle, as indicated by the homogeneous presence of blue staining in Figure 2A. Although
deposition of fibrotic material was also apparent in the WT mice treated with ND-13, examination of the
tissue at higher magnification revealed that the cortical fibrosis was not as homogenously distributed,
and tended to be localized to certain areas of the cortex while other areas appeared fibrosis-free
(Figures 2A and 3A), suggesting that treatment with ND-13 may be blunting the accumulation of
fibrotic material in the renal cortex. Despite these observations of the extension of fibrosis and the clear
trend of the results, no significant difference in the cortical fibrosis quantification was found among the
WT groups (relative fibrosis: sham: 1 ± 0.4, UUO + vehicle: 2.1 ± 0.3 and UUO + ND-13: 1.0 ± 0.4,
p > 0.05, n = 4–5/group, Figure 2B).
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Figure 2. Treatment with ND-13 reduces UUO-induced renal fibrosis in WT mice. (A) Representative
full scan images of Masson’s blue trichrome-stained kidneys obtained from WT and DJ-1−/− mice that
underwent sham surgery, UUO and vehicle treatment or UUO and ND-13 treatment (scale bar = 500 µm).
(B) Quantification of collagen deposition in renal cortex of WT and DJ-1−/− mice that underwent sham
surgery, UUO and vehicle treatment or UUO and ND-13 treatment. (C) Urinary concentration of the
proximal tubule marker NGAL in WT and DJ-1−/− mice that underwent sham surgery, UUO and vehicle
treatment or UUO and ND-13 treatment. n = 4–5/group; * p < 0.05 vs. same genotype sham, two-way
ANOVA with Tukey’s post hoc test.
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Figure 3. Treatment with ND-13 seems to blunt the spread of UUO-induced fibrosis accumulation in
the cortex of WT mice but fails to do so in DJ-1−/− mice. (A) Representative Masson’s blue trichrome
images of renal cortex of WT mice that underwent sham surgery, UUO and vehicle treatment or UUO
and ND-13 treatment: 200× (upper panels; scale bar = 50 µm) and 400×magnification (bottom panels;
scale bar = 20 µm). (B) Representative Masson’s blue trichrome images of renal cortex of DJ-1−/− mice
that underwent sham surgery, UUO and vehicle treatment or UUO and ND-13 treatment: 200× (upper
panels; scale bar = 50 µm) and 400×magnification (bottom panels; scale bar = 20 µm).

Likewise, histological evaluation of cortical tissue obtained from DJ-1−/− mice after the UUO
protocol supported the molecular findings in this genotype, as ND-13 treatment had no effect on the
amount of collagen deposition detected by trichrome blue staining in this region of the kidney (relative
fibrosis, UUO + vehicle vs. UUO +ND-13: 3.4 ± 1.5 vs. 3.3 ± 1.5; Figure 2A,B and Figure 3B). The renal
fibrosis in DJ-1−/− mice was found to be evenly distributed across the cortical region (Figure 3B).

To determine the extent of renal damage, the concentration of neutrophil gelatinase-associated
lipocalin (NGAL), a marker of proximal tubule damage, was measured in urine. We found that the
urinary concentrations of NGAL were similar among the three experimental groups of WT mice,
suggesting that these groups presented similar levels of renal damage (Figure 2C). On the other hand,
fourteen days after UUO, DJ-1−/− mice presented significantly greater amounts of urinary NGAL
compared to DJ-1−/− mice that underwent sham surgery, and daily treatment of these mice with ND-13
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resulted in a normalization of these urinary values to sham levels (Figure 2C). These results suggest
that DJ-1−/− mice are more sensitive to UUO-induced kidney damage, and that ND-13 ameliorates the
damage inflicted to the proximal tubules by UUO.

2.2. Treatment with ND-13 Does Not Prevent UUO-Induced Cell Death in the Kidney

To determine if treatment with ND-13 effectively protected against kidney cell death in response to
the UUO protocol, the presence of Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End
Labeling (TUNEL)-positive areas in kidney cortex and medulla was quantified in both genotypes.
As shown in Figure 4A, and as expected, WT and DJ-1−/− sham animals hardly presented any
TUNEL-positive cells in the kidney cortex. UUO induced cell death in mice of both genotypes treated
with vehicle, although the elevation in the percentage area of the kidney that stained positive for
TUNEL only reached significance in the DJ-1−/− mice, and appeared to be greater than in WT mice
(p > 0.05, Figure 4B). Upon closer examination, the cortical TUNEL-positive stain was observed in
glomeruli, tubular cells and interstitial cells in both genotypes. Treatment with ND-13 was unable to
prevent cortical cell death in either genotype, as the percentage area of the kidney stained for TUNEL
remained elevated in both. No differences between the treatments and genotypes were observed in the
renal medulla (Figure 4B).

Figure 4. ND-13 does not protect against UUO-induced cell death. (A) Representative images of
TUNEL stained (brown color) kidney cortex from WT (upper panels) and DJ-1−/− mice that underwent
sham surgery, UUO and vehicle treatment or UUO and ND-13 treatment (scale bar = 100 µm).
(B) Quantification of cell death (% TUNEL-positive area) in kidney cortex and medulla of WT and
DJ-1−/− mice that underwent sham surgery, UUO and vehicle treatment or UUO and ND-13 treatment.
n = 4–5/group; * p < 0.05 vs. same genotype sham, two-way ANOVA with Tukey’s post-hoc test.
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2.3. Renal Expression of Cytokine and Chemokine Genes Associated with UUO Is Ameliorated in Mice Treated
with ND-13

Renal inflammation has been proven to be intimately associated with the development of kidney
damage [2]. Therefore, we evaluated the level of kidney inflammation in our experimental animals and
found that WT mice that underwent UUO, and were treated with vehicle, had significantly upregulated
expression of cytokines TNF-α and IL-6 and chemokine CCL25 in the renal cortex (Figure 5). Interestingly,
daily treatment with ND-13 led to a significant attenuation in the expression of these markers of
inflammation, bringing their expression levels to values similar to those found in the sham WT group.

Figure 5. Expression of cytokine and chemokine genes associated with UUO is attenuated in kidneys
obtained from WT mice treated with ND-13. Relative mRNA expression of cytokines TNF-α and IL-6

and chemokine CCL25 in renal cortex of WT mice and DJ-1−/− mice that underwent sham surgery,
UUO and vehicle treatment or UUO and ND-13 treatment. n = 4–5/group; * p < 0.05 vs. same genotype
sham, † p < 0.05 vs. same genotype UUO + vehicle, ‡ p < 0.05 vs. WT UUO + vehicle; two-way ANOVA
with Tukey’s post-hoc test.

Similar to the trends found in WT mice, ND-13 had anti-inflammatory effects on DJ-1−/− mice
that underwent UUO surgery, as indicated by the blunted expression of TNF-α, CCL25 and IL-6 in
the renal cortex compared to the values observed in the vehicle-treated group (Figure 5). Of note,
the TNF-α response to UUO was significantly smaller in DJ-1−/− mice treated with vehicle than the
response observed in WT mice treated with vehicle (Figure 5).

2.4. ND-13 Treatment Attenuates the UUO-Induced Cortical Macrophage Inflammation in WT Mice, but Not

in DJ-1−/− Mice, While Not Preventing the Infiltration of T-Lymphocytes in Either Genotype

As expected, the population of T-lymphocytes (CD3+ cells) in the cortex was elevated in WT
mice after UUO, although it did not reach statistical significance from the levels shown in mice that
underwent sham surgery (sham vs. UUO + vehicle: 4.6 ± 0.7 vs. 14.9 ± 4.6 cells/field, p > 0.05,
n = 4–5/group). Daily treatment with ND-13 failed to normalize the kidney T-cell inflammation in
WT mice (16.1 ± 2.8 cells/field; Figure 6). Similarly, DJ-1−/− mice showed an increased infiltration of
T-lymphocytes in the renal cortex (Figure 6) in response to UUO (sham vs. UUO + vehicle: 3.7 ± 0.3
vs. 24.9 ± 2.2 cells/field, p < 0.05, n = 4–5/group). However, the magnitude of T cell accumulation
in the cortex of DJ-1−/− mice was greater than in WT mice (WT mice vs. DJ-1−/− mice: 14.9 ± 4.6 vs.
24.9 ± 2.2 cells/field), and it remained elevated despite the ND-13 treatment (26.0 ± 8.3 cells/field). Raw
data for the T cell numbers in each of the 10 fields evaluated per animal, as well as the mean and SEM
per animal, are provided in Supplementary Table S1.
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Figure 6. Treatment with ND-13 does not prevent the UUO-induced infiltration of T cells into the
kidney cortex of mice that underwent UUO. Representative images and quantification of T cell (CD3+

cells) infiltration in renal cortex of WT (upper panels) and DJ-1−/− (bottom panels) mice that underwent
sham surgery, UUO and vehicle treatment or UUO and ND-13 treatment (scale bar = 20 µm). * p < 0.05
vs. same genotype sham, † p < 0.05 vs. same genotype UUO + vehicle; two-way ANOVA with Tukey’s
post hoc test.

Similar to what was found with T cells, the number of macrophages infiltrating the cortex was
elevated fourteen days after UUO surgery (sham vs. UUO + vehicle: 0.1 ± 0.0 vs. 2.4 ± 1.1 % area
stained positive for F4/80, p > 0.05, n = 4–5/group). However, treatment with ND-13 only tended to
attenuate those numbers (0.7 ± 0.3 % area stained positive; Figure 7). Evaluation of the macrophage
population in the renal cortex of DJ-1−/− mice also revealed elevated numbers of these immune cells
after UUO (sham vs. UUO + vehicle: 0.2 ± 0.1 vs. 6.5 ± 1.2 % area stained positive for F4/80, p < 0.05,
n = 4–5/group); however, in contrast to WT mice, treatment with ND-13 failed to prevent macrophage
infiltration in these mice, and the numbers of macrophages were similar to those found in mice treated
with vehicle (7.0 ± 2.0 % area stained positive) (Figure 7). Of note, the magnitude of the cortical
infiltration of macrophages after UUO was significantly worse in the case of the DJ-1−/− mice compared
to WT mice (UUO + vehicle, WT mice vs. DJ-1−/− mice: 2.4 ± 1.1 vs. 6.5 ± 1.2 % area stained positive,
p < 0.05, n = 4–5/group). Raw data for the percentage area stained positive for F4/80 quantified in
each of the 10 fields/animal, as well as the mean and SEM per animal, are provided in Supplementary
Table S2.
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Figure 7. Treatment with ND-13 tends to decrease the UUO-induced macrophage infiltration into the
renal cortex of WT mice that underwent UUO but fails to prevent this inflammation in DJ-1−/− mice
that underwent UUO. Representative images and quantification of macrophage infiltration (% area
stained for F4/80) in renal cortex of WT mice that underwent sham surgery, UUO and vehicle treatment
or UUO and ND-13 treatment (scale bar = 20 µm). * p < 0.05 vs. same genotype sham, † p < 0.05 vs.
same genotype UUO + vehicle, ‡ p < 0.05 vs. WT UUO + vehicle; two-way ANOVA with Tukey’s post
hoc test.

2.5. ND-13 Does Not Improve the Renal Damage Score in UUO Mice

The tubular damage and neutrophilic infiltrates present in the kidneys obtained from the
experimental mice were evaluated using hematoxylin and eosin (H&E) stained sections and given
a combined renal damage score. Kidneys obtained from UUO mice showed epithelial flattening and
focally dilated tubules, with moderate proteinaceous contents and casts, and showed no difference
between genetic backgrounds or treatment conditions. The glomerular morphology presented
unremarkable changes in all groups. The renal damage score based on H&E staining showed a very
small, insignificant protective effect of ND-13 on the extent of the neutrophilic infiltrate in the cortex.
The means and standard errors of these inflammation scores, adjusted by density, are the following:
C57BL/6 mice with UU0 + vehicle: 1.45 ± 0.83 vs. UU0 +N-13: 1.15 ± 0.81; DJ-1−/− mice with UU0 +
vehicle: 3.13 ± 1.04 vs UU0 + N-13: 2.31 ± 1.14. Significant differences were not found between the
groups. No inflammation was found in the control mice and no apparent morphological changes were
found in the contralateral kidneys.
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3. Discussion

The major finding of this study is that treatment with ND-13 is effective in preventing the
exaggerated expression of kidney fibrotic and inflammatory markers that normally develop as
consequences of UUO. We demonstrated that ND-13 significantly reduced the expression of fibrotic
markers col1a1 and TGF-β and prevented the accumulation of macrophages in the kidney of C57Bl/6J
mice after UUO. The fact that ND-13 did not protect DJ-1−/− mice against the UUO-induced renal
damage highlights the critical role of DJ-1 as an important mediator of this protective mechanism. To
our knowledge, this is the first report to evaluate the protective effects of ND-13 in renal diseases.

According to the Center for Disease Control, 37 million Americans suffered from chronic kidney
disease in 2019, with associated health costs of about $114 billion to care for these patients [26].
Current therapies are not effective in preventing the development of renal disease [27]. Thus,
new therapeutic alternatives are urgently needed. There is abundant evidence in the literature that
demonstrates that renal inflammation and renal fibrosis precede the development of chronic kidney
disease [28], highlighting the critical involvement of these two factors in the pathogenesis of renal
damage. Among other kidney diseases, inflammation and fibrosis are involved in the progression of
glomerulonephritis [29], acute kidney injury [7], polycystic kidney disease [30], renal artery stenosis [31],
lupus nephritis [32] and diabetic nephropathy [33]. Accordingly, pharmacological therapies aimed
at the attenuation of inflammatory and fibrotic processes may be an appropriate approach in the
prevention of these renal pathologies.

UUO is a model of progressive kidney fibrosis and inflammation that is characterized by tubular
dilation, loss of proximal tubular mass, interstitial expansion, hypertrophy, hydronephrosis and tubular
epithelial cell death [34]. The mechanical stretching induced by the tying of the ureter stimulates
a massive production of reactive oxygen species (ROS) and cellular apoptosis in the affected kidney that,
in turn, result in alterations of the hemodynamic status and significant inflammation and fibrosis [34].
Therefore, UUO is an ideal experimental model to evaluate the putative preventive effects of ND-13
against renal damage and, particularly, on kidney fibrosis.

To examine DJ-1 as a possible novel therapeutic target for renal diseases, we used the 20 aa peptide
known as ND-13 [23]. Treatment of WT mice with ND-13 blunted the UUO-induced upregulation in
the kidney expression of TGF-β and Col1a1, and also decreased the kidney expression of inflammatory
markers TNF-α, IL-6 and CCL25. Interestingly, the ND-13-mediated decrease in fibrotic marker
expression was not accompanied by a significant improvement in the deposition of collagen in the
kidney. These seemingly contradictory findings could be due to the long timeline in our studies, where
the animals were examined a full two weeks after the UUO protocol. This timeline, compared to shorter
postsurgical times, is known to induce severe injury to the kidney and stimulate extreme deposition
of collagen in this organ [34–36]. The protective effects of ND-13 against collagen deposition may
have been hindered by starting the treatment at the same time as the UUO pathology. Interestingly,
and although it did not reach statistical significance, we observed that the cortical fibrosis in the WT mice
treated with ND-13 was not as generalized as it was in mice treated with vehicle, possibly suggesting
that treatment with ND-13 may have slightly slowed down the fibrotic deposition. Considering
the profound reduction in kidney fibrotic marker expression induced by ND-13, it is likely that its
effects on kidney fibrosis would have been different if the animals were treated with this peptide for
a period of time prior to the UUO protocol. This is a research avenue that our group will investigate
in the future. Similarly, the protective effects of ND-13 did not extend to the renal T cell infiltration,
which remained elevated. However, it seemed to prevent the macrophage influx into this organ. It is
possible that ND-13 shifted the phenotype of the T cell and macrophage populations present in the
kidney from a proinflammatory type to an anti-inflammatory type (i.e., Tregs vs. Th17 cells, or M1 vs.
M2 macrophages) attenuating the inflammatory response and renal damage. Future follow-up studies
will focus on the further evaluation of immune cell subtypes present in the kidneys of these animals in
order to completely understand the effects of ND-13 in proinflammatory versus anti-inflammatory
immune populations in the kidney after UUO. Moreover, these results suggest promising protective
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effects of ND-13 that could be more evident in less aggressive animal models of kidney disease with
pathogenic mechanisms more similar to human renal disease.

On the other hand, and despite the attenuation in the expression of inflammatory cytokines that
we observed in DJ-1−/− mice that underwent UUO and were treated with ND-13, we did not find
differences in kidney fibrosis nor collagen deposition in these mice when compared with the shams.
The fact that treatment with ND-13 did not decrease kidney fibrosis in DJ-1−/− mice, but it did in WT
mice, strongly underlines the essential role of renal DJ-1 in the prevention of renal damage.

Our group previously reported the effects that deletion of DJ-1 has on renal oxidative stress and
injury as well as on blood pressure [16,20,21] and a protective role of DJ-1 in endotoxin-induced acute
kidney injury was recently described [36]. We demonstrated that silencing DJ-1 expression in mouse
kidneys, and in mouse proximal tubule cells specifically, attenuates the expression and activity of
Nrf2 and results in increased ROS production [20]. Nrf2 is a master regulator of antioxidant and
anti-inflammatory factors [19], and its activity and expression is regulated by ROS production [37].
Moreover, genetic deletion of DJ-1 leads to increased ubiquitination of Nrf2, suggesting that the renal
protection exerted by DJ-1 is mediated by preventing the degradation of Nrf2 [20]. Interestingly,
both DJ-1 and Nrf2 are activated in acute kidney injury [38], and Nrf2 has been proven to inhibit the
development and progression of several diseases affecting the kidney [17,39]. In previous studies,
we also demonstrated that DJ-1 increases Nrf2 expression and activity only under pathological
conditions and has no effects on Nrf2 in the physiological setting.

Consistent with our results, previous studies demonstrated that DJ-1 stabilized Nrf2 by preventing
binding to Keap1 and Nrf2’s subsequent ubiquitination [40]. DJ-1 may amplify Nrf2 activity by
avoiding its degradation. However, the ability of DJ-1 to stimulate directly the Nrf2 pathway has not
been demonstrated [41]. We speculate that ND-13 prevents the undesirable consequences of chronic
Nrf2 activation. Thereby, ND-13 may be an appropriate therapeutic approach to enhance the actions
of Nrf2, and it could be used to minimize the side effects associated with treatment of chronic Nrf2
activation by other Nrf2 inducers i.e., bardoxolone [42,43] in humans. Our working hypothesis is
that the ROS and inflammation that are induced by UUO lead to increased levels of interleukins and
chemokines and, in turn, to the activation of the immune response in the kidney. This inflammatory
and oxidative milieu creates a vicious cycle that leads to fibrosis and promotes kidney damage and
kidney dysfunction. In this setting, DJ-1 prevents the ubiquitination of Nrf2, amplifying this molecule’s
antioxidant response. We speculate that Nrf2 would attenuate oxidative stress and inflammation in the
kidney, leading to reduced cytokine expression and thereby preventing inflammation and preserving
renal function (Figure 8).
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Figure 8. Working hypothesis. ROS and inflammation induced by unilateral ureter obstruction increase
interleukin and chemokine expression activating the immune response. This inflammatory/oxidative
environment leads to a vicious cycle, which may produce fibrosis and induce renal damage and kidney
dysfunction. DJ-1 prevents the ubiquitination of Nrf2 and amplifies its response. Nrf2 may be acting
by attenuating the oxidative stress and inflammation, leading to a reduced cytokine expression and
preventing inflammation, resulting in protection of the renal function.

In summary, these data suggest that ND-13 prevents the renal inflammation and fibrosis associated
with the acute renal damage induced by UUO. Further studies are needed to confirm if ND-13 treatment
may be a new therapeutic approach for the prevention of renal injury, fibrosis and inflammation in
human renal disease.

4. Materials and Methods

4.1. Animal Studies

All protocols were conducted in accordance with the Guide for the Care and Use of Laboratory
Animals, and were approved by the Institutional Animal Care and Use Committee of the George
Washington University (project identification numbers A353 and A412, approved on 26 February 2019
and 21 February 2019, respectively). Eight to nine-week old male C57Bl/6J (Jax Labs, Bar Harbor,
ME) or DJ-1−/− mice (from our in-house colony) were used in these studies. Mice of each genotype
underwent sham or unilateral ureter obstruction (UUO) surgery. In short, mice were anesthetized,
the lower abdomen was opened and the left ureter was completely tied off using suture [44]. In those
mice in the sham group, the abdomen was opened, the left ureter touched with a cotton tipped
applicator and the abdomen was then sutured. The mice that underwent UUO surgery received either
ND-13 (3 mg/kg/day, s.c.) or vehicle (scrambled peptide; 3 mg/kg/day, s.c.) starting from the day
after surgery until the end of the study. Twelve days into the study, mice were placed in metabolic
cages, acclimated to the cages for one day, and 24 h-urine was collected on the second day on the
metabolic cages. On day 14 of the study, the mice were sacrificed, and kidneys harvested. One of the
kidneys was snap-frozen in liquid nitrogen, while the other was placed in formalin for histological
studies. No significant differences were found among the experimental groups regarding body weight,
food intake, water intake or urine production (Table 1).
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Table 1. Physical characteristics of the experimental groups.

Body Weight (g)

Pre Post Gain/Loss

Mean SEM Mean SEM Mean SEM

WT sham 28.75 3.22 28.85 2.90 0.10 0.38
DJ-1−/− sham 25.38 1.58 25.74 1.62 0.36 0.09
WT vehicle 23.30 2.05 23.94 2.00 0.64 0.31

DJ-1−/− vehicle 26.20 3.12 26.40 3.18 0.20 0.16
WT ND-13 28.72 2.89 29.26 2.76 0.54 0.76

DJ-1−/− ND-13 24.80 3.40 25.02 4.01 0.22 0.34

Food Intake (g)

Pre Post Net

Mean SEM Mean SEM Mean SEM

WT sham 75.85 0.57 72.40 2.95 3.45 2.57
DJ-1−/− sham 74.00 3.74 70.84 2.99 3.16 1.14
WT vehicle 70.66 3.89 64.80 3.87 5.86 1.88

DJ-1−/− vehicle 74.50 4.08 71.70 4.16 2.80 0.42
WT ND-13 71.06 3.14 65.56 3.76 5.50 1.29

DJ-1−/− ND-13 71.78 3.02 68.53 3.21 3.25 1.41

Water Intake (mL)

Pre Post Net

Mean SEM Mean SEM Mean SEM

WT sham 53.43 6.34 50.73 7.44 2.70 1.31
DJ-1−/− sham 55.44 4.97 51.48 3.90 3.96 1.60
WT vehicle 55.08 2.22 49.98 3.89 5.10 1.82

DJ-1−/− vehicle 57.90 6.12 54.25 6.02 3.65 0.53
WT ND-13 56.08 1.93 50.34 2.28 5.74 0.57

DJ-1−/− ND-13 59.58 2.75 55.45 2.22 4.13 1.97

Urine (mL)

Mean SEM

WT sham 0.63 0.28
DJ-1−/− sham 0.69 0.32
WT vehicle 1.10 0.36

DJ-1−/− vehicle 1.18 0.28
WT ND-13 1.86 0.65

DJ-1−/− ND-13 1.38 0.51

M: mean; SEM: standard error of the mean.

4.2. Quantitative RT-PCR

RNeasy mini kit (Qiagen, Valencia, CA, USA) was used to extract RNA from the kidney cortex.
The amount of extracted RNA was quantified by spectrophotometry (NanoDrop ND-1000, Thermo
Scientific, Waltham, MA, USA). RNA reverse transcription was performed using Quantitect Reverse
Transcription kit (Qiagen) and following manufacturer’s instructions. Primers were purchased
from QuantiTect (Qiagen): Col1a1 (QT00371308), TGF-β QT00371308), TNF-αQT00371308), CCL25

(QT00371308) and IL-6 (QT00371308). GAPDH was used as housekeeping gene (QT01658692).
RNA expression was detected by the Quantitect SYBR green kit (Qiagen) and using a CFX96 Touch
RT-PCR detection system (Bio-Rad, Hercules, CA, USA).
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4.3. Histology and Fibrosis Quantification

Kidneys were fixed overnight in 4% buffered formalin solution at room temperature, transferred
to 70% ethanol for 24 h, and paraffin-embedded. Tissues were cut longitudinally into 4 µm-thick
sections and mounted on Superfrost slides. Masson’s trichrome blue staining was used to visualize
renal fibrosis using bright-field microscopy (Olympus BX40 with 10× eyepiece lens; Olympus America,
Melville, NY, USA). Full scans of the kidneys were obtained using a microscope fitted with a motorized
XY stage and a digital camera (Olympus DP71), with sequential 20× images of each kidney taken and
digitally stitched together with CellSense imaging software (Olympus). The cortical area of each full
kidney scan was outlined and the percentage of blue fibrotic deposition within the outlined area was
quantified using MetaMorph software (Molecular Devices LLC., San Jose, CA, USA). The average
percentage fibrotic area for each experimental group was calculated and then normalized to the sham
group. Data are presented as relative fibrosis compared to sham group.

4.4. Immunohistochemistry and Quantification of Immune Cell Infiltration in the Kidney

Tissue sections were stained with primary antibodies specific for CD3 (1:600; Abcam, Cambridge,
MA, USA) and F4/80 (1:200; Bio-Rad, Hercules, CA, USA) and detected with polymer conjugated
secondary antibody (Biocare Medical, Concord, CA, USA). Quantification of renal T-lymphocyte
(CD3+ cells) infiltration was performed by blindly counting 10 microscopic fields (200 × 200 µm, 400×
magnification) in each renal cortex. Infiltrating T cell numbers are reported as the average of the counts
in the 10 fields per renal cortex. Quantification of renal macrophages (F4/80+ cells) was performed
by taking 10 cortical images from each animal at 400×magnification. The percentage of cortical area
stained positive for F4/80 was quantified in each image using MetaMorph software and the average
expression per animal was calculated. The data are reported as the average percentage area that stained
positively for F4/80 per experimental group.

4.5. Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling (TUNEL) Assay and
Quantification

Tissue sections were stained using the Apoptag® Plus Peroxidase In Situ Apoptosis Kit (S7101,
MP Biomedicals, Santa Ana, CA, USA) in order to detect dead cells. Ten microscopy images were taken
of each kidney cortex and medulla (400 × 400 µm fields at 200×magnification) and the area stained
positively with TUNEL in each image was quantified using Metamorph software and averaged per
kidney region and animal. The data are reported as the average percentage area that stained positive
for TUNEL in cortex and medulla per experimental group.

4.6. Urinary NGAL Measurements

Urine collected on day two of the metabolic cage study was analyzed for concentration levels of
the proximal tubular injury marker neutrophil gelatinase-associated lipocalin (NGAL) using an ELISA
kit (Abcam). Average concentration per experiment group was calculated and the data are presented
as percentage of sham group.

4.7. Renal Damage Evaluation

Five images per mouse kidney section stained with H&E were evaluated by a blinded pathologist
and each mouse was assigned a renal damage score based on the following criteria: inflammatory
involvement (1 = <25%, 2 = 25–50%, 3 = 50–75%, 4 = >75%), inflammatory density (1 =mild, 2 =mild-
moderate, 3 =moderate-severe, 4 = severe), dilation of tubules and tubular injury with neutrophilic
infiltrates (PMNs) (1 = <2, 2 = 2–4, 3 = several, 4 =many) and casts (1 = <3, 2 = easily found; 3 =many).
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4.8. Statistical Analysis

All data are expressed as mean ± SEM. Differences between groups were analyzed by two-way
analysis of variance with a Tukey’s post hoc test. A p < 0.05 was considered statistically significant.
All statistical analyses were conducted using SigmaPlot 11 (Systat Software, Inc., San Jose, CA, USA).
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Abstract: Growth differentiation factor 15 (GDF15) is a member of the transforming growth
factor-β (TGF-β) cytokine family and an inflammation-associated protein. Here, we investigated
the role of GDF15 in murine anti-glomerular basement membrane (GBM) glomerulonephritis.
Glomerulonephritis induction in mice induced systemic expression of GDF15. Moreover,
we demonstrate the protective effects for GDF15, as GDF15-deficient mice exhibited increased
proteinuria with an aggravated crescent formation and mesangial expansion in anti-GBM nephritis.
Herein, GDF15 was required for the regulation of T-cell chemotactic chemokines in the kidney.
In addition, we found the upregulation of the CXCR3 receptor in activated T-cells in GDF15-deficient
mice. These data indicate that CXCL10/CXCR3-dependent-signaling promotes the infiltration of
T cells into the organ during acute inflammation controlled by GDF15. Together, these results
reveal a novel mechanism limiting the migration of lymphocytes to the site of inflammation
during glomerulonephritis.

Keywords: inflammation; T cells; glomerulonephritis; innate immunity; chemokines

1. Introduction

Anti-glomerular basement membrane glomerulonephritis (anti-GBM nephritis) is a severe acute
kidney disease characterized by a variety of lesion patterns, including crescents, vascular loop necrosis,
and mesangial expansion, suggesting multiple pathogenic mechanisms [1–4]. The upstream role of
the adaptive immune system in failing to maintain immune tolerance and its downstream role in
causing antigen-specific immunopathology in the glomerular compartment of the kidney has been
widely recognized [3,5–7]. Experimental and clinical studies confirmed that various pro-inflammatory
mediators are involved in this process [8–10]. For example, chemokines and transforming growth
factor-β (TGF-β) family members regulate the inflammatory process and determine the progression
and outcome of anti-GBM nephritis [11–14].

149



Int. J. Mol. Sci. 2020, 21, 6978

Growth differentiation factor 15 (GDF15, also known as macrophage inhibitory cytokine-1, MIC-1)
is produced as a 35 kDa full-length form, cleaved in the N-terminus and secreted as a 25 kDa
mature form [15]. GDF15 is a divergent member of the TGF- β superfamily and shows several
structural differences compared to the rest of the superfamily. GDF15 is a regulator of inflammatory
response dendritic cells maturation [16] and peripheral blood mononuclear proliferation [17]. Moreover,
its role was suggested in cervical cancer, glioblastoma, cardiovascular ischemic stress, obesity,
and metabolic disease, such as mitochondrial myopathies [18–24]. However, the knowledge of
its role in progression of glomerulonephritis (GN) and mechanisms of function is still limited and
requires further investigation. T cell-driven effector mechanisms play an important role, particularly in
crescentic GN [25], and understanding the function of T-cells in the disease can be beneficial in future
therapies for glomerular injury. Some studies showed a functional role for CD4+ T cells as effector cells
participating in the development of crescentic GN by executing delayed-type hypersensitivity [26].
Others identified CD4+ cells but not CD8+ cells as crucial for the development of crescentic GN in
mice [27]. By contrast, some findings suggest that glomerular injury in anti-GBM GN is driven by
macrophage recruitment, which depends on both CD4+ and CD8+ T cells, and that T cell cytotoxicity
does not play a role in the progression of the disease [28]. However, an anti-CD8 monoclonal
antibody therapy was effective in both the prevention and treatment of experimental autoimmune
glomerulonephritis [29], which could be associated with the effects of CD8+ cells on ICAM-1 and
cytokine expression in crescentic glomerulonephritis [30]. Until now, systemic GDF15 levels have been
shown to correlate with the progression of chronic kidney disease (CKD). Recombinant GDF15 protein
reduced fibroblast activation and interstitial fibrosis in a model of unilateral ureter obstruction (UUO),
possibly by blocking the TGF-β receptor and N-Myc signaling pathways [31]. Moreover, GDF15 reduces
the expression of MHC class II and co-stimulatory molecules, as well as NF-kB family members Rel A
and Rel B, IL-2, IFN-γ, and IL-12p40, and increases expression of TGF-β, and IL-10 [32]. In general,
GDF15 is believed to be associated with stress responses, but its precise biological functions remain to
be elucidated. Although GDF15 has been shown to affect aspects of chronic diseases (both inflammation
and fibrosis), whether it controls glomerular disease progression is unclear [31,33,34].

In the present study, we used GDF15-deficient mice to investigate the role of GDF15 in anti-GBM
nephritis. We hypothesized that GDF15 ameliorates the anti-Glomerular Basement Membrane (GBM)
glomerulonephritis by limiting the inflammation and infiltration of the immune cells into the kidney.

2. Results

2.1. Experimental Anti-GBM Nephritis Is Associated with Higher Systemic and Intrarenal Expression
of GDF15

We first asked if we could detect increased levels of GDF15 in mice following anti-GBM nephritis.
To develop a reliable model, we tested several protocols and chose one with significant proteinuria and
histopathological changes (Figure 1A). The nephrotoxic potential of the GBM antiserum in C57BL/6
mice (without pre-immunization) was previously assessed [35]. To implement the autologous adaptive
immune response, we immunized mice with sheep-IgG 7 days prior to anti-GBM serum injection.
We compared the development of albuminuria from day 0 to 21 in order to define the time-point
with stable glomerular injury (Figure 1A). Moreover, we compared the amount of albuminuria of
pre-immunized mice with mice without pre-immunization (heterologous model). Pre-immunization
and the administration of anti-GBM serum resulted in a significant increase in albuminuria at 7 and
14 days. RT-PCR analysis of Gdf15 and serum analysis of the protein revealed a low basal expression
level, which was significantly upregulated 14 days upon anti-GBM serum injection (Figure 1B,C).
We conclude that GDF15 is induced anti-GBM nephritis and that our protocol (7+ 14 days) of autologous
anti-GBM nephritis is suitable to study the role of GDF15 in glomerular inflammation.
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Figure 1. Evaluation of the anti-GBM model and expression of GDF15. (A) We used the commercially
available GBM antiserum that was raised in sheep against rat GBM. We first examined its nephritogenic
potential in C57BL/6 mice by assessing albuminuria 7, 14, and 21 days after a single intravenous injection
of antiserum in pre-immunized mice, as well as in mice without pre-immunization (gray bar, 14 days).
(n = 5, one-way ANOVA). (B) Total RNA isolated from kidneys of saline- or antiserum-injected C57BL/6
mice underwent quantitative real-time RT-PCR analysis and revealed significantly higher expression
of Gdf15 in treated mice. (C) Serum GDF15 level was significantly increased in antiserum-injected
C57BL/6 mice (n = 12, Student’s t-Test). Data are mean ± SEM. * p < 0.05; ** p < 0.01.

2.2. GDF15 Deficiency Aggravates Albuminuria, Kidney Function Loss, and More Severe Tubular and
Glomerular Injury in Anti-GBM Nephritis

In order to address the role of GDF15 in glomerular inflammation, we applied the same protocol
to C57BL/6 mice and Gdf15-/- mice. Plasma levels of multiple cytokines revealed an increased
pro-inflammatory systemic signature. We detected significantly increased levels of IL-6, IL-12, TNF-α,
and IFN-γ in the serum of GDF15-deficient mice (Figure 2A). Significantly increased glomerular
filtration markers such as serum creatinine and blood urea nitrogen, glomerular injury markers-i.e.,
albuminuria (albumin/urine creatinine ratio), and tubular injury markers-i.e., urinary lipocalin-2
(NGAL) were noted in Gdf15-/- mice compared with wild type controls, which indicates more severe
kidney disease in knockout mice (Figure 2B).

Based on these data, we assumed that GDF15 might play a protective role in anti-GBM nephritis.
Both ongoing inflammation and severe glomerular injury can cause tubular injury. As expected,
kidney sections stained with Periodic acid Schiff (PAS) reagent revealed increased tubular cast formation
and tubular atrophy (scored as tubular injury TI) in nephritic GDF15-deficient animals compared
to nephritic wild type animals (Figure 2D). These results demonstrate that the systemic deletion of
Gdf15 ameliorates proteinuria and renal tubular injury in anti-GBM nephritis. We did not observe any
significant differences in total IgG levels in the blood of wild type and knockout mice. Consequently,
the whole IgG staining of renal tissue did not reveal significant differences between the two treated
groups (Figure 2C).

Because the majority of patients with an anti-GBM disease develop widespread glomerular
crescent formation followed by features of rapidly progressive glomerulonephritis, we quantified
the number of glomerular crescents of n = 8 mice per group. We showed that GDF15-deficient mice
displayed enhanced crescent formation (Figure 3A). As endothelial cells (ECs) are involved in the
inflammatory process in glomeruli and the progression of glomerulonephritis, we investigated by
immunohistochemistry the expression of CD31. Glomerular endothelial injury leads to podocyte loss
and proteinuria. A cross-sectional evaluation revealed that the glomeruli of Gdf15-/- mice strongly
expressed the CD31 marker (Figure 3B). Importantly, we observed the differences in glomerular
architecture between wild type and knockout mice, indicating distinct stages of glomerulonephritis.
To assess the cellular (including endothelial cell) proliferative responses, we stained renal sections with
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the antibody against Ki67. We observed increased proliferation of the cells in glomeruli as in the other
renal compartments. This indicates the higher rearrangement (triggered by higher injury) of the tissue
of knockout mice compared to wild types (Figure 3C). Furthermore, Gdf15-/- mice with anti-GBM
nephritis exhibited a decreased number of WT1 positive podocytes in the glomeruli (Figure 3D).
These pathological features explained massive albuminuria, increased BUN, and serum creatinine
observed (Figure 2B). Together, lack of GDF15 induces severe renal disease upon anti-GBM serum
treatment, whereas control mice (WT anti-GBM) displayed a less severe phenotype. These data
emphasize an indispensable role for GDF15 in kidney disease.

 

 

Figure 2. Systemic inflammation, kidney function, and histopathology of anti-GBM nephritis. (A) Sera
were obtained from wild type or GDF15-deficient C57BL/6 mice on day 14 after saline or antiserum
(anti-GBM) injection. Cytokine levels were quantified by flow cytometry (n = 15–17, one-way ANOVA).
(B) Renal function parameter (n = 15–17, one-way ANOVA). (C) Serum IgG levels (n = 15–17, one-way
ANOVA) and immunohistochemistry staining for IgG on kidney sections were quantified. (D) Kidneys
from WT or KO mice were paraffin-embedded, stained with Periodic acid-Schiff (PAS) reagent, and
quantified to assess tubular casts formation and tubular injury score (n = 8 mice per group, one-way
ANOVA). Representative images of renal sections (original magnification 400×). Data are mean ± SEM.
* p < 0.05; ** p < 0.01; *** p < 0.001.

152



Int. J. Mol. Sci. 2020, 21, 6978

 

 

Figure 3. Kidney histopathology of anti-GBM nephritis. Sections were obtained from wild type or
GDF15-deficient C57BL/6 mice on day 14 after saline or antiserum (anti-GBM) injection. Kidneys from
WT or KO mice were paraffin-embedded and stained either with (A) PAS, (B) anti-CD31 antibody,
(C) anti-ki67 antibody and (D) anti-WT1 antibody, and quantified (n = 8 mice per group, one-way
ANOVA). Representative images of renal sections (original magnification 400×). Data are mean ± SEM.
* p < 0.05; ** p < 0.01.

2.3. Gdf15-Deficient Mice Exhibit Increased Renal Inflammation in Anti-GBM Nephritis Model

Further, we investigated the impact of GDF15 on renal inflammation as one of the key determinants
of glomerular damage and albuminuria in the early phase of anti-GBM nephritis. We hypothesized that
the mechanism underlying severe glomerulonephritis in Gdf15-/- mice could be associated with T cells.
T-cells play a crucial role in proliferative and crescentic glomerulonephritis and can be a trigger of severe
and rapid damage even in the absence of glomerular antibody deposition [3,8,36]. Indeed, we observed
a significant increase in the number of CD3+ T cells, neutrophils, and macrophages on kidney sections
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from anti-GBM-treated Gdf15-/- mice compared with WT mice (Figure 4A). At the preselected mRNA
level, the expression of the glomerular extracellular matrix proteins, matrix remodeling enzymes matrix
metalloproteinase-7 and matrix metalloproteinase-9, as well as inflammation markers, was higher in
anti-GBM-treated Gdf15-/- mice compared with WT mice on day 14 (Figure 4B). However, the further
quantification of samples revealed that the expression of chemokines/cytokines Ccl2, Ccl5, Cxcl1, Cxcl10,

Ctgf, and Il2, as well as adhesion molecules Icam1 and Vcam1, were significantly more expressed
in GDF15-deficient mice compared to wild type mice upon anti-GBM serum treatment. Together,
the systemic lack of GDF15 leads to an increased progression of renal disease by orchestrating
inflammation and immune cell influx.

 

 

Figure 4. Kidney inflammation in wild type and Gdf15 KO mice with anti-GBM nephritis. (A) Kidney
sections were stained with anti- CD3, Ly6G, or Mac2 antibodies and quantified by counting, as indicated
on graphs and in material and methods (n = 9–15 mice per group, one-way ANOVA). (B) Heat
map depicting kidney expression of pre-selected genes of wild type and GDF15-deficient mice upon
anti-GBM serum treatment. (C) Gene expression levels in kidneys were quantified by real-time PCR.
Data are shown as means of the ratio of the specific mRNA vs. that of Gapdh mRNA (n = 6–8 samples per
group, Student’s t-Test). Data are mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001 versus control mice.

2.4. T Cells from Wild Type and Knockout Mice Display No Differences in Expression of Adhesions Markers

Due to the observed kidney influx of CD3+ cells and the increased IL-2 expression (crucial T-cell
cytokine), we hypothesized that T cells from Gdf15-/- mice could also have an adhesion associated
phenotype. To evaluate the effect of GDF15-deficiency on the adhesive capacity of T cells, we established
an in vitro system in order to analyze the expression of several adhesion markers on T cells isolated
from spleens. After the activation of naïve T cells with LPS, we did not observe increased expression of
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CD28, CD154, CD62L, and CD11a/CD18 in CD4+ T cells (Figure 5B) nor CD8+ T cells (Figure 5C) in
comparison with unprimed vehicle-treated cells. We did not see any significant differences between
WT and KO cells. After in vitro stimulation, T cells from wild type and Gdf15-/- mice showed
no differences in TCR internalization, evidenced by the reduction in CD3 MFI (data not shown).
Interestingly, we observed a shift towards CD8+ cytotoxic T cells in primed GDF15-deficient cells
(Figure 5A). The accumulation of effector CD8+ T lymphocytes may suggest increased damage to the
surrounding tissue.

 

γ

γ

Figure 5. Stimulation of splenic T cells from WT and Gdf15 KO mice with or without LPS ex vivo.
(A) T cells were isolated from WT and Gdf15 KO mice and stimulated with or without LPS for 24 h.
The percentage of CD4+CD8- and CD8+CD4- T cells was quantified by flow cytometry (gating strategy,
n = 4–5 per group, one-way ANOVA). (B,C) Mean fluorescence intensity (MFI) of the surface markers
CD28, CD154, CD62L, CD2, and CD11a/CD18 on LPS-stimulated or untreated CD4+CD8- T cells
(B) and CD8+CD4- T cells (C) (n = 4–5 per group, one-way ANOVA). Data are mean ± SD. * p < 0.05.

As the trafficking of T cells to tissues mainly depends on the tissue microenvironment, we decided
to investigate the effect of chemokines that were highly expressed during anti-GBM nephritis on the
migratory potential of T cells. We used both naïve and activated T cells (interaction with APC upon
LPS treatment), and analyzed their migration towards the chemokines CXCL1, CXCL10, and CCL5
using migration chambers with micro-channels for 24 h. We observed a significant increase in the
percentage of T cells from GDF15-deficient mice that migrated towards CXCL10 but not CXCL1 and
CCL5 (Figure 6A). CXCL10 is known to be highly expressed during kidney disease [37–39]. Its receptor
CXCR3 is expressed on effector T cells and crucial in T cell trafficking and function [40,41]. Moreover,
IFNγ activates the Stat-dependent pathway in tissue-resident cells to enhance the production of
CXCL10 during tissue injury. We previously observed high Cxcl10 expression in kidney tissue and
high systemic levels of IFN-γ in treated Gdf15 KO mice. We hypothesized that the elevated number of
effector T cells might not only be associated with the CXCR3 receptor. Therefore, we looked at the level
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of Cxcr3 in naïve and activated T cells. Indeed, we found a significantly higher mRNA and protein
levels of CXCR3 in T cells from GDF15-deficient mice upon activation (Figure 6B,C). Taken together,
these data indicate that GDF15 plays a role in the migration of T cells to the side of inflammation via a
CXCL10-CXCR3 dependent mechanism.

 

 
Figure 6. Quantification of T cell migration and CXCR3 expression. (A) T cells from the spleens of
WT and GDF15-deficient mice were isolated and migration assays were performed. The percentage
of migrated T cells towards the chemokines CXCL10, CXCL1, and CCL5 was quantified after 24 h
(n = 4 per group, one-way ANOVA, * p < 0.05). (B) Cxcr3 expression levels in LPS-stimulated or
untreated T cells were quantified by real-time PCR. Data are shown as means of the ratio of the Cxcr3
mRNA vs. Gapdh mRNA (n = 4 per group, one-way ANOVA, * p < 0.05). (C) CXCR3 protein expression
levels in LPS-activated T cells were quantified by Western blot. The histogram shows the densitometry
of two independent experiments; no statistical analysis was performed. Data are mean ± SEM.

2.5. Gene Expression Analysis of GDF15, CXCL10 and CXCR3 in Patients with RPGN

In order to estimate the transferability of our results to human disease, we assessed transcriptional
levels of GDF15, CXCL10, and CXCR3 in the glomerular and tubular compartment from human renal
biopsy specimens using Affymetrix microarray expression data. For this project, we used biopsies
of individuals with rapidly progressive glomerulonephritis (RPGN) versus living donor (LD) biopsy
specimens (Figure 7). In both, the glomerular and the tubular compartment of the patient cohort,
GDF15 was significantly downregulated in patients with RPGN compared with controls. At the same
time, the CXCL10 and its receptor CXCR3 were significantly upregulated it both the glomerular and
tubular compartment. Together, genes that seem to be regulated by GDF15 in the experimental mouse
model of anti-GBM were induced during rapidly progressive glomerulonephritis in the glomerular
and tubular compartment of the kidney.

 

 
Figure 7. Gene expression analysis of GDF15, CXCL10, and CXCR3 genes in (A) glomerular and (B) tubular

156



Int. J. Mol. Sci. 2020, 21, 6978

compartment of manually microdissected kidney biopsies from patients with RPGN. Values are
expressed as a log2-fold change compared to controls (living donors, LD). All represented genes are
significantly changed (q < 0.05). (A) Glomerular expression single hybridization (LD: n = 18, RPGN:
n = 23), (B) Tubular compartment expression (LD: n = 18, RPGN: n = 21). Red represents upregulation
and blue represents downregulation of the transcript.

3. Discussion

We hypothesized that a GDF-15-associated mechanism is responsible for the development of
GBM. Our results now show that the cytokine GDF15 protects from kidney injury and inflammation in
a mouse model of anti-GBM nephritis. Furthermore, we demonstrate that Gdf15 is induced locally
as well as systemically in the injured kidney and that GDF15 acts as an anti-inflammatory cytokine
by regulating systemic cytokine production. GDF15 is involved in the recruitment of T cells into
the injured tissue, a phenomenon associated with CXCL10-CXCR3 signaling. This finding is in line
with previous reports on the functional role of GDF15 demonstrating that this cytokine can regulate
chemokine-triggered β2 integrin activation on myeloid cells [42]. We further expand this knowledge
by reporting on the enhanced migratory capability of peripheral blood mononuclear cells towards
CXCL10 ex vivo and provide evidence for increased numbers of infiltrating immune cells in kidneys of
mice with anti-GBM nephritis. The accumulation of T lymphocytes within the kidney might display a
key event contributing to kidney injury. Some of the studies evidenced that anti-GBM GN depends
on both CD4 and CD8 T cells without direct T cell-mediated cytotoxicity [28]. Other investigations
support the hypothesis that especially CD8+ T cells are important mediators of glomerulonephritis [43].
Nevertheless, chemokines and chemokine receptors play a role in the process of T cell recruitment
to the site of inflammation. Here, we show that both CXCL10, as well as its receptor, might be
regulated by GDF15. Previous studies highlighted the importance of CXCL10 during inflammation
and showed that CXCL10 is critical for the recruitment of CXCR3-expressing effector T cells to the
injured tissue [44]. In in vivo models, CXCR3-expressing CD4+ and CD8+ T cells did not migrate
efficiently into inflamed tissues of CXCL10-deficient mice compared to wild type, suggesting that
CXCR3 expression is crucial for the selection of cells that respond to CXCL10 [44]. Consistent with
earlier studies, our data indicate that GDF15 limits the inflammatory response during injury by
restricting immune cell infiltration. Kempf et al. showed that GDF15 protects against fatal cardiac
rupture by counteracting chemokine-triggered β2 integrin activation on myeloid cells [42]. This, for the
first time, implied that GDF15 might be involved in the regulation of cytoskeleton rearrangement.
In our experiments, except for changes in inflammation and significant effects of GDF15 on chemokine
production, we could observe significant upregulation of Icam and Vcam adhesion molecules in the
injured kidneys of Gdf15-/- mice. This suggests pleiotropic effects of GDF15 in the process of progressive
GN, whereby GDF15 orchestrates the migration of T cell populations into the kidney. Therefore,
treatment with GDF15 seems to be more beneficial than blocking particular chemokines and chemokine
receptors to inhibit the selective migration of defined cell populations to the site of inflammation.

Other mechanisms potentially contributing to exaggerated injury in GDF-15-deficient mice include
the polarization of cytotoxic CD8 T cells. Although overall surface marker expression upon LPS
stimulation was comparable to wild type, we observed a significant decrease in the number of CD4+
T cells but an increase in CD8+ T cells upon activation in knockout cells. This suggests a distinct
immune response associated with specific T cell subsets and more severe clinical manifestations in
GDF15-deficient mice. CD8+ cytotoxic T cells serve as a potent source of inflammation by producing
perforin and granzymes and inducing apoptosis in target cells [45–47]. By contrast, CD4+ helper T cells
support the immune responses by promoting the activation and/or proliferation of immune cells [48].
The polarization of T cells towards CD8+ T cells could be an additional explanation for the severe
phenotype observed in knockout mice.

In addition, we observed a protective role of GDF15 in both the glomerular and tubular
compartment as evidenced by increased macrophage infiltration and expression of inflammatory
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markers in Gdf15-/- mice, indicating that glomerular inflammation in autologous anti-GBM disease
involves both innate and adaptive immunity [49,50] and that GDF15 could act as a regulator of both
immune responses. Currently, it is unclear whether the injured glomeruli cause tubular damage or
whether both processes occur independently of each other due to the accumulation of immunoglobulins
and immune complexes in the kidney. In our model, the glomerular damage is accompanied by
tubule interstitial damage and both seem to depend on GDF15, because the injury in knockout mice
is significantly higher. Therefore, we investigated both the tubular and glomerular compartment of
patients with RPGN. RPGN is associated with a high frequency of crescentic glomerulonephritis [51].
Since we observed significant changes in GDF15 in an experimental anti-GBM model, as well as
enhanced CXCL10-CXCR3 signaling, we chose to compare the expression of these three transcripts.
Our analysis revealed the significant downregulation of GDF15 and at the same time the upregulation
of CXCL10 and CXCR3. In support of our experimental findings, the human data suggest that the
level of GDF15 affects the infiltration of CXCR3-expressing T cells to the site of injury. For instance,
Dai et al. showed that the anti-CXCR3 treatment of mice inhibits autoreactive CD8+ T cells in the
skin and peripheral lymphoid tissues [52]. Moreover, in a mouse model of vitiligo, CXCL10-/- unlike
CXCL9-/- mice did not develop depigmentation, indicating that the CXCL10-CXCR3 axis is responsible
for this disease [53]. In humans, the blockade of CXCL10 showed positive effects on the progression of
rheumatoid arthritis, indicating a therapeutic approach in blocking the CXCL10-CXCR3 axis not only
in experimental mouse models but also in human disease [54].

Stable and accurate noninvasive markers, as well as a better understanding of the pathophysiology
of rapidly progressive GN could enable fast, precise diagnosis and appropriate treatment of the disease.
Until now, several studies showed that GDF15 is associated with a rapid decline in kidney function,
suggesting that might be a useful predictor for the development of kidney disease. For instance,
recent investigations of two independent cohorts showed that systemic GDF15 levels correlate with
the intrarenal expression of GDF15 and are significantly associated with the progression of kidney
disease [55]. Enhanced GDF15 levels correlate not only with increased mortality in hemodialysis
and diabetic nephropathy (DN) patients [56,57] but also with all-cause mortality [58,59]. Moreover,
in DN patients, high levels of GDF15 are associated with a decline in estimated glomerular filtration
rate and faster progression to kidney failure [57]. Surely, the enhanced levels of GDF15 can deliver
information about the deterioration of kidney function [60–62]. However, the suitability of GDF15 as a
precise marker for kidney disease needs further investigation. Moreover, its role as a urinary marker
on the progression of kidney disease, as well as the correlation of plasma and urine GDF15 levels,
needs to be elucidated [63]. Our experimental study with GDF15-deficient mice proves the strong
impact of the protein on the outcome of kidney disease and shows increased systemic and kidney
expression of GDF15 during experimental GN. This increase in GDF15 levels during kidney diseases is
associated with the increased production of GDF15 in response to stress (unpublished data) rather than
with decreased protein clearance from circulation. Collectively, our data suggest that GDF15 reduces
the outcome of experimental GN and contributes to pathogenesis by modulating T cell phenotypes
and reducing the accumulation of T cells in the kidney. GDF15 may serve as a useful therapeutic
molecule that could reduce disease progression by its effect on CXCL10 and CXCR3. The wide range
of reported effects is diverse and the inconsistency of the published functions can be referred to by the
commercial source of recombinant GDF15, which was contaminated with bioactive concentrations
of TGF-β1 [64]. To avoid this issue, we used mice deficient in the GDF15 protein, which consistently
proves the immunomodulatory functions of GDF15 in glomerular disease.

4. Materials and Methods

Animal studies: GDF15-deficient mouse strain (MGI: 2386300, Gdf15tm1Sjl) were backcrossed
to the C57BL/6 strain. Female and male mice were housed in sterile filter top cages with a 12 h
dark/light cycle. The study was carried out following the principles of the Directive 2010/63/EU on
the Protection of Animals Used for Scientific Purpose and with approval by the local government
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authorities (27.02.2015; ROB 55.2-1-54-2532-63-12). Induction of anti-GBM nephritis: For the induction
of anti-GBM nephritis, mice were pre-immunized subcutaneously with 100 µL of 2 mg/mL sheep IgG
(Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA), dissolved in complete Freund’s
adjuvant (Sigma-Aldrich, St. Louis, MI, USA). Five days later, sheep anti-rat glomeruli (GBM) serum
(Probetex, San Antonio, TX, USA) was injected via the tail vein.

Kidney parameters: Urinary albumin excretion was evaluated by a double-sandwich ELISA. First,
96-well plates were coated with goat anti-mouse albumin antibody A90-13A-5 (Bethyl Laboratories,
Montgomery, TX, USA) and plates were incubated overnight at 4 ◦C. After blocking for half an hour at
room temperature in 0.5% BSA in PBS with 0.05% Tween20, urine samples, and mouse albumin standard
(Sigma-Aldrich, St. Louis, MI, USA) were added on the plate in triplicates for 2 h. Mouse urine samples
were diluted in serial dilutions ranging from 1:102 to 1:107. As a secondary antibody, HRP-conjugated
anti-mouse albumin antibody A90-134P-7 (Bethyl Laboratories) was used. Urinary Lipocalin-2/NGAL
levels were determined using a commercially available mouse ELISA DuoSet kit (R&D Systems,
Park Abingdon, UK), according to manufacturer’s recommendations. The samples and standard curve
dilutions were added on the plate in triplicates and incubated for two hours. Mouse urine samples
were diluted in serial dilutions ranging from 1:103 to 1:106. TMB substrate solution (BD, Franklin
Lakes, NJ, USA) was applied and the reaction was stopped after fifteen minutes with 2 M H2SO4.
OD was measured at 450 nm and the calculation of the final concentrations was performed using
a four-parameter logistic curve. Creatinine levels in urine and serum were determined using the
creatinine assay DiaSys kit (Diagnostic Systems GmbH, Holzheim, Germany). Urine samples were
prepared in dilutions of 1:10, while serum was used undiluted. According to the manufacturer’s
recommendations, 10 µL of sample or standard was pipetted on 96-well plates in triplicates. Then,
200 µL of prepared reagent provided by the kit was added and absorbance was measure at 492 nm
60 s later. Two more measurements were performed 120 s and 20 min later. Concentrations were
calculated using a linear standard curve. Kidney function was determined by measuring serum blood
urea nitrogen (DiaSys Diagnostic Systems) and serum creatinine levels determined by the Jaffe method
(DiaSys Diagnostic Systems).

Evaluation of kidney histopathology: Organs were fixed in 4% buffered formalin and embedded
in paraffin. For quantitative analysis, cells were counted in sections (from at least 8–16 mice per
group) or analyzed using Adobe Photoshop CS4Extended (% of stained high power field). The PAS
score evaluation was performed following a semi-quantitative scoring system with a scale from 0
to 3. Samples were blinded before evaluation. CD3 positive and Ly6G positive cell quantification was
performed by counting the number of positive cells in six adjacent high-power fields (Hpf) of the renal
cortex and medulla. For the evaluation of the Mac-2 staining, stained cells in 20 glomeruli per sample
were counted.

Mouse IgG detection: The levels of mouse IgG in the serum were determined using the mouse IgG
ELISA kit (Bethyl Laboratories), according to the manufacturer’s recommendations. Briefly, 96-well
plates were coated with coating antibody provided by the kit diluted (1:100) in 0.05 M Carbonate
Bicarbonate with pH = 9.6 overnight at 4 ◦C. After 30 min blocking in 1% BSA in TrisNaCl samples
and standard were added on the plate and incubated for one hour. Following five washing steps
with TrisNaCl, the detection antibody was added on the plate in a dilution of 1:50,000. After the
washing steps, TMB substrate solution (BD) was applied and the reaction was stopped with 2 M H2SO4.
OD was measured at 450 nm and the calculation of the final concentrations was performed using a
four-parameter logistic curve.

Flow cytometry: T cells were isolated from spleens of WT and Gdf15-/- mice and stimulated with or
without LPS ex vivo for 24 h. After stimulation, T cells were collected, centrifuged, and resuspended in
wash buffer (0.1% BSA, 0.01% sodium azide in D-PBS). After blocking the Fc receptor with anti-mouse
CD16/32 (2.4G2) for 5 min, cells were stained with the surface antibodies FITC anti-mouse CD28,
PacificBlue anti-mouse CD4, APC/Cy7 anti-mouse CD8a, PE anti-mouse CD3, PE/Cy7 anti-mouse
CD154, PerCP/Cy5.5 anti-mouse CD2, APC anti-mouse CD11a/CD18, BV510 anti-mouse CD62L
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(all from BioLegend) for 30 min. After staining, cells were washed with wash buffer and flow cytometry
was performed using the BD FACS Canto II (Becton Dickinson, New Jersey, USA). Data were analyzed
with the software FlowJo 8.7 (Tree Star Inc., Ashland, OR, USA). For cytokine analysis of serum
from mice or cell culture experiments, samples were prepared according to the instruction of the BD
Cytometric Bead Array Mouse Inflammation Kit. The concentrations of the cytokines IL-6, IL-10,
MCP-1, IFN-γ, TNF, and IL-12p70 in the samples were determined by the software FlowJo 8.7.

Real-time quantitative PCR: SYBR Green Dye detection system was used for quantitative real-time
PCR on Light Cycler 480 (Roche, Mannheim, Germany). Gene-specific primers (225 nM, Metabion,
Martinsried, Germany) were used. Standard controls for genomic DNA contamination, RNA quality,
and general PCR performance were included. RNA was isolated from the samples using the Norgen
Biotek Total RNA Purification kit (Thorold, ON, Canada) and MagNA Lyser Green beads (Roche,
Basel, Switzerland) according to the manufacturer’s instructions. The data were evaluated using the
2∆∆CT method.

Patients and microarray analysis: Human kidney biopsy specimens and Affymetrix microarray
expression data were procured within the framework of the European Renal cDNA Bank–Kröner–
Fresenius Biopsy Bank. Biopsies were obtained from patients after informed consent and with the
approval of the local ethics committees [65]. Following a renal biopsy, the tissue was transferred to
RNase inhibitor and microdissected into glomeruli and tubulointerstitium. Total RNA was isolated
from micro-dissected glomeruli, reverse transcribed, and linearly amplified according to a protocol
previously reported [66]. CEL file normalization was performed with the Robust Multichip Average
method using RMAExpress (Version 1.0.5) and the human Entrez-Gene custom CDF annotation from
Brain Array version 18 (http://brainarray.mbni.med.umich.edu/Brainarray/default.asp). To identify
differentially expressed genes, the SAM (Significance Analysis of Microarrays) method was applied
using TiGR (MeV, Version 4.8.1) [67]. Published gene expression profiles from patients with RPGN as
well as controls (living donors (LD)) were used in this study (GSE104954, GSE104948,).

Statistical analysis: Data were expressed as mean ± SEM. Data from wild type and knockout
mice were compared with one-way ANOVA on ranks, followed by the Student–Newman–Keuls
test using SigmaStat Software (Jandel Scientific, Erkrath, Germany). The student t-test was used
for direct comparisons between single groups—i.e., wild type and knockout cells/mice in case of
normally distributed data or samples size n > 15. Mann–Whitney U test was used to analyze data
with small sample size and non-parametric distribution of data. We used GraphPad Prism software.
A p-value < 0.05 indicated statistical significance. Statistical significance was indicated as follows:
p-value of <0.05 (*); p-value of <0.01 (**); p-value of <0.001 (***).
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Abstract: The protective effects of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX) 1 inhibition against kidney ischemia-reperfusion injury (IRI) remain uncertain. The bilateral
kidney pedicles of C57BL/6 mice were clamped for 30 min to induce IRI. Madin–Darby Canine Kidney
(MDCK) cells were incubated with H2O2 (1.4 mM) for 1 h to induce oxidative stress. ML171, a selective
NOX1 inhibitor, and siRNA against NOX1 were treated to inhibit NOX1. NOX expression, oxidative
stress, apoptosis assay, and mitogen-activated protein kinase (MAPK) pathway were evaluated.
The kidney function deteriorated and the production of reactive oxygen species (ROS), including
intracellular H2O2 production, increased due to IRI, whereas IRI-mediated kidney dysfunction and
ROS generation were significantly attenuated by ML171. H2O2 evoked the changes in oxidative
stress enzymes such as SOD2 and GPX in MDCK cells, which was mitigated by ML171. Treatment
with ML171 and transfection with siRNA against NOX1 decreased the upregulation of NOX1 and
NOX4 induced by H2O2 in MDCK cells. ML171 decreased caspase-3 activity, the Bcl-2/Bax ratio,
and TUNEL-positive tubule cells in IRI mice and H2O2-treated MDCK cells. Among the MAPK
pathways, ML171 affected ERK signaling by ERK phosphorylation in kidney tissues and tubular cells.
NOX1-selective inhibition attenuated kidney IRI via inhibition of ROS-mediated ERK signaling.

Keywords: NOX1; ML171; reactive oxygen species; ERK; ischemia-reperfusion injury; acute
kidney injury

1. Introduction

Kidney ischemia/reperfusion injury (IRI), which is the interruption and restoration of blood
flow, is a basic pathophysiology of acute kidney injury associated with high mortality and morbidity.
IRI causes oxygen and nutrition deficiency, inflammatory cell infiltration, oxygen-derived reactive
oxygen species (ROS) or nitrogen-derived reactive nitrogen species generation, microvascular damage,
and ultimately tissue damage [1–3]. Excessive ROS is among the most important contributors of tissue
damage by inducing oxidative damage of deoxyribonucleic acid, proteins, and lipids [4–8].

Nicotinamide adenine dinucleotide 3-phosphate (NADPH) oxidase (NOX) is a major enzyme that
uses NADPH to catalyze oxygen conversion to superoxide and produce ROS. Seven NOX isoforms
have been identified including NOX1–5, Duox1, and Duox2 [9]. In particular, NOX1-dependent ROS
production contributes to cell signaling, cell growth, angiogenesis, motility, and blood pressure
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regulation [10–12]. Previous studies have reported that NOX1 upregulation was involved in
cisplatin-induced kidney injury [13] and NOX1 inhibitor has a protective effect on lung IRI by
suppressing inflammatory and autophagy activation [14]. Although several antioxidants and
anti-inflammatory agents [15–19] have effects on ROS production and inflammatory reactions,
and NOX4 inhibitor [20] has been used in experimental studies to prevent or decrease IRI-induced
kidney damage, the protective effect of NOX1 inhibition against kidney IRI is not totally understood.

This study’s aim is to identify the effect of NOX1 inhibition on the recovery from IRI through
ROS suppression and related mechanisms. We used a pharmacological inhibitor specific for NOX1
(2-acetylphenothiazine, ML171) [21] and siRNA against NOX1.

2. Material and Methods

2.1. Animals

Eight-week-old male C57BL/6 mice that weighed 22–25 g (Samtako, Osan, Korea) were used.
They were housed with a free access to standard chow and water and were kept in a 12 h light/dark
cycle. They were divided randomly into six groups as follows: control vehicle (Con + Veh, n = 5),
control with 60 mg/kg ML171 (Con +ML171, n = 5), sham operation with vehicle (Sham + Veh, n = 6),
sham operation with 60 mg/kg of ML171 (Sham + ML171, n = 6), ischemia-reperfusion vehicle
(IRI + Veh, n = 8), and ischemia-reperfusion with 60 mg/kg of ML171 (IRI +ML171, n = 8). ML171
(MedChemExpress, Monmouth Junction, NJ 08852, USA) was dissolved in 10% DMSO, 40% PEG300,
5% Tween-80, and 45% normal saline. Animals were injected intraperitoneally with a single daily dose
of ML171 (60 mg/kg) or vehicle before 24 h for bilateral IRI and were sacrificed by cardiac puncture
under anesthesia at 24 h after reperfusion. Blood and kidneys were harvested for the analyses. Animal
experiments were performed according to the guidelines approved by the Animal Care and Use
Committee at the Kyungpook National University (KNU-2017-0013).

2.2. Induction of Kidney IRI

For ischemia induction, the mice were anesthetized using isoflurane inhalation and kidney pedicles
were completely occluded for 30 min using a microaneurysm clamp. After 30 min of ischemia, the artery
clamp was removed to allow reperfusion, and the skin was closed. Identical surgical treatment was
performed on sham-operated animals except for the clamping of the kidney pedicles. During the
operation, animals were maintained at a temperature of 36.5–37 ◦C using a temperature-controlled
heating device (Harvard Bioscience, Holliston, MA, USA).

2.3. Kidney Function and Histopathological Studies

In mouse serum, blood urea nitrogen (BUN) and creatinine (Cr) levels were evaluated by GCLabs
(Yongin, Korea) using the Cobas 8000 modular analyzer system (Roche, Germany). Kidney tissues
from each experimental group were immersion-fixed with 4% paraformaldehyde (pH 7.4) and then
embedded in paraffin. Two-micrometer tissue sections were prepared and stained with periodic
acid-Schiff (PAS) and Masson’s trichrome using standard protocols for the determination of histological
changes and collagen deposition, respectively. Immunohistochemical analysis of kidney tissues
detected the Nox-1 (1:100, ab121009, Abcam) and Nox-4 proteins (1:100, MA5-32090, Invitrogen).

2.4. Cell Culture Treatment

Madin-Darby Canine Kidney (MDCK) cells were obtained from the American Type Culture
Collection (CCL-34™, Manassas, VA, USA), which were maintained in Eagle’s Minimum Essential
Medium (EMEM, ATCC®30-2003™) and supplemented with 10% fetal bovine serum at 37 ◦C in a
humidified atmosphere of 5% CO2 and 95% air. Cultured MDCK cells were plated on 96-well plates
(1.0 × 104 cells/well) for intracellular ROS measurement and on 12-well plates (1.0 × 105 cells/well)
for real-time reverse transcriptase-polymerase chain reaction (RT-PCR) and on 6-well plates
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(2.0 × 105 cells/well) for measurement of caspase-3 activity and immunoblot analysis. For each
experiment, 80–85% confluent cells were incubated with serum-free media for 24 h and were placed
into the 0.2% FBS-added medium, which were treated with (1) only medium, (2) ML171 (1 µM),
(3) ML171 (2.5 µM), (4) H2O2 (1.4 mM), (5) H2O2 (1.4 mM) + ML171 (1 µM), or (6) H2O2 (1.4 mM)
+ML171 (2.5 µM) for an additional 48 h and were pretreated with ML171 (1 µM or 2.5 µM) for 1 h
and treated with H2O2 (1.4 mM). To further study the effect of Nox-1 inhibition, MDCK cells were
transiently transfected with 100 nM siRNA against Nox-1 (AccuTarget™ SMART pool customized
siRNA, Bioneer, Daejeon, Korea) or nontargeting siRNA (SignalSilence® Control siRNA, #6568, Cell
signaling, Danvers, MA, USA) using Lipofectamine RNAiMax (Thermo Fisher Scientific, Waltham,
MA, USA) for 6 h. Subsequently, cells were incubated with H2O2 (1.4 mM) for 48 h.

2.5. Hydrogen Peroxide Assay

Extracellular H2O2 was measured using the Amplex Red Hydrogen Peroxide Assay Kit (Thermo
Fisher Scientific) in accordance with the manufacturer’s instructions. Briefly, to detect H2O2 released
from mice kidney and treated MDCK cells, lysis buffer or culture media (50 mL) were reacted with
the Amplex Red reagent, along with horseradish peroxidase, to produce resorufin, a red fluorescent
oxidation product. Its fluorescence was determined at 530 nm excitation and 590 nm emission using a
fluorescence microplate reader (Molecular Devices, Sunnyvale, CA, USA). The concentrations of H2O2

were calculated using standard curves.

2.6. Intracellular ROS Measurement

Mice kidney and MDCK cells were stained using 10 µM 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA; Molecular Probes, Eugene, OR, USA) for 40 min and visualized using fluorescence
microscopy (Nikon, Tokyo, Japan). To quantitatively measure fluorescence signal intensity, the stained
kidney tissues and cells in 96-well plates were incubated with lysis buffer (0.1% Triton X-100 plus 0.5M
EDTA in PBS), and the intensity was measured at 480 nm excitation and 520 nm emission using a
fluorescence microplate reader (Molecular Devices Corp., Silicon Valley, CA, USA). The value of the
fluorescence signal was normalized based on the total amount of cellular protein and then expressed
as a percentage of the control.

2.7. Measurement of Caspase-3 Activity

Caspase-3 activity in the mice kidney and MDCK cells was measured using a colorimetric assay kit
(Sigma-Aldrich) in accordance with the manufacturer’s protocol. In brief, kidney homogenates were
incubated with the fluorometric caspase-3 substrate, Ac-DEVD-pNA, in the assay buffer. To account
for nonspecific hydrolysis of the substrate, a control reaction mixture containing the caspase-3 inhibitor,
acetyl-DEVD-CHO, in the assay buffer was used. Both mixtures were incubated for 90 min at 37 ◦C,
with the absorbance being read at 405 nm.

2.8. TUNEL Assay

Apoptosis was investigated by terminal deoxynucleotidyl transferase-mediated dUTP <nick end
labeling (TUNEL) assay using the In Situ Cell Death Detection Kit (Roche, Mannheim, Germany),
Fluorescein, for fluorescence and the Click-iTTM TUNEL colorimetric IHC Detection Kit (Life
Technologies, Carlsbad, CA, USA) for immunohistochemistry. Briefly, treated cells were fixed
with 4% paraformaldehyde for 1 h at room temperature and then permeabilized in the 0.1% Triton
X-100/0.1% sodium citrate for 2 min at 4 ◦C. After washing with PBS, the cells were incubated with 50 uL
TUNEL reagent mixture for 1 h at 37 ◦C and then counterstained with 4′,6-diamidino-2-phenylindole
(DAPI; Sigma, St. Louis, MO, USA) to detect cell nucleus for 1 min. Finally, the cells were mounted with
the Prolong Gold anti-fade reagent (Invitrogen, Eugene, OR, USA) and then observed under a confocal
microscope (Carl Zeiss, Göttingen, Germany). The number of TUNEL-positive cells was randomly
counted (three to five sections per experiment). The percentage of apoptotic cells was calculated
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as a percentage of the TUNEL-positive cell-to-DAPI ratio. For immunohistochemistry of TUNEL
assay, after treating with terminal deoxynucleotidyl transferase (TdT) reaction buffer for 10 min at
37 ◦C, the TdT reaction mixture was added for 60 min at 37 ◦C. The streptavidin-peroxidase conjugate
solution was incubated for 30 min at room temperature. Then, the sections were washed and mixed
with the 3,3′-diaminobenzidine (DAB) reaction to produce a brown color and then counterstained with
Mayer’s hematoxylin.

2.9. Quantitative RT-PCRs

Total RNA was extracted from treated MDCK cells and kidney tissues using Trizol (Invitrogen,
Waltham, MA) in accordance to the manufacturer’s instructions. One microgram of total RNA was
reverse transcribed to cDNA using PrimeScript cDNA Synthesis kit (TaKaRa Shuzo Co., Ltd., Otsu,
Japan). Quantitative PCR was performed in the synthesized cDNA using the StepOne Plus Real-time
PCR system (Applied Biosystems, Foster City, CA, USA) with SYBER Green PCR master mix (Life
Technologies, Carlsbad, CA, USA). The qRT-PCRs were performed in duplicate. The transcript level of
target genes was calculated using the 2-∆∆CT method. All primers used for qRT-PCR were designed
using the Primer Express 3.0.1 software (Applied Biosystems, Foster City, CA, USA), which are listed
in Table 1.

Table 1. Oligonucleotide primer sequences.

Gene Forward Primer (5′–3′) Reverse Primer (5′–3′)

Mouse Nox-1 CAG GCC ATG GAT GGA TCT CT ATG TTT GGA GAC TGG ATG GGA TT
Mouse Nox-2 GCT CTC TCT GAC ATC GGT GAC A CGA GTC ACG GCC ACA TAC AG
Mouse Nox-4 CAC CAA ACA CAG AAG CAC AAG AC AAA GCA GGG TAT CAC TCC ATG AA

Mouse GAPDH TAA AGG GCA TCC TGG GCT ACA CT TTA CTC CTT GGA GGC CAT GTA GG
Dog Nox-1 CCC CGC TGA GTC TTG GAA TAA AAT CGG AGA ATC CTT TCA AGA A
Dog Nox-2 GAC ACG CAC GCC TTT GAG T CCT GCA TCT GGG TCT CTA GCA
Dog Nox-4 CAC TCT TCG GAC TAT ACT GCA TGA TC TCA TCC CCT GAG CCA AGA AT

Dog p40phox GGG AAG ACA TCG CCC TGA AT ACA GCA GCC GCA CCA GAT
Dog SOD2 CGC CGC CTA CGT GAA CA CTC CAG CGC CTC CAG ATA CT
Dog GPX GAA TGT GGC GTC GCT CTG A CGC TGC AGC TCG TTC ATC T

Dog GAPDH GAT GCC CCC ATG TTT GTG A TTT GGC TAG AGG AGC CAA GCA

2.10. Immunoblot Analysis

Immunoblot analysis detected the marker proteins of apoptosis and mitogen-activated protein
kinase (MAPK) pathway, and 20 µg of protein was separated using 10% SDS-polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane, which was blocked with 10% skimmed
milk for 1 h at room temperature and incubated overnight at 4 ◦C with primary antibodies and then
incubated with a horseradish peroxidase-conjugated secondary antibody (Dako, Glostrup, Denmark)
for 1 h at room temperature and detected using advanced ECL reagents (Amersham Bioscience,
Piscataway, NJ, USA). The intensity of the bands was quantified using the Scion Image software (Scion,
Frederick, MD, USA). Primary antibodies that detect proteins are listed in Table 2.
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Table 2. List of antibodies used in immunohistochemistry and immunoblotting.

Antibodies Cat. No. Company

Dog Bcl-2 ab117115 Abcam
Dog Bax 2772S Cell signaling

Dog β-actin A1978 Sigma
Dog p-Erk1 (pT202/pY204) +

p-Erk2(pT185/pY187)
ab4819 Abcam

Dog Erk1+Erk2 ab17942 Abcam
Dog p-p38 (phospho T180+Y182) ab4822 Abcam

Dog p38 (M138) ab31828 Abcam
Dog p-JNK1 + p-JNK2 (phospho

T183+Y185)
ab4821 Abcam

Dog JNK1 + JNK2 + JNK3 ab179461-1 Abcam
Mouse Bcl-2 2876 Cell signaling
Mouse Bax 2772 Cell signaling

Dog, mouse NOX-1 Ab121009 Abcam
Mouse NOX-4 MA5-32090 Invitroten
Mouse a-SMA Ab5694 Abcam

Mouse fibronectin Ab2413 Abcam
Mouse GAPDH 2118S Cell signaling

Mouse p-AKT (Ser473) 9271 Cell signaling
Mouse AKT 9272 Cell signaling

Mouse p-ERK (Thr202/Tyr204) 4370S Cell signaling
Mouse ERK 9102 Cell signaling

Mouse p-JNK (Thr183/Tyr185) 9251S Cell signaling
Mouse JNK 9252S Cell signaling

Mouse p-p38 (Thr180/Tyr182) 9211S Cell signaling
Mouse p38 9212S Cell signaling

2.11. Statistical Analysis

Data represent mean ± SEM. Statistical analyses were performed using GraphPad Prism 5.01
(GraphPad Software Inc., La Jolla, CA, USA). The difference among the groups was analyzed using a
one-way nonparametric ANOVA followed by Tukey’s multiple comparison test. Multiple comparison
tests were only applied when a significant difference was determined using the ANOVA (p < 0.05).

3. Results

3.1. Effect of ML171 on Attenuation of Kidney Function and Histological Alteration in Kidney IRI

Figure 1A,B shows the results of kidney function after IRI with treatment of ML171. BUN and
Cr levels were significantly increased by IRI compared to the control groups. The levels of serum
BUN and Cr were decreased in IRI mouse pretreated with ML171. The PAS and trichrome staining
evaluated the histological changes in IRI models (Figure 1C–F). The histological analyses revealed
that ML171 attenuated tubular necrosis, loss of the brush border, and cast formation in IRI kidney.
Treatment with ML171 decreased collagen deposition in the IRI model.
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Figure 1. Effect of ML171 on attenuation of kidney function and histological alteration in renal
ischemia-reperfusion injury (IRI). The levels of serum blood urea nitrogen (BUN) and creatinine
were significantly reduced in ML171-pretreated IRI model (A,B). The periodic acid-Schiff (PAS)-
and trichrome-stained kidney sections in IRI models showed that ML171 decreased tissue damage
in renal tubular epithelial cells and collagen deposition (C–F). Data represent mean ± SEM.
*** p < 0.001 vs. Con + Veh, ## p < 0.01, ### p < 0.001 vs. IRI + Veh. The difference among the groups
was analyzed using a one-way nonparametric ANOVA followed by Tukey’s multiple comparison test.

3.2. Effect of ML171 on the Expression of NOX Family Subunits and Oxidative Stress Markers in IRI

To investigate the changes in oxidative stress after IRI, the expression of NOX subunits and
generation of ROS were evaluated. Among the NOX subunits, NOX1 and NOX4, but not NOX2
mRNA expression increased after IRI, which was significantly reduced by ML171 (Figure 2A–C).
Immunohistochemical staining of NOX1 and NOX4 revealed an increased amount of NOX1 and NOX4
expression in the IRI model and a significant decrease by ML171 treatment (Figure 2D–G). ML171
attenuated the increase of intracellular H2O2 in the IRI kidney model (Figure 2H–I).
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Figure 2. Effect of ML171 on nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX)
family subunits and oxidative stress markers in IRI. The increased mRNA expression of NOX1 and
NOX4 in IRI were significantly mitigated by ML171 (A–C). The immunohistochemical staining of NOX1
and NOX4 showed that the increased expression of NOX1 and NOX4 in IRI was decreased by ML171
(D–G). The increased reactive oxygen species (ROS) including H2O2 in the IRI model were significantly
decreased by ML171 (H,I). Data represent mean± SEM. * p< 0.05, *** p < 0.001 vs. Con + Veh, # p < 0.05,
## p < 0.01, ### p < 0.001 vs. IRI + Veh. The difference among the groups was analyzed using a one-way
nonparametric ANOVA followed by Tukey’s multiple comparison test.
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3.3. Effect of ML171 on Apoptosis in Kidney Tubular Cells Following IRI

Caspase-3 activity decreased in the kidneys after ML171 treatment (Figure 3A), and TUNEL assay
showed that apoptosis of kidney tubule cells decreased after MA171 treatment (Figure 3B). Figure 3C
also showed that ML171 caused a significantly increased Bcl-2 level and Bcl-2/Bax ratio in the IRI
model, suggesting the mitigating effect of ML171 on apoptosis.

 
Figure 3. Effect of ML171 on apoptosis in kidney tubular cells following IRI. Caspase-3 activity
was significantly decreased in IRI model after ML171 treatment (A). TUNEL assay showed that
ML171 attenuated the apoptosis of kidney tubule cells (B). The Bcl-2 level and Bcl-2/Bax ratio were
significantly increased in the IRI model after ML171 treatment (C). Data represent mean ± SEM.
* p < 0.05 vs. Con + Veh, # p < 0.05, ## p < 0.01 vs. IRI + Veh. The difference among the groups was
analyzed using a one-way nonparametric ANOVA followed by Tukey’s multiple comparison test.

3.4. Changes in Phosphorylated Proteins of MAPK Signaling Pathways in Kidney Tissues

We identified MAPK pathway genes to determine the oxidative stress mechanism induced by
IRI. The Western blot of MAPK genes revealed that the phosphorylated extracellular signal-regulated
kinase (p-ERK) was significantly increased in the IRI model, which was effectively attenuated by
ML171. However, no difference in the expression of phosphorylated p38 and JNK was noted (Figure 4).
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Figure 4. Changes in phosphorylated proteins of mitogen-activated protein kinase (MAPK) signaling
pathways in kidney tissues. The genes of MAPK pathway determined the mechanism of oxidative
stress-induced IRI. ML171 effectively attenuated increased p-ERK in the IRI model (A,B). The expression
of phosphorylated p38 and JNK was not increased in the IRI model nor affected by ML171 (C,D). Data
represent mean ± SEM. ** p < 0.01 vs. Con + Veh, # p < 0.05 vs. IRI + Veh. The difference among
the groups was analyzed using a one-way nonparametric ANOVA followed by Tukey’s multiple
comparison test.
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3.5. Effect of ML171 on NOX Subunit Expression and ROS Generation in H2O2-Treated MDCK Cells

MDCK cells were treated with H2O2 to induce NOX subunit expression and ROS generation.
H2O2 increased expression of NOX1, NOX4, and p40phox, but not NOX2. ML171 attenuated the
increased expression of NOX subunits induced by H2O2 in MDCK cells. H2O2 evoked a change
in oxidative stress-related enzymes of SOD2 and GPX production, which was mitigated by ML171
treatment (Figure 5).

Figure 5. Effect of ML171 on H2O2-induced NOX subunit expression and ROS generation in MDCK
cells. ML171 decreased NOX1, NOX4, and p40phox expression in H2O2-treated MDCK cells (A–D).
Oxidative stress-related enzymes of SOD2 and GPX production were mitigated by ML171 treatment
(E–G). Data represent mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. Con, # p < 0.05,
## p < 0.01, ### p < 0.001 vs. H 1.4 mM. The difference among the groups was analyzed using a one-way
nonparametric ANOVA followed by Tukey’s multiple comparison test.

3.6. Effect of siRNA against NOX1 on H2O2-Treated MDCK Cells

MDCK cells were transfected with siRNA against NOX1 to evaluate whether the protective effect
of ML171 was mediated with NOX1 and the expression of NOX4 was related with that of NOX1 in
MDCK cells. Compared to nontargeting siRNA, siRNA against NOX1 showed a decreased NOX1
expression after H2O2 induction. Transfection with siRNA against NOX1 also upregulated SOD2 and
GPX mRNA, which is consistent with the effect of ML171 treatment. Surprisingly, H2O2-induced
expression of NOX4 mRNA was inhibited in MDCK cells with siRNA against NOX1, whereas NOX2
and p40phox expression remained increased (Figure 6).
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siRNA against NOX1 reduced NOX1 and NOX4 expression, however, did not 
affect NOX2 and p40phox 

Figure 6. Effect of siRNA against NOX1 on H2O2-induced NOX subunit expression and ROS generation
in MDCK cells. siRNA against NOX1 reduced NOX1 and NOX4 expression, however, did not affect
NOX2 and p40phox expression (A–D). Oxidative stress-related enzymes of SOD2 and GPX production
were upregulated by siRNA against NOX1 treatment (E,F). Data represent mean ± SEM. * p < 0.05,
** p < 0.01 vs. Con, # p < 0.05, ## p < 0.01, ### p < 0.001 vs. H 1.4 mM. The difference among the groups
was analyzed using a one-way nonparametric ANOVA followed by Tukey’s multiple comparison test.

3.7. Effect of ML171 on the Apoptosis Induced by H2O2 in MDCK Cells

The effect of ML171 on the apoptosis induced by oxidative stress was assessed in MDCK cells.
Caspase-3 activity increased significantly after H2O2 treatment and decreased after ML171 treatment
in MDCK cells (Figure 7A). ML171 also attenuated the changes in the expression of Bax and Bcl-2/Bax
ratio in H2O2-treated MDCK cells (Figure 7B). The TUNEL assay showed that ML171 decreased the
H2O2-induced apoptosis in tubule cells (Figure 7C,D).
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Figure 7. Effect of ML171 on the apoptosis induced by H2O2 in MDCK cells. Caspase-3 activity
was significantly increased after H2O2 induced oxidative stress in MDCK cells and was significantly
decreased by ML171 treatment (A). ML171 attenuated the changes in the expression of Bax and the
Bcl-2/Bax ratio in H2O2-treated MDCK cells (B). TUNEL assay showed that H2O2-induced apoptosis
was significantly reduced by ML171 treatment (C,D). Data represent mean ± SEM. *** p < 0.001 vs. Con,
# p < 0.05, ## p < 0.01, ### p < 0.001 vs. H 1.4 mM. The difference among the groups was analyzed using
a one-way nonparametric ANOVA followed by Tukey’s multiple comparison test.

3.8. Changes in Phosphorylated Proteins of MAPK Signaling Pathways in MDCK Cells

We investigated the mechanism with which ML171 blocked oxidative stress and apoptosis in
MDCK cells. The p-ERK and p-ERK/ERK ratio significantly increased after H2O2 treatment and was
significantly reduced by ML171 in MDCK cells. p38 and JNK expressions were not affected by H2O2

and ML171, which was consistent with the in vivo experiment results (Figure 8).
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Figure 8. Changes in phosphorylated proteins of MAPK signaling pathways in MDCK cells. Consistent
with the results from the in vivo experiment, the increased p-ERK and p-ERK/ERK ratio after H2O2

treatment was significantly decreased after ML171 treatment in MDCK cells (A,B). There were no
significant differences in the expression of phosphorylated p38 and JNK after ML171 treatment (C,D).
Data represent mean± SEM. * p< 0.05 vs. Con, # p< 0.05 vs. H 1.4 mM. The difference among the groups
was analyzed using a one-way nonparametric ANOVA followed by Tukey’s multiple comparison test.
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4. Discussion

The present study demonstrated that NOX1 inhibition by ML171 attenuated kidney IRI in the
mouse model. The ischemic injury decreased significantly in the ML171-treated IRI group compared
to that in the IRI group. The tissue injury was associated with the increased ROS production and NOX
expression, which was reversed by ML171 treatment. H2O2 evoked changes in oxidative stress-related
enzymes of SOD2 and GPX production in MDCK cells, which was mitigated by NOX1 inhibition
with ML171 and siRNA against NOX1. Treatment with ML171 and transfection with siRNA against
NOX1 decreased the expression of NOX1 induced by H2O2 exposure in MDCK cells. ML171 caused a
significant increase in the Bcl-2 level and decrease in caspase-3 activity in IRI mice and H2O2-treated
MDCK cells. ML171 affected ERK signaling by the phosphorylation of ERK in kidney tissues and
tubular cells. The present study was the first to suggest that NOX1 inhibition could protect kidney IRI
by inhibition of ROS-mediated ERK signaling.

Ischemic damage of the kidney causes acute kidney injury, which is responsible for the hypoxic
damage induced by the production of ROS as well as the decrease in kidney blood flow [22,23].
ROS acts as signaling molecules including regulation of vascular tone, monitoring of oxygen tension,
and signal transduction from membrane receptors in physiological situations, but in excess, it causes
tissue damage [24–26]. NOX, one of the main sources of ROS, catalyzes the transfer of electrons from
NADPH to molecular oxygen to produce ROS [27].

NOX4 is the most distributed NOX isoform in the kidney and has been studied in various
kidney diseases. NOX4 expression in proximal tubular cells increased after exposure to high glucose,
and NOX4 inhibition with GKT136901 decreased albuminuria in diabetic mice [28,29]. NOX4 deficiency
was associated with the increased tubular injury after IRI [30], and hypoxia to kidney tubule cell
upregulated NOX4 expression via a TGF-β1/Smad signaling pathway [31]. NOX2 also plays a role
especially in the development of diabetic nephropathy, and its expression was upregulated in the
kidneys of diabetic mice [32–34]. NOX2 is the classic phagocytic NOX and its main role is free radical
generation [35,36]. It has been reported that NOX2 inhibition could prevent kidney damage and
delayed graft function after IRI by the inhibition fibrosis and oxidative stress [37].

NOX1 is also expressed in the kidney cortex [38–40], and the associations with ischemic injury
have been reported in other organs. NOX1 was a therapeutic target in ischemic retinopathy and IRI
in the heart [41,42]. The role of NOX1 in kidney injury has been reported in cisplatin nephrotoxicity.
Cardamonin, a flavone with anti-inflammatory activity, inhibited NOX1 expression in the cisplatin
nephrotoxicity model, decreasing inflammation and apoptosis in the injured kidney [13]. The study
on a NOX inhibitor has also revealed its protective effect in the kidney IRI. Apocynin, a nonspecific
NOX inhibitor, ameliorated the histological damages after IRI by reducing oxidative stress markers,
demonstrating that NOX1 was associated with kidney injury and downregulation of NOX could
prevent kidney damage. However, it was difficult to attribute the action specifically to NOX1 inhibition,
since two drugs did not selectively inhibit NOX1. In contrast, ML171 is a known potent NOX1 inhibitor
with isoform selectivity only for NOX1 [21]. In the present study, NOX1 expression significantly
increased in the kidney after IRI and MDCK cells treated with H2O2. ML171 effectively suppressed
NOX1 upregulation induced by IRI, and the suppression of NOX1 by ML171 was also observed in
H2O2-treated tubular cells, which are the main site of IRI. The treatment of ML171 showed improvement
of serum BUN and Cr levels in the IRI group, suggesting significant amelioration of the ischemic injury.
Therefore, this is the first study to demonstrate the renoprotective effect of NOX1 selective inhibition
through the IRI animal model.

The expression of NOX1, NOX2, and NOX4 is closely related to each other [43]. Angiotensin II
increases oxidative stress by upregulating the kidney cortical gene product for NOX1 and p22phox,
a catalytic core of the NOX [38]. Rats with the silenced p22phox gene reduced NOX1, NOX2, and NOX4
expression in the kidney cortex during infusion of angiotensin II [40]. Aoyama et al. showed that
angiotensin II-induced NOX4 expression was inhibited by NOX1 knock-out hepatocytes, suggesting
that NOX1 could induce NOX4 upregulation [44]. Our results are consistent with the previous
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study in that NOX4 expression was downregulated after transfection with siRNA against NOX1
into H2O2-treated MDCK cells. The reduced expression of NOX4 by ML171 treatment might be
associated with the causal interaction between NOX1 and NOX4, which could also be explained by
the downregulation after reduced oxidative stress by NOX1 inhibition or a partial inhibitory effect of
ML171 on NOX4 [45].

H2O2 is a major marker of oxidative stress, giving rise to tissue injury after IRI [46,47]. In the
present study, H2O2 increased significantly in the kidney after IRI. DCFDA, a compound used to
measure generalized oxidative stress including intracellular H2O2 production, also significantly
increased in the tubular cells treated with H2O2. Therefore, the injury with H2O2 in the MDCK
cells is comparable to the injury induced by IRI in the kidney. SOD2 and GPX are two important
components of the defensive mechanisms against oxidative stress by preventing the reactive free
radical formation [48–51]. ML171 reduced H2O2 in the IRI mouse, and the effect was manifested as a
subsequent increase in SOD2 and GPX in MDCK cells, suggesting the prevention of kidney damage
with oxidative stress by selective NOX1 inhibition.

MAPK is associated with the activation of NOX1 [52]. ERK and p38 as well as JNK are members
of MAPK that have proline-directed kinase activity. However, a certain stimulus selectively activates a
specific member of the MAPK pathway [53]. Among them, ERK signaling pathway was involved in
the present study. Only phosphorylation of ERK increased after ischemia and H2O2 exposure. ERK
phosphorylates p47phox and contributes to NOX1 complex assembly [53]. Our results are consistent
with the previous report that suggested the association of ERK with the cellular survival of the kidney
with IRI [54].

We also investigated the possible mechanisms by which NOX1 inhibition prevented tubular injury.
ROS generated by ischemia or oxidative stress are well-known inducers of apoptosis by activating
caspase-3 in kidney tubular cells [6]. It was supported by TUNEL-positive kidney tubular epithelial
cells and decreased Bcl-2/Bax ratios [55,56]. ML171 treatment before IRI significantly decreased
caspase-3 activity, decreased the number of TUNEL-positive cells, and increased Bcl-2/Bax ratios
compared with the IRI group. This suggests that the renoprotective effects of NOX1 inhibition are
mediated via modulating kidney tubular cell apoptosis after IRI.

Our study has several limitations. First, our results were not validated with the other oxidative
stress injury models such as cisplatin nephrotoxicity or contrast-induced nephropathy. However,
the IRI model is a prototype of oxidative stress injury to kidney, and, although other models may
show slight differences, we tried to determine NOX1′s role in the basic injury model. Second, further
experiments with a more specific way to inhibit NOX1 expression are needed to find NOX1′s effect
in IRI. GKT771, a highly selective NOX1 inhibitor [57] or NOXA1ds, a peptide NOX1 inhibitor with
greater specificity and isoform selectivity [58], might reveal the specific effect of NOX1-selective
inhibition. Third, our experiment was not performed on murine or human kidney epithelial cell
lines. An animal toxicity test and further experiment with human kidney epithelial cells must be
accompanied to apply the present results to human medicine. Nevertheless, this is the first study to
investigate the renoprotective effect of NOX1 inhibition on the kidneys and kidney tubule cells, which
makes it a candidate for treatment of acute kidney injury.

5. Conclusions

NOX1-selective inhibition by ML171 attenuated kidney IRI via inhibition of ROS-mediated ERK
signaling. NOX1 inhibition by ML171 and siRNA against NOX1 reduced the oxidative stress-induced
apoptosis in MDCK cells, indicating NOX1 selective inhibition’s potential as a therapeutic target for
acute kidney injury associated with ROS generation and subsequent apoptosis.
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6. Patent

The results of this paper were patented under the name “Composition for preventing
or treating ischemia-reperfusion injury comprising NADPH oxidase 1” on 20 April 2020
(Number: 10-2020-0047663).
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Abstract: One of the major challenges faced by modern nephrology is the identification of biomarkers
associated with histopathological patterns or defined pathogenic mechanisms that may assist in
the non-invasive diagnosis of kidney disease, particularly glomerulopathy. The identification of
such molecules may allow prognostic subgroups to be established based on the type of disease,
thereby predicting response to treatment or disease relapse. Advances in understanding the
pathogenesis of diseases, such as membranous nephropathy, minimal change disease, focal segmental
glomerulosclerosis, IgA (immunoglobulin A) nephropathy, and diabetic nephropathy, along with
the progressive development and standardization of plasma and urine proteomics techniques,
have facilitated the identification of an increasing number of molecules that may be useful for
these purposes. The growing number of studies on the role of TLR (toll-like receptor) receptors in
the pathogenesis of kidney disease forces contemporary researchers to reflect on these molecules,
which may soon join the group of renal biomarkers and become a helpful tool in the diagnosis of
glomerulopathy. In this article, we conducted a thorough review of the literature on the role of TLRs
in the pathogenesis of glomerulopathy. The role of TLR receptors as potential marker molecules for
the development of neoplastic diseases is emphasized more and more often, as prognostic factors in
diseases on several epidemiological backgrounds.

Keywords: acute kidney injury; biomarker; diabetic nephropathy; focal segmental glomerulosclerosis;
innate immunity; membranous nephropathy; minimal change diseases; TLR

1. Introduction

The term “biological marker” in the literature refers to the objective health status of the patient,
which can be observed from the outside, i.e., in a way that can be measured in an extremely accurate
and, most importantly, repeatable manner. Various medical symptoms can often contrast with each
other, or, on the contrary, correlations between them are observed, which may contribute to a better
and faster diagnosis of the disease or the effectiveness of the treatment process. A joint project of the
World Health Organization together with the United Nations under the name of the International
Program on Chemical Safety has attempted to standardize the term biomarker used in the literature.
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Currently, a biomarker is defined as “any substance, structure or process that can be measured in the
body or its products and that can influence or predict the occurrence of an outcome or disease” [1],
which means that the modern definition of biomarkers covers every response of the body, whether
functional, physiological, or biochemical, to the occurrence of a potential threat (physical, chemical,
or biological) that may modify the body’s reactions at the cellular or molecular level. Usually, biomarker
is used with two meanings: (1) A biomarker is a component (analyte) of a human biological system
(i.e., plasma, urine, etc.); or (2) a biomarker is a biological property (i.e., mass concentration of X in
plasma) [2]. Currently, examples of biomarkers can be both simple parameters of heart rate and blood
pressure, as well as the determination of complex constituent molecules present in our blood or tissues,
which are indicative of health. Types and applications of biomarkers are constantly changing as it
evaluates our knowledge about them. Thus, it has recently been shown that counts of urinary T-cell,
renal tubular epithelial cells, and podocalyxin-positive cells provide an excellent biomarker for the
detection of renal transplant rejection in routine clinical trials [3]. Currently, the role of TLR receptors
as potential marker molecules for the development of neoplastic diseases is emphasized more and
more often, e.g., TLR5 as a prognostic marker for gastric cancer [4]. It was also shown that the activity
of TLR receptor is correlated with the state of injury of post-surgical patients who have a disorder
of the immune response related to the interaction of TLR receptors with DAMP (damage-associated
molecular pattern). Moreover, the analyses led to conclusions regarding the role of TLR receptors in
predicting pathological conditions, including tissue damage, in these patients [5]. One of the increasing
threats in today’s world is chronic kidney disease, the cause of which may be both primary processes
related to the kidneys, and secondary processes observed in the course of rheumatic, cardiological,
or diabetic diseases. As indicated in the literature, one of the largest causes of the development of
chronic kidney disease in highly developed countries as well as in developing countries is hypertension
and type 2 diabetes, currently classified as diseases of civilization [6]. As far as type 2 diabetes and
renal disorders are concerned, it was shown that polypharmacy has a great impact on the occurrence,
course, and treatment of the disease [7].

Genetic, epigenetic, or environmental factors that play a more or less important role in
different regions of the world may lead to diseases associated with kidney glomerular damage,
which leads to their chronic hypofunction and subsequent renal failure. Research conducted by
O’Shaughnessy et al. [6], aimed to analyze the data from centers dealing with chronic kidney diseases,
where several types of nephropathy were considered. Analysis shows that there is a difference in
the incidence of individual nephropathy depending on the region. It turned out that focal segmental
glomerulosclerosis (FSGS) and diabetic nephropathy are the most numerous in the USA because
it occurred in 19% of diagnosed patients; the second type that dominated was IgA nephropathy
(12%), another was membranous nephropathy (12%) and lupus nephritis (10%). Furthermore, FSGS
was also common in Latin America (16%), although lupus nephritis strongly dominated the region
(38%), while diabetic nephropathy (DN) (4%) and IgA nephropathy (IgAN) (6%) were relatively
rare. A reverse dependence than in the USA has been observed in Europe and Asia. In Europe, IgA
nephropathy dominated the diagnosis, and the second most common diagnosis was FSGS (15%), while
in Asia, IgA glomerulopathy included 40% of diagnoses and the second most common diagnosis was
lupus nephritis (17%) [8].

All of these diseases are the subject of intensive research by many scientists around the world.
The following review of the literature focuses on the problems of diseases associated with glomerular
dysfunction, in which there are answers to questions about the participation in the pathogenesis of
diseases on TLR, which may become a potential marker molecule.

2. Classification of Biomarkers

There are many different ways to classify biological molecules as biomarkers in the literature.
One of the basic methods is division according to the type of marker molecule. These are DNA,
mitochondrial DNA, RNA, or mRNA molecules that belong to the genomic biomarker category,
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but also proteins, peptides, or antibodies that are classified as proteomic biomarkers. The third group
is metabolic markers (metabolomics), which includes lipids, carbohydrates, enzymes, and products
of metabolism (metabolites). Our attention was drawn to a slightly different classification of these
unusual molecules, i.e., classification based on genetics and molecular biology, due to the usefulness of
biomarkers in diagnostic processes and due to their application (Figure 1). The first group includes three
types of biomarkers. Type 0 are biomarkers that correlate over time with known clinical indications
and show the natural course and history of the disease. Type I relates to biomarkers of drug activity,
which can be divided into biomarkers of efficacy (taking into account the therapeutic effect of a
given drug), mechanism (providing information about the drug’s mechanism of action), and toxicity
(including the toxic effect of a given drug). Type II is known as surrogate biomarkers to help evaluate
and predict the effect of therapy [9].

 

Figure 1. Classification of biomarkers due to the genetic and molecular aspect, the usefulness of
biomarkers in diagnostic processes, and application.

Due to the usefulness of biomarkers in diagnostics, we can distinguish prognostic biomarkers;
in other words, those that suggest the probable outcome of the disease in an untreated individual,
and predictive biomarkers, the purpose of which is to identify patients for whom a specific therapy
is most effective. Lastly, we can distinguish pharmacodynamic biomarkers that determine the
pharmacological action of a given drug [10]. Another classification is based on the use of biomarkers.
We distinguish here exposure markers and doses that are used to reconstruct and predict past accidental
or occupational exposures. Risk or vulnerability markers, which relate to the identification of vulnerable
individuals (or future patients) at increased risk of developing a disease, and disease markers represent
the initial cellular or molecular changes that occur during the development of a particular disease
entity. It is the latter group that includes TLR receptors [11,12]. However, what characteristics does an
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ideal biomarker need to meet? Is there an “ideal biomarker”? What features should a biomarker have
to be close to the ideal? Well, according to the FDA, an ideal biomarker must meet the following six
characteristics (Figure 2). First, it must be specific in the course of a particular disease entity and easy
to differentiate between different physiological conditions of the patient. Secondly, such a biomarker
must above all be easy to measure and safe. Then, the speed of its detection is also important, as it
enables a quick diagnosis as well as the repeatability and accuracy of the results obtained. Attention is
also paid to the cost of detecting such biomarkers, which must be relatively cheap. The advantage of
such a biomarker is also the consistency between ethnic groups and genders of patients [13].

 

κ

Figure 2. Classification of biomarkers due to the genetic and molecular aspect, the usefulness of
biomarkers in diagnostic processes, and application.

3. Characteristic of the TLR Receptors

Glomerulonephritis is a heterogeneous group of diseases whose common denominator is
inflammation, ongoing in the glomerulus, resulting from systemic (secondary glomerulonephritis) or
only glomerulonephritis (primary glomerulonephritis) [14–19]. The etiopathogenesis and the cause
of the variable course of glomerulopathy is the subject of numerous studies but remains unknown.
Although the pathogenesis is not unequivocally elucidated, the literature data clearly indicate the
involvement of various immune mechanisms in the etiopathogenesis of glomerulopathy. Researchers
indicate the role of the immune system in the development of chronic kidney disease on the basis of
primary and secondary disorders of the glomerular functions, and AKI (acute kidney injury) resulting
from the above-mentioned entities and other disease states, e.g., sepsis [20]. The main elements
involved in promoting kidney damage are dendritic cells, NK (natural killer) cells, macrophages,
and proinflammatory cytokines. A critical role is played by the complement system, which can both
protect and promote damage to the glomeruli [21].

Literature data suggest the contribution of innate immunity to TLRs in these processes.
These receptors are a classic example of pattern recognition receptors (PRRs). Signals received
by these receptors by recruiting specific molecules lead to activation of the transcription factors NF-κB
(nuclear factor kappa-light-chain-enhancer of activated B cells) and IRF (interferon regulatory factor)
and affect various elements of the host’s innate immune response [22]. TLR mechanisms are based on
the ability to recognize twofold signals. The first one is based on the detection of pathogen-associated
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molecular patterns (PAMPs), while the second reads molecules related to damage to the body’s own
cells (DAMPs; danger-associated molecular patterns) [23]. However, the origin of the signal, in the
case of PAMP, is compounds of exogenous origin, while DAMP receives endogenous information.
The result of receiving signals from both pathways is the effector reaction in which the production
of costimulatory molecules and cytokines takes place. The location of TLRs is the cell surface or
intracellular compartments, including ER (endoplasmic reticulum), lysosomes, and endosomes. It is
pointed out that intracellular localization is important not only for ligand recognition but also for
avoiding TLR contact with self-nucleic acids, which could cause autoimmunity. A high number
of TLR receptors on cells of the immune system, such as monocytes, macrophages, dendritic cells,
or lymphocytes, enables the thesis that they constitute a network allowing rapid cooperation of
leukocytes and cells present at the site of infection or in the immediate vicinity of damaged host
cells [23,24]. TLR synthesis begins in the rough endoplasmic reticulum, from where it goes to the
Golgi apparatus and then to its destinations, in other words to the cell surface or to the intercellular
compartments [22].

At present, there are 10 types of TLR receptors in humans and three additional types in mice,
whereas others species may have more of these receptors (Table 1). Based on the amino acid sequence
homology, TLRs occurring in vertebrates were divided into six subfamilies: TLR 1/2/6/10, TLR3, TLR4,
TLR5, followed by TLR 7/8/9, and TLR 11 to the last 12/13 (Table 2). However, not all vertebrates have
all types of receptors. PRRs have a specific structure in the form of transmembrane proteins, being an
integral component of the cell membrane, in which the N-terminal part is responsible for ligand binding,
whereas the C-terminal end is equipped with a signaling domain for IL-1 (TIR; toll IL-1 receptor),
being part of the signal induction cascade for the production of anti-inflammatory mediators [23].
The transmembrane domain of TLRs contains about 20, mostly hydrophobic, amino acid residues.
The N-terminal end (ECDs (extracellular domain) N-terminal ectodomains) is a glycoprotein of 500–800
amino acid residues. In their structure, we distinguish the presence of leucine-rich tandem repeats
(LRRs), the number of which depends on the receptor type and ranges from 20–29 repeats (Table 1).

Table 1. Characteristics of individual TLRs (toll-like receptors).

Name
Location of

Coding Genes
Location

in the Cell
The Number of
Amino Acids

Molecular
Weight (kDa)

Number
of LLR

Reference

TLR1 Chromosome 4
Golgi apparatus,

Phagosome,
Cell membrane

786aa 90.31 19 [25–27]

TLR2 Chromosome 4 Phagosome 784aa 89.83 19 [25,28,29]

TLR3 Chromosome 4
Early endosome,

ER
904aa 103.82 23 [25,30,31]

TLR4 Chromosome 9
Cell membrane, Early

endosome
839aa 95.68 21 [25,32,33]

TLR5 Chromosome 1 No data 858aa 97.83 20 [25,34,35]

TLR6 Chromosome 4
Golgi apparatus,
Cell membrane,

Phagosome
796aa 91.88 19 [25,36,37]

TLR7 Chromosome X

Endosomes,
Lysosomes,

ER,
Phagosome

1049aa 120.92 25 [25,38]

TLR8 Chromosome X No data 1041aa 119.82 25 [25,39,40]

TLR9 Chromosome 3

Endosomes,
Lysosomes,

ER,
Phagosome

1032aa 115.86 25 [25,41]

TLR10 Chromosome 4 No data 811aa 94.56 19 [25,42,43]
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Table 1. Cont.

Name
Location of

Coding Genes
Location

in the Cell
The Number of
Amino Acids

Molecular
Weight (kDa)

Number
of LLR

Reference

TLR11
Expression in

mice
No data 926aa 105.83 10 [44]

TLR12
Expression in

mice
No data 906aa 99.94 17 [45]

TLR13
Expression in

mice
Endosomes 991aa 114.44 25 [46]

TLRs also differ in the cell site. TLR 1/2/4/5/6/10/11/12 receptors are located on the outer membrane of cells,
while 3/7/8/9 receptors are located inside of them. Several literature reports have identified specific PAMP and
DAMP ligands, which are bound by particular TLRs (Table 2).

Table 2. Location and ligands bound by TLR.

Name Occurrence Ligand PAMP
The Origin of

PAMP
Ligand DAMP Reference

Extracellular

TLR1

Macrophages
Neutrophils

B lymphocytes
Dendritic cells

Lipopeptides
Soluble factors (lipoproteins)

Bacteria No data [47,48]

TLR2

Macrophages
Neutrophils

B lymphocytes
Dendritic cells

NK cells

Bacterial lipopeptides
Teichoic acids,

LAM
Moduline,

Glycolipids of bacteria,
Porins, LPS,

Bacteria
Apolipoprotein CIII,

Heparin sulphate,
Hyaluronic acid,
Hsp60, Hsp70,
Peroxiredoxin

[47–50]

Glycosinositolphospholipids
Protozoa, e.g.,

Trypanosoma cruzi

Zymosan Fungi

Hemagglutinin Measles virus

Protein Herpesvirus

Hsp70 proteins Host organism

TLR4

Macrophages
Neutrophils

B lymphocytes
Dendritic cells

NK cells
Treg cells

LPS Bacteria C-reactive protein,
Fibronectin,
Fibrinogen,

Heparin sulphate,
Neutrophil, Elastase,

Angiotensin II,
Hsp60

[48–51]Fusion proteins,
Proteins present in the coating

Viruses, e.g., RSV
virus

Taxol Plants

Hsp60 protein
Hsp70 protein

A fragment of the A domain of
fibronectin

Hyaluronic acid oligosaccharide
Fibrinogen

Heparan sulphate

Host organism

TLR5

Macrophages
B lymphocytes
Dendritic cells

Treg cells

Flagellin
Bacteria

(Gram-negative)
No data [48,52]

TLR6
Macrophages
Neutrophils

Dendritic cells

Diacyl lipopeptides
Lipoteichoic acids

Zymosan

Bacteria
Fungi

Versican [47–50,53]

TLR10 Dendritic cells No data No data No data [54]

TLR11
Macrophages
Dendritic cells

Flagellin
Profilin

Bacteria
Protozoa, e.g.,

Toxoplasma gondii
No data [55,56]

TLR12 Dendritic cells Profilin
Protozoa, e.g.,

Toxoplasma gondii
No data [55]
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Table 2. Cont.

Name Occurrence Ligand PAMP
The Origin of

PAMP
Ligand DAMP Reference

Intracellular

TLR3

Macrophages
Neutrophils

B lymphocytes
Dendritic cells

Double-stranded RNA Viruses
Own double-stranded

RNA
[57,58]

TLR7

Macrophages
Neutrophils

Dendritic cells
Treg cells

Single-stranded RNA
Antiviral and anticancer

compounds

Viruses
Synthetic

Own single-stranded
RNA

[48,59]

TLR8
Dendritic cells

Treg cells
Single-stranded RNA
Antiviral compounds

Viruses
Synthetic

Own single-stranded
RNA

[48,60]

TLR9
Macrophages
Neutrophils

Dendritic cells

Double-stranded DNA
(containing unmethylated CpG

sequences)

Bacteria, viruses
and synthetic

HMGB1
Mitochondrial DNA

[48–50,61]

4. The Role of TLRs in Glomerulonephritis

Tissue damage glomerulonephritis predisposes many factors and individual characteristics.
Most often, the first reveals hereditary predispositions in response to emerging environmental factors
that can lead to a nephrogenic immune response. Then, there is a direct exposure to infectious
etiological factors occurring in the environment (PAMP and DAMP), which may be subject to specific
modification due to many epigenetic factors (such as physical exercise, microbes, environmental toxins,
lifestyle, etc.) [62]. As a consequence of these changes, the innate immune system is activated as a
result of interaction with TLRs present on circulating inflammatory cells (neutrophils, macrophages,
basophils, and NK cells), as well as on resident glomerular cells and the complement system, which
triggers a cascade of antigen-specific non-specific reactions [63]. These receptors are displayed on
cells found inside the glomerulus (mesangial cells, monocytes, or dendritic cells) as well as in the
renal interstitium (tubular epithelial cells, monocytes), where they interfere with potential ligands [63].
Part of the ligands, such as peptides, structural elements, or genetic material of both bacteria and
viruses can be transmitted through the bloodstream to the inside of the nephron, in particular to the
glomerulus. In the case of interstitial cells, in addition to the ligands of infectious origin, the potential
ligands may also be fibrinogen, fibronectin, defensin 2, or necrotic cells (Figure 3).

In order to prevent over-activity of the immune system, TLRs are downregulated by numerous
molecules and various mechanisms. Existing negative regulators target specific key molecules in TLR
signaling, such as SOCS1 (suppressor of cytokine signaling 1), SOCS3 (suppressor of cytokine signaling
3), SARM (sterile α-and armadillo-motif containing protein), TANK (TRAF family member associated
NF-κB activator), A20, and others [64–69]. Additionally, there are molecules that directly influence the
inhibition of NF-kB and IRF-3 [70]. In addition, numerous mi-RNAs were discovered that affect the
stability of mRNA encoding signaling molecules and mRNA for cytokines [69,71].

Activation of TLR releases the NF-κB transcription factor, which results in the production of
inflammatory mediators (such as IL-1, IL-2, IL-6, IL-12, TNF-α (tumor necrosis factor alpha)), [72,73],
and can cause glomerular damage. The next step is the conversion of the innate immune response
that begins the antigen-specific reaction cycle. The transformation of the immune response includes
several possible mechanisms, such as regulation of natural autoimmunity, conformational changes
of epitopes, molecular mimicry, or the autoantigen complementarity phenomenon. TLRs are also
required to activate the adaptive immune system by antigen-presenting cells that promote CD4 helper
cell differentiation, B cell activation, and antibody production. Antibodies lead to the trapping of the
circulating complex or the formation of in situ immune complexes that can activate both TLRs and
complement components of the innate immune system [74]. CD4 Th1 and Th2 cells cause damage to

191



Int. J. Mol. Sci. 2020, 21, 6712

the glomerular tissues indirectly, mainly through macrophages and basophils, whereas Th17 cells may
directly mediate damage to kidney structures in particular diseases (Figure 4).
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Figure 3. The potential occurrence of TLR receptors within the nephron (modified, based on [63]).

 

Figure 4. The potential occurrence of TLR receptors within the nephron (modified, based on [24]).

Various clinical situations affecting the kidneys, such as ischemic damage, toxic AKI, nephropathies
secondary to diabetes mellitus, hypertension, or crystal deposition, are associated with aseptic
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inflammation caused, among others, by DAMP molecules [75,76]. These molecules can be released
from dying parenchyma cells or during remodulation of the extracellular matrix. The presence of cells
in the kidney capable of expressing TLR receptors makes it possible to initiate an immune response
and inflammation [77,78]. In order to approximate the mode of action of these receptors in the disease
state, their involvement in the most frequently diagnosed pathological conditions associated with
glomerular dysfunction is presented in the further part of the material [8].

5. Biomarkers and Importance of the TLRs in Selected Glomerular Diseases

The literature classification divides the occurring nephropathies into two categories: Primary
nephropathies, which are defined as those in which the systemic disease responsible for the condition
cannot be established, and secondary nephropathies in which renal lesions appear as a result of other
diseases accompanied by characteristic extrarenal symptoms. The first group includes diseases, such as:
minimal change nephropathy (MCN), focal segmental glomerulosclerosis (FSGS), and membranous
nephropathy (MN), which are also included in the nephrotic syndrome. The second group is primarily
diabetic nephropathy and lupus nephropathy. In addition, the studies of our research group have
resulted in the finding that the TLR-2 receptor may play an important role as a biomarker of primary
non-proliferative nephropathies [79].

6. The Role of TLRs in Primary Non-Proliferative Nephropathies

6.1. Focal Segmental Glomerulosclerosis (FSGS)

FSGS is a diverse syndrome that arises after damage to podocytes for various reasons, some known
and unknown. The sources of podocyte injury are diverse (circulating factors (primary FSGS), genetic
abnormalities, viral infections, and medications) [80,81]. Most of the mutual interactions between
these factors probably result in FSGS. There is a hypothesis about multistage pathogenic activation
of autoimmunity in some forms of idiopathic FSGS [81]. Through the interaction of macrophages
involved in kidney damage with many chemokines, the migration of monocytes to the site of damage
occurs, which initiates the process of fibrosis. These macrophages also have the ability to self-spread
and change into myofibroblasts that produce the extracellular matrix. Therefore, it can be assumed
that excessive organ infiltration by monocytes and macrophages will cause an intensified fibrosis effect
and, consequently, intensification of FSGS symptoms [82,83]. Currently, known biomarkers of FSGS
are soluble urokinase-type plasminogen activator receptor (suPAR), soluble IL-2 receptor (sIL-2R),
and ATP-binding cassette subfamily B member 1 glycoprotein-P (Figure 5). Damage to podocytes can
release molecular patterns of proteins that are recognized by TLR as signals of danger. TLRs stimulate
adapter proteins that activate a cascade of kinases, which amplify the signal and transmit it to the
transcription factors regulating inflammatory genes. In the inflammatory microenvironment, the
podocytes, acting as antigen-presenting cells, have a CD40 and CD80 receptor on their surface, thanks to
which they capture antigens and present them to competent T-cells. However, in the case of abnormal
expression of CD40 and CD80, they disorganize the cytoskeleton and filtration slit. In addition, CD40
can be identified as a foreign antigen, consequently leading to the production of anti-CD40 auto-antigen.
Abnormal expression of CD40, CD80, and autoantibodies may lead to apoptosis of the podocytes,
detachment of the podocytes from the glomerular basal membrane, proliferation of parietal epithelial
cells, and attack on the glomeruli, and induction of segmental sclerosis [81]. In turn, other literature
reports indicate the involvement of fibrinogen (Fg) in an inflammatory process mediated by the
toll-like 4 receptor (TLR4) [84]. Fibrinogen is a protein that plays a proinflammatory role in vascular
disorders, rheumatoid arthritis, glomerulonephritis, and certain cancers, e.g., myeloproliferative
neoplasms [84,85]. Positive correlations have been noted between oxidative stress markers and,
among others, fibrinogen, which may impact the course of several disorders [85]. Găman et al. [86]
showed that obesity and diabetes are associated with increased levels of ROS (reactive oxygen species),
accompanied by a simultaneous deficiency of antioxidants. The authors showed that the results of
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the free oxygen radical defense (FORT) and free oxygen radical defense (FORD) tests correlated with
anthropometric/biochemical parameters in patients with obesity and diabetes. In studies carried out
by Wang et al. [84], Fg has been shown to disrupt the actin cytoskeleton and induce apoptosis in
podocytes via the TLR4-p38 MAPK-NF-κB p65 pathway in vitro and that co-expression of Fg and
TLR4 is elevated in podocytes of Adriamycin-treated mice. It was also indicated that the level of
fibrinogen in the urine may reflect the disease activity in patients with FSGS [84]. Literature data show
that the use of synthetic small molecules lecinoxoids, which are inhibitors of TLR-2 and TLR-4, affects
the activation and recruitment of monocytes in a rat model. The authors indicate [87] that the data
demonstrate that targeting TLR-2-TLR-4 and/or monocyte migration directly affects the priming phase
of fibrosis and may consequently perturb disease pathogenesis.
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Figure 5. Biomarkers associated with nephrotic syndrome based on minimal change disease
(MCD), focal segmental glomerulosclerosis (FSGS), and membranous nephropathy (MN) change
based on [88]). CD80-Cluster of differentiation 80; IL-13-interleukin 13; sIL-2R-soluble IL-2
receptor; ABCB1 Glycoprotein-P-ATP-binding cassette subfamily B member 1 Glycoprotein-P;
suPAR-soluble urokinase-type plasminogen activator receptor; PLA2R-M-type phospholipase A2
receptor; SOD2-manganese superoxide-dismutase 2; AR-Androgen Receptor; NAG-N-Acetyl-β-D
Glucosaminidase.

6.2. Minimal Change Disease (MCD)

MCD is one of the most common glomerular kidney diseases in children and a common cause of
nephrotic syndrome in adults. This disease entity is characterized by an outbreak of edema, selective
proteinuria, and a clinical response to glucocorticoid therapy, as T-cell mechanisms are involved in
the pathogenesis of the disease [89]. The pathogenesis is due to abnormalities in the functioning of
podocytes, with the latest literature data suggesting the hypothesis that there are two initiating events.
First, there are changes in the cytoskeleton of podocytes and, second, there are regulatory changes in
T-cells that exacerbate abnormalities in podocytes [89,90]. Currently known biomarkers in MCD are
urine levels and podocyte expression of CD80 (B7.1), interleukin 13, serum levels and protease activity
of circulating hemopexin, serum levels of soluble interleukin 2 receptor, and ABCB1 and glycoprotein-P
(Figure 5). The development of MCD may be significantly influenced by the body’s innate immunity,
in which TLRs are involved. Podocytes in the kidney glomeruli, due to their function and place of
occurrence, are also equipped with the above receptors. In research conducted by Srivastava et al. [91],
the presence of TLR receptors and their potential activity were checked on cell cultures stimulated with
LPS (lipopolysaccharides) and the amino nucleoside puromycin (PAN). In the above studies, it was
found that cultured human podocytes constitutively express TLR 1-6 and TLR-10 but not TLR 7–9.
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Quantitative analysis using the RT-PCR method indicated that LPS at various concentrations and to
varying degrees increased the expression of TLR (1–6) genes, the adapter molecule MyD88, and the
transcription factor NF-κB within one hour. LPS also caused elevated levels of IL-6, IL-8, and MCP-1
(monocyte chemoattractant protein-1) without exerting any effect on TNF-α, IFN-α, or TGF-β1 after
24 h. It has also been shown that an increase in TLR 1 expression may attenuate the effect of TLR-4
activation, which is thought to be an indirect factor in LPS-induced podocyte damage [91]. Moreover,
the increase in TLR-1 expression by LPS suggests that LPS damage to podocytes is associated with an
increase in TLR-1 levels and its specific endogenous ligands (heat shock protein, heparin sulphate,
and fibronectin). These results allow the conclusion that the main TLR4 ligand, which is LPS, can
induce the expression of the genes of many TLR receptors, and thus may lead to changes being induced
in podocytes, which may be related to the loss of receptor selectivity and stimulation of receptor
interaction in podocytes [91]. An additional possibility indicating the involvement of TLRs in the
development of MCD is the increase in the amount of the CD80 receptor in podocytes, after stimulation
with ligands for TLR-and TLR-4 receptors. TLR ligands are usually microbial products and can be
combined with a well-known association of viral infections as a causative agent of minimal lesion
disease [92,93].

6.3. Membranous Nephropathy (MN)

MN is a common cause of nephrotic syndrome in adults. Patients with MN usually develop
severe proteinuria, edema, hypoalbuminemia, and hyperlipidemia [94]. It is the most common cause
of idiopathic nephrotic syndrome in non-diabetic white adults. About 80% of cases are restricted
to the kidneys (primary MN, PMN, idiopathic membranous nephropathy) and 20% are related to
other systemic diseases or exposure (secondary MN) [95]. MN is associated with a pathological
alteration of the glomerular basement membrane. This change is due to the build-up of immune
complexes that appear as granular immunoglobulin (Ig)G deposits after immunofluorescence imaging
and as electron-dense deposits of high electron density. Deposits of these immune complexes
between podocytes and the basement membrane have a complex that attacks the complement
membrane (C5b-9) [96]. The formation of glomerular sub-epithelial immune complex deposits in
the IMN is mediated by specific intrinsic podocyte antigens and their corresponding autoantibodies
in humans. These include compounds, such as neutral endopeptidase (NEP), type M receptor for
secretory phospholipase A2 (PLA2R1), and type 1 7A thrombospondin (THSD7A) (containing domain
8–10) [94–96]. The above-mentioned markers constitute the core of the research into the pathogenesis
of membranous nephropathy. However, there are reports of a genetic susceptibility to idiopathic
membranous nephropathy. This type of study was conducted in a high-prevalence area in Taiwan [97].
In these studies, the association of the IL-6, NPHS1 (nephrin), TLR-4, TLR-9, STAT4 (signal transducer

and activator of transcription) and MYH (mutY DNA glycosylase), genes with susceptibility to primary
membranous nephropathy in Taiwan was established. In the case of the TLR4 receptor gene, the gene
polymorphism indicated a significant single nucleotide difference in the rs10983755 A/G region
(p < 0.001) and rs1927914 A/G (p < 0.05) between the control group and MN patients. In addition,
the distributions of rs10759932 C/T and rs11536889 C/T polymorphisms differed significantly [97].

6.4. IgA Nephropathy (IgAN)

The development of IgA nephropathy consists of many mechanisms not yet fully understood.
Literature data breaks down biomarkers for IgA nephropathy into a diagnostic and prognostic marker.
The first group includes biomarkers detected in serum and urine, such as uromodulin, CD71, IL-6,
complement components, and serum BAFF (B-cell activating factor) [98]. However, the group of
prognostic markers includes urine kidney injury molecule-1, fractional excretion of IgG, soluble
CD89, urinary angiotensinogen, and inflammatory cytokines (Figure 6). The above markers may
indicate or predict the main cause of nephropathy development, which is the overproduction of
anti-IgA complexes. One of the reasons for stimulating the body to produce IgA-related complexes
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may be signaling disorders associated with TLRs [99–101]. Ligands of bacterial or viral origin are
recognized by toll-like receptors that trigger the process of chemokine release and recruitment of
macrophages and neutrophils at the site of infection [102]. In numerous studies on IgAN pathogenesis,
various types of receptors that could influence the development of this disease have been analyzed.
These receptors were TLR3, mainly recognizing viral dsDNA [103]; TLR7 receptor [104]; binding to
ssRNA viruses and TLR4 [105,106]; and binding of a variety of ligands, including LPS Gram-negative
bacteria and DAMP (Table 2). Numerous observations of patients with diagnosed IgAN suggest the
involvement of pathogens of viral origin, which is also confirmed by experimental models. There is an
unexpected increase in the level of TLR4 activation, which is involved in the diagnosis of exogenous
bacterial factors (LPS from Gram-negative bacteria, Chlamydia pneumoniae, HSP (heat shock proteins)
proteins) and endogenous origin (HSP-60, additional fibronectin A domain, low-molecular LDL
fractions, acid oligosaccharides hyaluronic acid, heparan sulphate), as well as factors derived from the
breakdown of host cells [107–113]. To fully explain kidney damage in IgAN, it is necessary to fully
understand the effects of TLR4 in the development of glomerulopathy, involving both glomerular
cells and circulating leukocytes. Studies have shown that the administration of LPS activates TLR4
receptors on mesangial cells, and causes the release of chemokines (CXCs), which promotes neutrophil
infusion and the development of glomerulonephritis [114–116]. In addition, the IFN-γ and IFN-α
responses induced by TLR activation induce overexpression of the B-cell activation factor (BAFF) in
dendritic cells, favoring the expansion of B-cells and increasing IgA synthesis [117–121]. It was also
shown that in kidney biopsies of patients with IgAN, CD19+/CD5+ B cell infiltration is present, which
in the progressive forms of this disease produce significant amounts of IFN-γ and IgA and are more
resistant to apoptosis compared to cells obtained from healthy donors [122,123]. Moreover, Hitoshi
Suzuki et al. [101] showed that there is an association between gene polymorphisms for TLR-9 and
disease progression. Stimulation with ligands for TLR-9 led to the deterioration of kidney function
in mice and influenced the shift of the balance towards Th1 lymphocytes. These findings led to the
conclusion that activation of pathways related to this particular type of receptor may influence the
severity of IgA nephropathy [101]. Moreover, Coppo et al. [124] showed that in patients diagnosed
with IgA nephropathy, higher levels of TLR-4 in mononuclear cells and transcriptional mRNA were
observed than in the control group. An important fact is that there is a statistical difference in the
level of the above markers in patients with severe disease and those who do not have proteinuria and
hematuria [124]. TLR-4 can be activated by many ligands, such as HLPs and LPS and DAMPs [106].
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Figure 6. Biomarkers in IgA (immunoglobulin A) nephropathy.
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7. The Role of TLR Receptors in Secondary Nephropathies

7.1. Lupus Nephritis

Systemic lupus erythematosus (SLE) is one example of systemic autoimmune diseases. SLE relies
on the loss of tolerance to autoantigens, which is caused by the malfunctioning of acquired immunity
cells [109,125–127]. In the case of SLE, clinical studies indicate that the most common source of
biomarker searches is a urine sample. Due to this, numerous proteins, such as cytokines, chemokines,
complement proteins, adhesive molecules, and autoantibodies, have been identified as potential
biomarkers of disease activity in cross-sectional studies (Figure 7) [128].
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Figure 7. Biomarkers associated with lupus nephritis [128]; CXC16—C-X-C motif chemokine 16;
FOXP3—forkhead box protein P3; HMGB1—High mobility group box 1; ICAM—Intercellular
Adhesion Molecule 1; IL-6—Urinary Interleukin 6; IL-8—Interleukin 8; IL-17—Urinary
Interleukin 17; KIM-1—Urinary kidney injury molecule-1; MCP-1—Monocyte chemoattractant
protein-1; NAG—N-Acetyl-β-D Glucosaminidase; NGAL—neutrophil gelatinase-associated lipocalin;
RAIL—Renal Activity Index for Lupus; RANTES—Regulated upon Activation, Normal T-cell Expressed,
and Secreted; STAT-1—Signal transducer and activator of transcription 1; TGF-β—transforming
growth factor beta; Th1—T helper 1; Th2—T helper 2; TNFR1—Tumor necrosis factor receptor 1;
TWEAK—Urinary TNF-like weak inducer of apoptosis; VCAM—vascular cell adhesion molecule 1;
VEGF—Vascular Endothelial Growth Factor.

Literature data of recent years indicate a special contribution to the etiopathogenesis of this disease
of innate immunity elements, mainly TLR. External and endogenous ligands may interact with TLRs
present on monocytes, dendritic cells, and B lymphocytes, infiltrating the glomeruli, and resulting in
increased cytokine secretion [129,130]. In addition, mesangial cells and other cells of the parenchyma
express TLR1-4 and TLR6 receptors and secrete interleukins and chemokines [15,129,131–134]. Studies
show that most deposits of immune complexes contain TLR agonists that have the ability to activate
mesangial cells and contribute to the development of lupus nephropathy [135]. Pawar et al. [136]
summarized the literature data, indicating that microbial nucleic acids can constitute a universal PAMP.
As a result, it is possible to activate various mechanisms, such as lymphoproliferation, production of
autoantibodies, type I interferon, secretion of numerous cytokines, and promotion of lupus development,
in genetically predisposed individuals [136].

TLR2 and TLR4 are expressed not only in parenchymal cells but also in infiltrating neutrophils and
mononuclear phagocytes, including macrophages and dendritic cells [137]. The HMGB1 (high mobility
group box 1) protein, which binds DNA and the lupus autoantigen released under inflammation,
can induce the activation of NF-κB in a TLR2-dependent and TLR4-RAGE-dependent manner in
mononuclear phagocytes and neutrophils [138–143] as well as in mesangial cells [144]. Mesangial cells
and podocytes in humans are characterized by the expression of TLR4 [145]. Mesangial cells isolated
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from mice with autoimmune diseases have significantly higher TLR4 expression and produce much
more proinflammatory chemokines both after LPS stimulation and spontaneously [146]. Other studies
also indicate that the necrotic cell debris-enhanced endogenous TLR ligands stimulate cytokine release
by TLR2/MyD88 from mesangial cells, which implies the expression of TLR2 in different cell populations,
and kidney-building structure [147–150]. Intracellular expression of TLR2 and TLR4 is multiplied
in the kidneys of CD32b receptor-deficient mice suffering from glomerulonephritis associated with
cryoglobulinemia [145,151,152].

7.2. Diabetic Nephropathy (DN)

One of the most serious complications for patients diagnosed with type I or II diabetes is diabetic
nephropathy, which can be caused by both environmental and genetic factors [18,153]. The diabetic
nephropathy is important to the inflammatory process in which, besides an increase in the activity
of macrophages and overproduction of adhesion molecules of leukocyte cells, the proximal tubular
kidney releases cytokine chemoattractant protein matrix to the interstitium, thereby contributing to
the development of the disease [154–156]. Literature studies indicate that the greatest risk of diabetic
nephropathy is the occurrence of hyperglycemia, which disrupts the proper functioning of the human
body. On the molecular level, hyperglycemia is responsible for promoting the mitochondrial electron
transport chain, which causes the formation of excessive amounts of reactive oxygen species (ROS)
(through formation of the advanced glycation end products (AGEs) and activation of the polyol
pathway, hexosamine pathway, protein kinase C (PKC), and angiotensin II). ROS occurring in the
cell initiate or also intensify the formation of oxidative stress, which causes the intensification of
inflammation and formation of fibrosis. Abnormalities in the lipid metabolism pathway, activation of
the renin-angiotensin-aldosterone system (RAAS), as well as systemic and glomerular hypertension are
also involved in the progression of this disease. Impairment of insulin signaling, an increase in growth
factors and proinflammatory cytokines, and activation of the intracellular signaling pathway also play
a role in the development of this disease [157]. Therefore, the currently known DN biomarkers focus
on three areas: Detection of oxidative stress, the occurrence of inflammation, and activation of the
RAAS system (Figure 8).
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Figure 8. Biomarkers associated with diabetic nephropathy pathogenesis (based on [157]). 8-
OHdG—8-hydroxy-2’-deoxyguanine; AOPP—advanced oxidation protein product; CHIT1—chitotriosidase;
DNPH—2,4-dinitrophenylhydrazine; GS—Glutathione s-transferase; HNE—4-hydroxy-nonenal;
IL-6—interleukin 6; IL-8—interleukin 8; IL-18—interleukin 18; IP-10—interferon-inducible protein-10;
MCP-1—Monocyte chemoattractant protein-1; MDA—malondialdehyde; sCD40L—soluble CD40 ligand;
TNF-α—Tumor necrosis factor alpha; YKL-40—cartilage glycoprotein 40.
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Literature data from recent years indicate that an important role in diabetic nephropathy
etiopathogenesis may be played by signal transduction pathways that are dependent on TLR2,
TLR9, and TLR4 receptors. However, it is not clear which receptor is more pathogenic [154,158–160].
Studies of many research teams indicate increased expression of TLR2 and the presence of endogenous
ligands HMGB1 [161,162] and HSP70 [107,122,163], detected on the basis of research conducted on
diabetic-induced rats. In addition, the expression of MyD88 and MCP-1, NF-κB, and infiltration of
macrophages has been demonstrated [164–167]. High TLR2 expression was also observed in the
glomeruli and renal tubules of people with diabetes. The results were confirmed in vitro in cultures of
NRK-52E cell lines in which a high glucose concentration induced TLR2 mRNA expression [168–170].
The pathogenic role of TLR4 in diabetic nephropathy has also been found. In vitro studies have
shown that activation of NF-κB and the expression of proinflammatory cytokines was reduced when
TLR4 expression was silenced or its signaling was inhibited. During mouse studies, higher TLR4
activity and expression of the NF-κB p65 subunit in the kidney cortex of mice with experimental
diabetes was demonstrated [171]. In vitro, researchers also observed increased TLR4 expression and
proinflammatory cytokine synthesis when podocytes and adipocytes were exposed to both high
glucose and NEFA (non-esterified “free” fatty acids), suggesting a key role of TLR4 in supporting
inflammation in diabetic nephropathy [171–173]. In addition, another research team [174] showed an
increase in the expression of TLR4 and signaling proteins for this receptor along with the activation of
NF-κB, but not TLR2, in a mouse mesangium that was exposed to high glucose concentrations. It was
also observed that hyperglycemia stimulated the expression of TLR4 in glomerular renal endothelial
cells in a mouse model of type 1 and type 2 diabetes, which underlines the relationship of the discussed
receptor with diabetic nephropathy [174,175]. In addition, clinical data indicate that in patients with
type 1 diabetes, ligands, endotoxins, heat shock proteins 60 (Hsp60), and high mobility groups 1
(HMGB1) of both TLR2 and TLR4 [176,177] are increased. Increased expression of mRNA was also
observed. TLR2, MyD88, and proinflammatory cytokines in leukocytes of patients with type 1 diabetes
mellitus suggests that the inflammatory process is mediated by TLR2 [176]. However, in patients
with type 2 diabetes and confirmed biopsy, diabetic kidney disease has been found to increase TLR4
expression on renal tubules as opposed to TLR2. In addition, in patients with type II diabetes and
confirmed diabetic kidney disease, microalbuminuria, mRNA, and TLR4 protein were overexpressed 4
to 10 times more in glomeruli and tubules compared to the control group. However, both TLR2 and
TLR4 expression was increased on monocytes in patients with type II diabetes [176]. Although the
literature data indicate a key role of TLR2 and TLR4 in the pathophysiology of diabetic nephropathy,
the participation of other receptors is not excluded. There is evidence to suggest the involvement of
TLR3, TLR7, and TLR9 receptors in the pathogenesis of type 1 diabetes by destroying pancreatic islets
induced by viral infection [114,178,179].

7.3. Acute Kidney Injury (AKI) to Chronic Kidney Disease (CKD) Development

The 2019 definition published by Ronco in The Lancet says that AKI: “is defined by a rapid
increase in serum creatinine, decrease in urine output, or both”. The authors indicate that acute kidney
injury accounts for up to 15% of the reasons for admission to hospital and occurs in as much as 50% of
patients treated in intensive care units [180]. Therefore, it is argued that AKI is still associated with
high morbidity and mortality [181]. There are many causes of AKI, including acute ischemia, analgesic
nephropathy, sepsis, and severe glomerulopathies. Meta-analyses and cohort studies confirm the role
of acute kidney injury in the development of chronic kidney disease and, as a complication of AKI,
the more frequent need for chronic renal replacement therapy in the form of dialysis therapy [182–184].
The literature does not indicate clear causes and markers of the transition of acute kidney injury to
chronic kidney disease, although it is known that this process involves numerous immune mechanisms.
Inflammation, induced death, and fibrosis are likely contributors to the progression of AKI to CKD [185].
The renal epithelium plays an important role in promoting inflammation after damage by attracting
leukocytes to the site of damage, which is seen as a strong role for TLR-4 [186]. The role of TLR2
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and TLR4 in reperfusion after ischemic kidney injury is significant, where their expression increases
significantly and enhances the proinflammatory response of tissues, with the participation of numerous
cytokines and chemokines [187,188]. It is also noteworthy that the TLR-3 receptor system is involved in
ischemia/reperfusion injury in the kidney. Studies have been carried out that showed rapid activation
of these receptors, resulting in significant kidney damage, which was associated with elevated rates
of apoptosis and necrosis in the renal tubes of mice [189]. Both TLR2 and TLR4 are also involved in
sepsis-induced kidney damage [190], caused by Gram-positive and G-negative bacteria; nevertheless,
the roles of single TLRs are differing [191]. There is also the TLR4-IL-22 pathway, which probably has
regenerative functions in opposition to the above, and more research is needed on this topic [192].
After the action of a harmful factor, the repair process takes place, the element of which is sterile
ignition [193]. In the first stage of inflammation, neutrophilic exudate appears, which over time is
replaced by a monocytic-lymphocytic infiltrate [194,195]. The presence of monocytes is regarded as a
mechanism promoting fibrosis and fibroblast proliferation [196]. The influx of cells of the immune
system leads to cell apoptosis and the formation of a large amount of breakdown products and other
substances that act as DAMPs, which can activate receptors, including TLRs [78,197]. It then promotes
and strengthens the inflammatory response, attracting more cells of the immune system and subsequent
fibrosis. Kidney infiltration by monocytes is recognized as a feature of chronic kidney disease [198] and
the degree of monocyte infiltration correlates with the severity of kidney damage [199]. The above data
indicate that it is the intensified process of fibrosis, mediated largely by the elements of the immune
system, that can lead to permanent damage to the kidney function and the progression of AKI to CKD.

8. Conclusions

The innate immunity system in which TLRs participate, among others, cells, such as monocytes,
macrophages, and NK (natural killer) cells, expressing TLR and lectin receptors are the body’s first line
of defense. TLRs identify the pathogen based on the specific pattern of the molecule and therefore
stimulate the immune system acquired, including T and B lymphocytes to fight pathogens [15].
Long-term continuous antigenic stimulation, increasing the work of TLRs, can lead to the development
of serious diseases, organ specific or systemic. In an increasing number of studies, the role of TLRs
has become more important. Recognition receptors are certainly of importance in the pathogenesis of
diseases associated with nephropathy, for example, glomerulopathy, diabetic, lupus IgA, or FSGS [1,16].
However, further research is necessary to clarify the possible involvement of TLR in the development
of other disease entities associated with kidney damage.
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8-OHdG 8-hydroxy-2’-deoxyguanine
ABCB1 Glycoprotein-P ATP-binding cassette subfamily B member 1 Glycoprotein-P
AKI Acute kidney injury
AOPP Advanced oxidation protein product
AR Androgen Receptor
BAFF B-cell activation factor
CD80 Cluster of differentiation 80
CHIT1 Chitotriosidase; DNPH-2,4-dinitrophenylhydrazine
CKD Chronic kidney disease
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CXC16 C-X-C motif chemokine 16
DAMP Damage-associated molecular patterns
DN Diabetic nephropathy
FOXP3 Forkhead box protein P3
FSGS Focal segmental glomerulosclerosis
GST Glutathione s-transferase
HMGB1 High mobility group box 1
HNE 4-hydroxy-nonenal
HSP70 Heat shock proteins 70
ICAM Intercellular Adhesion Molecule 1
IFN-α Interferon alpha
IFN-γ Interferon gamma
IgAN IgA nephropathy
IL-17 Interleukin 13
IL-13 Interleukin 13
IL-2 Interleukin 2
IL-6 Interleukin 6
IL-7 Interleukin 7
IL-8 Interleukin 8
IP-10 Interferon-inducible protein-10
KIM-1 Urinary kidney injury molecule-1
LPS Lipopolysaccharides
LRRs Leucine-rich tandem repeats
MCN Minimal change nephropathy
MCP-1 Monocyte chemoattractant protein-1
MDA Malondialdehyde
MN Membranous nephropathy
NAG N-Acetyl-β-D Glucosaminidase
NAG N-Acetyl-β-D Glucosaminidase
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NGAL Neutrophil gelatinase-associated lipocalin
NK cells Natural killer cells
PAMP Pathogen-associated molecular patterns
PKC Protein kinase C
PLA2R M-type phospholipase A2 receptor
PRRs Pattern recognition receptors
RAAS Renin-angiotensin-aldosterone system
RAIL Renal Activity Index for Lupus
RANTES Regulated upon Activation, Normal T cell Expressed, and Secreted
ROS Reactive oxygen species
sCD40L Soluble CD40 ligand
sIL-2R Soluble IL-2 receptor
SLE Systemic lupus erythematosus
SOD2 manganese superoxide-dismutase 2
STAT-1 Signal transducer and activator of transcription 1
suPAR Soluble urokinase-type plasminogen activator receptor
TGF-β1 Transforming growth factor beta 1
TLR Toll-like receptor
TNF-a Tumor necrosis factor alpha
TNFR1 Tumor necrosis factor receptor 1
TWEAK Urinary TNF-like weak inducer of apoptosis
VCAM Vascular cell adhesion molecule 1
VEGF Vascular Endothelial Growth Factor
YKL-40 Cartilage glycoprotein 40
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Abstract: Endocan, previously referred to as an endothelial-cell-specific molecule-1 (ESM-1) is a
member of a proteoglycan family that is secreted by vascular endothelial cells of different organs,
mainly lungs and kidneys. It is assumed to participate in endothelial activation and the triggering of
inflammatory reactions, especially in microvasculatures. Thanks to its solubility in human fluids, i.e.,
urine and blood plasma, its stability and its low concentrations in physiological conditions, endocan
has been proposed as an easily available, non-invasive biomarker for identifying and predicting the
course of many diseases. Recently, endocan has been studied in relation to kidney diseases. In general,
endocan levels have been linked to worse clinical outcomes of renal dysfunction; however, results are
conflicting and require further evaluation. In this review, authors summarize available knowledge
regarding the role of endocan in pathogenesis and progression of selected kidney diseases.

Keywords: endocan; ESM-1; acute kidney injury; chronic kidney disease; renal replacement therapy;
kidney transplantation

1. Introduction

Endocan, formerly known as endothelial-cell-specific molecule-1 (ESM-1) is a soluble dermatan
sulphate proteoglycan with a molecular mass of 50 kDa that is expressed and secreted into the
bloodstream from vascular endothelial cells, mainly of lungs and kidneys [1,2]. Its expression is
upregulated either by proangiogenic factors, such as vascular endothelial growth factor (VEGF),
fibroblast growth factor 2 (FGF-2) or proinflammatory cytokines, like tumor necrosis factor alfa
(TNFalfa), interleukin-1beta, hypoxia-inducible factor-1alfa, and lipopolysaccharide, whereas it is
downregulated by interferon gamma [2]. It has been reported that endocan is involved in the
rearrangement of endothelial cells, namely cell adhesion, migration, proliferation and angiogenesis,
as well as playing a crucial role in inflammatory processes [3]. Nonetheless, studies provide conflicting
results regarding the biological role of endocan in pathological processes. Some authors report
that endocan upregulates cell adhesion molecules—ICAM-1 (intracellular cell adhesion molecule-1),
VCAM-1 (vascular cellular adhesion molecule-1) and E-selectin—or activates the nuclear factor-kappa
B pathway, an important mediator in inflammatory processes; therefore, endocan could take part
in vascular inflammation and endothelial cell activation [4]. Contrarily, endocan could display
anti-inflammatory properties by blocking the recruitment, adhesion and activation of leukocytes
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through direct binding to LFA-1 (leukocyte function-associated antigen 1) and interference with the
LFA-1/ICAM-1 pathway [5].

Despite these conflicting results, the characteristics of endocan—its extremely low concentrations
in physiological conditions, its stability, and its easy and non-invasive detection in body fluids—suggest
endocan as a possible biomarker of clinical importance [6,7]. Endocan has already been linked to
the occurrence and course of various conditions, including inflammatory diseases, cancer, sepsis,
cardiovascular events (CVE) and kidney diseases [1,7–9].

So far, endocan has been studied in acute (AKI) and chronic kidney disease (CKD) and renal
replacement therapy (RRT). In this paper, authors review available research concerning the role of
endocan in the development and progression of selected kidney diseases. The most valuable studies
concerning the role of endocan in kidney diseases have been summarized in Table A1.

2. Endocan in AKI

AKI is a theoretically reversible condition characterized by a rapid reduction in renal function
that could lead to the accumulation of nitrogen-based end-products or a decline in urine output [10].
AKI is diagnosed upon one of the following definitions: an increase in serum creatinine levels by either
≥0.3 mg/dL within 48 h or ≥1.5-fold from a known or assumed baseline, or a reduction in urinary
output by less than 0.5 mL/kg/h over 6 h [10]. Since inflammation and endothelial dysfunction play a
part in the pathogenesis of AKI, it has been assumed that endocan could reflect renal dysfunction in
this group of patients. However, little data is available covering the role of endocan in AKI.

In 2015, Rahmania et al. assessed the predictive value of endocan in relation to acute renal failure
and the need for RRT in a group of intensive care unit (ICU) patients admitted due to the diagnosis
of acute respiratory distress syndrome (ARDS) [11]. In total, 17% of the 96 subjects required RRT at
some point during hospitalization, and these patients displayed higher plasma endocan and creatinine
levels than those who did not need RRT. ROC AUC identified combined serum endocan and creatinine
levels as the most valuable mean for predicting the need for RRT, in comparison to either creatinine
or endocan alone. Gunay et al. published the results of a study evaluating the levels of endocan in
the serum of patients diagnosed with AKI [12]. Among other parameters, serum endocan, creatinine
and blood urea nitrogen were higher in the AKI group than in healthy subjects. The ROC analysis
further displayed the high sensitivity and specificity (59% and 76.3%, respectively) of endocan plasma
measurements in the identification of AKI. The authors, however, did not clarify the renal clearance of
endocan and, thus, were not able to evaluate whether endocan levels in AKI were increased following
its enhanced production or decreased elimination. p14, endocan peptide cleavage of 14 kDa was
recently identified as a product of endocan proteolysis by cathepsin G and was evaluated in sepsis [13].
Gaudet et al. conducted a post hoc analysis of the data from previous research of septic patients in
relation to p14 and renal function [14,15]. Authors calculated the plasma endocan cleavage ratio (ECR)
using the following equation: Plasma p14/(endocan + p14), and the results were expressed in pmol/mL.
The ECRs were measured at baseline and 24, 48, and 72 h after admission to the ICU. The results
demonstrated that the renal component of the SOFA scale (sequential organ assessment score) was
related to an increased ECR at baseline. At 72 h, patients with a SOFA scale >4 at enrolment displayed
significantly higher ECR than those with a score <4. The authors suggest that plasmatic levels of
p14 could rely upon renal function. Measurements of p14 in urine could be of more value as p14 is
supposed to be eliminated through glomerular filtration due to its smaller molecular weight and the
lack of a polyanionic glycanic chain.

It has been also hypothesized that examining serum endocan levels could help differentiating
between various pathogenesis of intrinsic AKI [6]. Following the considerations of Azimi [6], intrinsic
causes of AKI could be divided into two large groups: Tubular and glomeruli/vasculatures injuries.
The first group is represented by ischemic/toxic tubular injuries and tubulointerstitial pathologies,
whereas the other one by i.e., glomerulonephritis and vasculitis. Endocan as a marker of endothelial
disfunction, a disfunction that is an important contributor to glomeruli/vasculatures pathologies,

214



Int. J. Mol. Sci. 2020, 21, 6119

and less to tubular and tubulointerstitial diseases of the kidney could serve as a useful tool in diagnostics
of these two entities [6].

3. Endocan in CKD

CKD is defined as a decreased glomerular filtration rate (GFR) of less than 60 mL/min/1.73 m2 or
damaged kidney structure, identified by imagining studies or renal biopsy, which occurs for more
than 3 months. Diabetes mellitus, primary glomerulonephritis and hypertension (HT) are listed as the
three main causes of CKD. The course of CKD is associated with a gradual loss of kidney function that
can eventually result in the need of RRT or renal transplantation, and end-stage renal disease (ESRD)
itself is linked to increased mortality, particularly from cardiovascular diseases [16]. As mentioned
previously, endocan has been proven to display a prognostic value in CKD, among other conditions [8],
as reduced kidney function is linked to endothelial dysfunction and inflammation [17].

In a study by Yilmaz et al., the serum concentrations of endocan were assessed in stage 1–5 CKD
patients in the pre-dialysis period in relation to inflammation, endothelial dysfunction, cardiovascular
incidence and overall survival [9]. The results showed that patients with CKD displayed higher
plasma endocan levels than controls, and the concentrations of endocan correlated positively with
CKD stage and negatively with estimated glomerular filtration rate (eGFR). Plasma endocan levels
further correlated positively with inflammatory markers, such as hsCRP (high-sensitivity C-reactive
protein) and PTX3 (pentraxin 3), and carotid-intima media thickness. Cox survival analysis also
demonstrated the positive association between endocan plasma concentrations and all-cause mortality
and CVE in CKD patients. Further analysis also displayed an increased predictive value of endocan
in relation to CVE in CKD subjects compared with the usual risk factors. Following the results of
other studies, the authors explained that endocan could affect vascular inflammation by interacting
with ICAM-1LFA-1 and leukocyte extravasation [5]. Pawlak et al. evaluated the role of endocan in
CKD patients with CVE [18]. In their study, serum endocan levels, serum levels of soluble ICAM-1
and VCAM-1 and inflammatory markers were significantly elevated in the CKD group compared to
controls. In contrast to a study by Yilmaz et al. [9], the authors did not display correlation between
endocan and markers of kidney function, suggesting that decreased clearance does not influence the
endocan levels [18]. Furthermore, endocan, sICAM-1, sVCAM-1 and the majority of inflammatory
marker concentrations were higher in CKD in the CVE group than in the group of CKD without
CVE [18]. Samouilidou et al. recently studied the association between serum endocan levels and lipid
profiles of CKD patients with dyslipidemia, dividing patients into non-dialyzed and HD subgroups [19].
Endocan concentrations were also verified in relation to two members of the paraoxonase family,
PON1 and PON3, which contribute to HDL-related antiatherogenic properties due to the inhibition
of LDL oxidation. The results of the study indicated that endocan serum levels were significantly
higher in the HD subgroup compared to others; PON1 levels were decreased in the HD group, whereas
PON3 levels were increased in both studied subgroups compared to controls. The endocan levels
correlated positively with total cholesterol and LDL-C in both studied groups and inversely with
HDL-C in hemodialyzed patients. Furthermore, endocan correlated with PON1 in both CKD groups.
The authors suggest that the elevated endocan levels in HD patients may be related to increased
endocan production due to the atherosclerotic state, as indicated by the lowered HDL-C levels in this
group. Moreover, the decrease in PON1 levels in HD subjects might be the main factor influencing the
elevated endocan levels in the mentioned group.

Another research group investigated the role of endocan and another glycoprotein, endoglin, in
CKD caused by diabetes mellitus [20]. The study included diabetic patients with and without diabetic
nephropathy (DN), and controls. The results indicated that both endocan and endoglin levels were
higher in diabetes mellitus patients than in the control group. Moreover, patients with microalbuminuria
displayed increased endocan plasma concentrations in comparison to normoalbuminuric diabetic
patients and controls, whereas endoglin concentrations in DN patients were higher only compared to
healthy subjects. Therefore, the authors concluded that endocan could serve as a potential marker of
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microvascular complications of diabetes mellitus. In the study conducted by Arman et al., diabetic
patients with no other inflammatory diseases displayed higher endocan serum concentrations than
the control group [21]. After 3 months of lifestyle modifications and pharmacological treatment of
diabetes, the endocan levels and albuminuria decreased in the studied group. Additionally, results
showed a positive correlation between the decrease in endocan and albuminuria levels. On the other
hand, in a study performed by Cikrikcioglu et al., patients with macroalbuminuria in the course of
diabetes mellitus surprisingly showed lower serum endocan levels in comparison to normoalbuminuric
and microalbuminuric patients [22]. Moreover, the urine albumin-creatinine ratio (UACR) and urine
protein-creatinine ratio (UPCR) displayed negative correlation with endocan levels. No correlation
was established between serum endocan levels and duration of diabetes, serum creatinine and eGFR.
The authors hypothesized that the obtained results could occur due to the VEGF-related mechanism.
In the hyperglycemia state, VEGF is responsible for abnormal angiogenesis and enhanced permeability
of blood vessels and is also supposed to stimulate endocan release [23]. Since podocytes and renal
tubular cells are responsible for VEGF secretion [23], the increasing renal injury with the clinical
manifestation of macroalbuminuria leads to decreased VEGF expression and, therefore, to decreased
plasma endocan levels [24,25]. Zheng et al. studied the glomerular transcriptomes from murine strains
of different DN susceptibility in order to identify genes that are responsible for DN occurrence [26].
Authors recognized the ESM-1 gene as a DN resistance factor. In the study, the glomerular ESM-1
expression correlated negatively with DN susceptibility and also inhibited leukocyte infiltration, one of
the pathophysiological processes that occurs in DN. Moreover, urine ESM-1 significantly increased with
diabetes in the DN-resistant strain in vivo, indicating that urine ESM-1 could serve as a non-invasive
biomarker of glomerular ESM-1.

Oktar et al. have recently evaluated plasma endocan levels in patients with newly diagnosed HT [27].
Significantly elevated endocan levels in HT have already been reported in previous studies [28,29].
However, the study by Oktar et al. was the first to indicate that microalbuminuria is elevated in patients
with newly diagnosed HT and that it positively correlates with endocan concentrations.

In another study, the relevance of endocan levels in IgA nephropathy (IgAN) has been verified [30].
Both plasma and urine concentration have been significantly increased in the IgAN group compared
with controls. The levels of plasma endocan did not differ among CKD stage groups; however, the urine
endocan levels increased in the advanced CKD groups. Also, both plasma and urine endocan levels
were increased in the advanced pathologic grades in kidney biopsies according to the Lee classification,
but not the Oxford classification. Furthermore, high plasma endocan concentrations were assessed as
an independent risk factor for renal function decline. Authors suggest that elevated plasma endocan
levels could be secondary to pathologic changes and endothelial damage, whereas increased urine
concentrations may occur due to a damaged glomerular basement membrane.

The role of endocan, among other molecules associated with endothelial function, has also
been evaluated in a study of ADPKD (autosomal dominant polycystic kidney disease) patients [31].
The subjects included in the study were divided into the following groups: ADPKD patients with
impaired renal function, ADPKD patients with preserved renal function and matched control group.
Patients included in the first group had significantly increased levels of endocan in comparison to the
second group and the controls. Concomitantly, ADPKD patients with normal renal function displayed
higher endocan levels than the control group. The results also showed an inverse correlation of endocan
and eGFR. In this study, the authors indicated that ADPKD pathogenesis could also depend upon
impaired endothelial function, increased angiogenesis and hypoxia.

4. Endocan in RRT

ESRD requires RRT—HD, peritoneal dialysis (PD) or kidney transplantation (KT). KT is the
method of choice in the treatment of ESRD; however, progressive graft function still remains a clinical
challenge. Identification of new biomarkers that would enable timely diagnosis and management of
graft function deterioration is of great importance.
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In 2012, Li et al. studied the significance of dynamic monitoring of endocan expression in the
serum and renal allograft tissues of kidney transplant recipients diagnosed with an acute rejection
(AR) [32]. Despite improved short-term graft function due to advanced immunosuppressants, ARs can
still contribute to chronic allograft dysfunction. In the presented study, endocan expression was
elevated in the blood and allograft tissues in ARs compared to patients with normal allograft function
and allograft dysfunction from other causes. The anti-rejection treatment was able to decrease its
expression. As expected, endocan mRNA in peripheral blood was increased in patients with acute
vascular rejection in comparison to acute cellular rejection. Authors point out the damaged endothelium
of the donor kidney as the source of endocan in AR patients. They further inform that endocan could
serve as a sensitive and specific marker for AR detection, and its value could even increase when
combined with assessment of urine HLA-DR+ lymphocytes. Lee et al. further evaluated the role of
endocan as a diagnostic marker for antibody-mediated rejection (AMBR) in patients after KT [33].
The AMBR manifests as vascular inflammation—glomerulitis and peritubular capillaritis—and is
related to endothelial dysfunction. In the mentioned study, endocan levels in the serum and urine were
higher in patients with AMBR than with other kidney allograft pathologies (acute tubular necrosis,
BK virus associated nephropathy, T-cell mediated rejection). Endocan levels correlated positively with
scores of glomerulitis and peritubular capillaritis but neither with tubulitis nor interstitial inflammation
severity, indicating the endothelial origin of endocan. Moreover, patients with AMBR and elevated
urine and plasma endocan levels displayed worse renal function despite its function at baseline.
The main finding of this research is that evaluation of both urine and serum endocan levels could serve
as a diagnostic tool for vascular inflammation in kidney transplant recipients and could be convenient
in distinguishing between AMBR and other allograft pathologies. Another cross-sectional study has
been conducted to assess the relationship between serum endocan levels and severity of chronic graft
dysfunction in kidney transplant recipients [8]. Serum endocan levels correlated with CKD stage,
and patients with higher endocan levels displayed higher creatinine and lower GFR levels than patients
with lower endocan concentrations in the 3-month follow-up. Furthermore, endocan correlated with
TNFα, a cytokine participating in endothelial activation. In vitro stimulation of endothelial cells
with TNFα resulted in increased production of endocan and TGF-β1, and reduced IL-10 expression.
The authors concluded that TNFalfa shows bidirectional properties in maintaining immune balance
in kidney transplant recipients—it contributes to elevated leucocyte recruitment at inflammatory
sites in endocan-mediated pathways but displays anti-inflammatory properties through TGF-β1
activity. In a study by Malyszko et al., endocan plasma concentrations were significantly elevated in
kidney transplant recipients with stable graft function compared to healthy subjects [34]. Endocan
levels correlated positively with other markers of endothelial dysfunction (i.e., ICAM and VCAM),
with creatinine levels, and inversely with eGFR. Further analysis indicated creatinine, ICAM and
VCAM as predictors of endocan expression. Authors conclude that endocan levels reflect the degree of
endothelial damage and, therefore, it may play a role as a marker of graft injury and graft function
deterioration. De Souza et al. studied serum endocan concentrations in pediatric patients 6–24 months
after KT, in relation to HT and renal graft function [35]. Patients with HT and CKD displayed higher
endocan plasma levels than those without HT and CKD, and these levels correlated positively with
systolic blood pressure and pulse pressure and negatively with eGFR. The cut-off point of 7.0 ng/mL of
endocan concentrations managed to identify children with HT and CKD with 100% sensitivity and
75% specificity.

Endocan has also been studied recently in PD patients. Oka et al. assessed correlation between
serum endocan levels and the extent of urine decline in 21 PD patients [36]. Decline in urine volume
is one of the main negative consequences of PD, which leads to disrupted fluid control. It mainly
results from decreased residual renal function. In the study, the serum endocan levels were increased
in PD patients compared to controls. They also positively correlated with proteinuria, serum creatinine,
TNFalfa, beta2-macroglobulin level and PD drainage volume; there was no correlation between endocan
and urine volume at baseline. However, further analysis identified serum endocan and proteinuria
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levels at baseline as predictors of the extent of urine decline in the studied group. Poon et al. [37]
studied the relationship between endocan levels in the serum of PD patients and clinical outcomes.
The authors hypothesized that endothelial injury may influence the vascular physiology and peritoneal
transport in PD; therefore, endocan may be useful as a prognostic marker in this group of patients.
The results of the study indicated the negative correlation between serum albumin and endocan
levels, the progressive decrease in subjective global assessment scale and an increase in comprehensive
malnutrition-inflammation score in relation to endocan; thus, it may play a role in the nutritional status
of PD patients. The endocan levels also positively correlated with CRP levels and arterial stiffness
markers, which is consistent with previous studies. Poon et al. were, however, the first to reveal that
higher serum endocan levels are linked to worse cardiovascular event-free survival in PD patients
with uncontrolled blood pressure.

5. Conclusions

Non-invasive diagnosis of various kidney diseases remains a challenge in clinical practice. Serum
creatinine level, blood urea nitrogen and proteinuria are among the commonly practiced diagnostic
means to evaluate kidney pathologies; however, they are not specific or immediate, and are imprecise
in predicting renal function. There is emerging evidence linking endocan and the identification and
outcomes of AKI, CKD and kidney transplantation, thereby bringing hope for a novel, non-invasive
diagnostic marker. Nevertheless, the results of the conducted studies are conflicting. Since kidney
diseases display high diversity in terms of pathogenesis and clinical course, the exact mechanisms
by which endocan could affect kidney functions is yet to be determined. The issue as to whether
serum endocan levels are a consequence of increased production or decreased renal clearance, and also
whether the origin of urinary endocan lies upon its secretion by damaged renal tubular cells or
its leakage from plasma through disrupted glomerular basement membrane is still to be clarified.
The hypothesis that proposes endocan as an anti-inflammatory mediator in terms of disruption of
lymphocytes adhesion to endothelium, thereby mediating immune balance in kidney diseases, is also
of great interest, however, still needs further evaluation. Further analyses are mandatory before
endocan could be used as a diagnostic tool in clinical practice.
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Appendix A

Table A1. Most valuable studies examining the role of endocan in various kidney diseases.

Condition Aims Study Group Results References

AKI
Correlation between endocan levels and

renal function and need for RRT in ARDS
patients in ICU

96 patients with ARDS in ICU department
who did not require RRT at baseline

Serum creatinine and endocan together—most valuable in
predicting the need for RRT (ROC AUC 0.77)

[11]

AKI
serum endocan levels as potential

biomarkers for diagnosing AKI and its
pathogenesis

39 patients diagnosed with AKI according to
KDIGO definition

Endocan displayed 59% of sensitivity and 76.3% of
specificity in the diagnosis of AKI

[12]

CKD

Endocan levels in CKD and non-CKD
patients; relationship between endocan

levels and inflammatory and endothelial
dysfunction markers in CKD; endocan as
predictive marker of all-cause mortality

and CVE in CKD

251 CKD pre-dialysis patients (23.1% DM;
18.7% HT; 15.9% chronic glomerulonephritis;

27.1% unknow etiology)

CKD patients displayed higher plasma endocan levels than
controls; plasma endocan correlated with eGFR, different

markers of inflammation and vascular abnormalities (FMV
and CIMT); endocan levels were associated with all-cause
mortality and CVE independent of traditional risk factors

[9]

DN
Predictive role of endocan and endoglin as

markers of DN progression
96 patients with DM2 (40 patients with

normoalbuminuria, 56 patients with DN)

Endocan and endoglin serum levels were higher in DM2
patients; endocan, but not endoglin levels were higher in

DN compared to normoalbuminuric patients (p = 0.011 and
p = 0.822, respectively)

[20]

IgAN
Relevance of plasma and urine endocan

levels in IgAN
64 patients with IgAN diagnosed upon renal

biopsy

Urine and plasma endocan levels were significantly higher
in IgAN group than controls; urine, but not plasma endocan

correlated with CKD stage; high plasma endocan was an
independent risk factor for CKD progression

[30]

AR after KT
Dynamic monitoring of serum endocan

levels in diagnosing ARs

60 patients after KT (20 with normal renal
function, 20 with biopsy-proven AR, 20 with
renal allograft dysfunction from other causes)

Elevated blood and tissue expression of endocan in the AR
group compared to others

[32]

AR after KT
Endocan as marker of microvascular

inflammation in KT patients
203 patients after KT

Increased urine and plasma endocan levels in AMBR
patients than others; higher scores of microvascular

inflammation in biopsy specimens and worse renal survival
in patients with increased endocan levels (urine and/or
plasma); serum and urinary endocan were valuable in

distinguishing between AMBR and other graft pathologies

[33]

AKI—acute kidney injury; RRT—renal replacement therapy; ARDS—acute respiratory distress syndrome; ICU—intensive care unit; CKD—chronic kidney disease; CVE—cardiovascular
events; DM—diabetes mellitus; HT—hypertension; eGFR -estimated glomerular filtration rate; FMV—flow-mediated vasodilation; CIMT—carotid intima media thickness; DN—diabetic
nephropathy; IgAN—IgA nephropathy; AR—acute rejection; KT—kidney transplantation; AMBR—antibody-mediated acute rejection.

219



Int. J. Mol. Sci. 2020, 21, 6119

References

1. Kali, A.; Rathan Shetty, K.S. Endocan: A novel circulating proteoglycan. Indian J. Pharmacol. 2014, 46, 579–583.
[CrossRef]

2. Lassalle, P.; Molet, S.; Janin, A.; Van der Heyden, J.; Tavernier, J.; Fiers, W.; Devos, R.; Tonnel, A.B. ESM-1 is a
novel human endothelial cell-specific molecule expressed in lung and regulated by cytokines. J. Biol. Chem.

1996, 271, 20458–20464. [CrossRef] [PubMed]
3. Afsar, B.; Takir, M.; Kostek, O.; Covic, A.; Kanbay, M. Endocan: A new molecule playing a role in the

development of hypertension and chronic kidney disease? J. Clin. Hypertens. 2014, 16, 914–916. [CrossRef]
[PubMed]

4. Lee, W.; Ku, S.K.; Kim, S.W.; Bae, J.S. Endocan elicits severe vascular inflammatory responses in vitro and
in vivo. J. Cell. Physiol. 2014, 229, 620–630. [CrossRef] [PubMed]

5. Béchard, D.; Scherpereel, A.; Hammad, H.; Gentina, T.; Tsicopoulos, A.; Aumercier, M.; Pestel, J.; Dessaint, J.P.;
Tonnel, A.B.; Lassalle, P. Human endothelial-cell specific molecule-1 binds directly to the integrin CD11a/CD18
(LFA-1) and blocks binding to intercellular adhesion molecule-1. J. Immunol. 2001, 167, 3099–3106. [CrossRef]
[PubMed]

6. Azimi, A. Could “calprotectin” and “endocan” serve as “troponin of nephrologists”? Med. Hypotheses. 2017,
99, 29–34. [CrossRef]

7. Tsai, J.C.; Zhang, J.; Minami, T.; Voland, C.; Zhao, S.; Yi, X.; Lassale, P.; Oettgen, P.; Aird, W.C. Cloning and
characterization of the human lung endothelial-cell-specific molecule-1 promoter. J. Vasc. Res. 2002, 39,
148–159. [CrossRef]

8. Su, Y.H.; Shu, K.H.; Hu, C.P.; Cheng, C.H.; Wu, M.J.; Yu, T.M.; Chuang, Y.W.; Huang, S.T.; Chen, C.H. Serum
endocan correlated with stage of chronic kidney disease and deterioration in renal transplant recipients.
Transplant. Proc. 2014, 46, 323–327. [CrossRef]

9. Yilmaz, M.I.; Siriopol, D.; Saglam, M.; Kurt, Y.G.; Unal, H.U.; Eyileten, T.; Gok, M.; Cetinkaya, H.; Oguz, Y.;
Sari, S.; et al. Plasma endocan levels associate with inflammation, vascular abnormalities, cardiovascular
events, and survival in chronic kidney disease. Kidney Int. 2014, 86, 1213–1220. [CrossRef]

10. Kellum, J.A.; Lameire, N.; Aspelin, P.; Barsoum, R.S.; Burdmann, E.A.; Goldstein, S.L.; Herzog, C.A.;
Joannidis, M.; Kribben, A.; Levey, A.S.; et al. Kidney disease: Improving global outcomes (KDIGO) acute
kidney injury work group. KDIGO clinical practice guideline for acute kidney injury. Kidney Int. Suppl. 2012,
2, 1–138. [CrossRef]

11. Rahmania, L.; Orbegozo Cortés, D.; Irazabal, M.; Mendoza, M.; Santacruz, C.; De Backer, D.; Creteur, J.;
Vincent, J.L. Elevated endocan levels are associated with development of renal failure in ARDS patients.
Intensive Care Med. Exp. 2015, 3, A264. [CrossRef]

12. Gunay, M.; Mertoglu, C. Increase of endocan, a new marker for inflammation and endothelial dysfunction,
in acute kidney injury. North. Clin. Istanb. 2018, 6, 124–128. [CrossRef] [PubMed]

13. De Freitas Caires, N.; Legendre, B.; Parmentier, E.; Scherpereel, A.; Tsicopoulos, A.; Mathieu, D.; Lassalle, P.
Identification of a 14kDa endocan fragment generated by cathepsin G, a novel circulating biomarker in
patients with sepsis. J. Pharm. Biomed. Anal. 2013, 78–79, 45–51. [CrossRef] [PubMed]

14. Gaudet, A.; Parmentier, E.; Dubucquoi, S.; Poissy, J.; Duburcq, T.; Lassalle, P.; De Freitas Caires, N.; Mathieu, D.
Low endocan levels are predictive of acute respiratory distress Syndrome in severe sepsis and septic shock.
J. Crit. Care 2018, 47, 121–126. [CrossRef]

15. Gaudet, A.; Parmentier, E.; De Freitas Caires, N.; Portier, L.; Dubucquoi, S.; Poissy, J.; Duburcq, T.; Hureau, M.;
Lassale, P.; Mathieu, D. Impact of acute renal failure on plasmatic levels of cleaved endocan. Crit. Care 2019,
23, 55. [CrossRef]

16. Vaidya, S.R.; Aeddula, N.R. Chronic renal failure. In StatPearls [Internet]; StatPearls Publishing: Treasure
Island, FL, USA, 2020.

17. Go, A.S.; Chertow, G.M.; Fan, D.; McCulloch, C.E.; Hsu, C.Y. Chronic kidney disease and the risks of death,
cardiovascular events, and hospitalization. N. Engl. J. Med. 2004, 351, 1296–1305. [CrossRef]

18. Pawlak, K.; Mysliwiec, M.; Pawlak, D. Endocan—The new endothelial activation marker independently
associated with soluble endothelial adhesion molecules in uraemic patients with cardiovascular disease.
Clin. Biochem. 2015, 48, 425–430. [CrossRef]

220



Int. J. Mol. Sci. 2020, 21, 6119

19. Samouilidou, E.; Bountou, E.; Papandroulaki, F.; Papamanolis, M.; Papakostas, D.; Grapsa, E. Serum Endocan
Levels are Associated with Paraoxonase 1 Concentration in Patients With Chronic Kidney Disease. Ther. Apher.

Dial. 2018, 22, 325–331. [CrossRef]
20. Ekiz-Bilir, B.; Bilir, B.; Aydın, M.; Soysal-Atile, N. Evaluation of endocan and endoglin levels in chronic

kidney disease due to diabetes mellitus. Arch. Med. Sci. 2019, 15, 86–91. [CrossRef] [PubMed]
21. Arman, Y.; Akpinar, T.S.; Kose, M.; Emet, S.; Yuruyen, G.; Akarsu, M.; Ozcan, M.; Yegit, O.; Cakmak, R.;

Altun, O.; et al. Effect of glycemic regulation on endocan levels in patients with diabetes. Angiology 2016, 67,
239–244. [CrossRef]

22. Cikrikcioglu, M.A.; Erturk, Z.; Kilic, E.; Celik, K.; Ekinci, I.; Yasin Cetin, A.I.; Ozkan, T.; Cetin, G.; Dae, S.A.;
Kazancioglu, R. Endocan and albuminuria in type 2 diabetes mellitus. Ren. Fail. 2016, 38, 1647–1653. [CrossRef]
[PubMed]

23. Wakelin, S.J.; Marson, L.; Howie, S.E.M.; Garden, J.; Lamb, J.R.; Forsythe, J.L.R. The role of vascular
endothelial growth factor in the kidney in health and disease. Nephron Physiol. 2004, 98, 73–79. [CrossRef]
[PubMed]

24. Nakagawa, T.; Kosugi, T.; Haneda, M.; Rivard, C.J.; Long, D.A. Abnormal angiogenesis in diabetic
nephropathy. Diabetes 2009, 58, 1471–1478. [CrossRef] [PubMed]

25. Maezawa, Y.; Takemoto, M.; Yokote, K. Cell biology of diabetic nephropathy: Roles of endothelial cells,
tubulointerstitial cells and podocytes. J. Diabetes Investig. 2015, 6, 3–15. [CrossRef]

26. Zheng, X.; Soroush, F.; Long, J.; Hall, E.T.; Adishesha, P.K.; Bhattacharya, S.; Kiani, M.F.; Bhalla, V. Murine
glomerular transcriptome links endothelial cell-specific molecule-1 deficiency with susceptibility to diabetic
nephropathy. PLoS ONE 2017, 12, e0185250. [CrossRef] [PubMed]

27. Oktar, S.F.; Guney, I.; Eren, S.A.; Oktar, L.; Kosar, K.; Buyukterzi, Z.; Alkan, E.; Biyik, Z.; Erdem, S.S. Serum
endocan levels, carotid intima-media thickness and microalbuminuria in patients with newly diagnosed
hypertension. Clin. Exp. Hypertens. 2019, 41, 787–794. [CrossRef] [PubMed]

28. Balta, S.; Mikhailidis, D.P.; Demirkol, S.; Ozturk, C.; Kurtoglu, E.; Demir, M.; Celik, T.; Turker, T.; Iyisoy, A.
Endocan—A novel inflammatory indicator in newly diagnosed patients with hypertension: A pilot study.
Angiology 2014, 65, 773–777. [CrossRef] [PubMed]

29. Çimen, T.; Bilgin, M.; Akyel, A.; Felekoglu, M.A.; Nallbani, A.; Özdemir, S.; Erden, G.; Ozturk, A.; Dogan, M.;
Yeter, E. Endocan and non-dipping circadian pattern in newly diagnosed essential hypertension. Korean Circ. J.

2016, 46, 827–833. [CrossRef] [PubMed]
30. Lee, Y.H.; Kim, J.S.; Kim, S.Y.; Kim, Y.G.; Moon, J.Y.; Jeong, K.H.; Lee, T.W.; Ihm, C.G.; Lee, S.H. Plasma

endocan level and prognosis of immunoglobulin A nephropathy. Kidney Res. Clin. Pract. 2016, 35, 152–159.
[CrossRef]

31. Raptis, V.; Bakogiannis, C.; Loutradis, C.; Boutou, A.K.; Lampropoulou, I.; Intzevidou, E.; Sioulis, A.;
Elias, B.; Sarafidis, P.A. Levels of Endocan, Angiopoietin-2, and Hypoxia-Inducible Factor-1a in Patients with
Autosomal Dominant Polycystic Kidney Disease and Different Levels of Renal Function. Am. J. Nephrol.

2018, 47, 231–238. [CrossRef]
32. Li, S.; Wang, L.; Wang, C.; Wang, Q.; Yang, H.; Liang, P.; Jin, F. Detection on dynamic changes of endothelial cell

specific molecule1 in acute rejection after renal transplantation. Urology 2012, 80, 738.e1–738.e8. [CrossRef]
[PubMed]

33. Lee, Y.H.; Kim, S.Y.; Moon, H.; Seo, J.W.; Kim, D.J.; Park, S.H.; Kim, Y.G.; Moon, J.Y.; Kim, J.S.; Jeong, K.H.
Endocan as a marker of microvascular inflammation in kidney transplant recipients. Sci. Rep. 2019, 9, 1854.
[CrossRef] [PubMed]

34. Malyszko, J.; Koc-Żórawska, E.; Malyszko, J.S. Endocan Concentration in Kidney Transplant Recipients.
Transplant. Proc. 2018, 50, 1798–1801. [CrossRef] [PubMed]

35. De Souza, L.V.; Oliveira, V.; Laurindo, A.O.; Huarachi, D.R.G.; Nogueira, P.C.K.; Feltran, L.D.S.;
de Santis Feltran, L.; Medina-Pestana, J.O.; do Carmo Franco, M. Serum endocan levels associated with
hypertension and loss of renal function in pediatric patients after two years from renal transplant. Int. J.

Nephrol. 2016, 2016, 2180765. [CrossRef] [PubMed]

221



Int. J. Mol. Sci. 2020, 21, 6119

36. Oka, S.; Obata, Y.; Sato, S.; Torigoe, K.; Sawa, M.; Abe, S.; Muta, K.; Ota, Y.; Kitamura, M.; Kwasaki, S.; et al.
Serum endocan as a predictive marker for decreased urine volume in peritoneal dialysis patients. Med. Sci.

Monit. 2017, 23, 1464–1470. [CrossRef] [PubMed]
37. Poon, P.Y.K.; Ng, J.K.C.; Fung, W.W.S.; Chow, K.M.; Kwan, B.C.H.; Li, P.K.T.; Szeto, C.C. Relationship between

Plasma Endocan Level and Clinical Outcome of Chinese Peritoneal Dialysis Patients. Kidney Blood Press. Res.

2019, 44, 1259–1270. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

222



 International Journal of 

Molecular Sciences

Review

Podocytes—The Most Vulnerable Renal Cells
in Preeclampsia

Ewa Kwiatkowska 1,† , Katarzyna Stefańska 2,†,* , Maciej Zieliński 3,† , Justyna Sakowska 3,
Martyna Jankowiak 3 , Piotr Trzonkowski 3, Natalia Marek-Trzonkowska 4,5 and
Sebastian Kwiatkowski 6

1 Clinical Department of Nephrology, Transplantology and Internal Medicine, Pomeranian Medical University,
70-111 Szczecin, Poland; ewakwiat@gmail.com

2 Department of Obstetrics, Medical University of Gdańsk, 80-210 Gdańsk, Poland
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Abstract: Preeclampsia (PE) is a disorder that affects 3–5% of normal pregnancies. It was believed for
a long time that the kidney, similarly to all vessels in the whole system, only sustained endothelial
damage. The current knowledge gives rise to a presumption that the main role in the development of
proteinuria is played by damage to the podocytes and their slit diaphragm. The podocyte damage
mechanism in preeclampsia is connected to free VEGF and nitric oxide (NO) deficiency, and an
increased concentration of endothelin-1 and oxidative stress. From national cohort studies, we know
that women who had preeclampsia in at least one pregnancy carried five times the risk of developing
end-stage renal disease (ESRD) when compared to women with physiological pregnancies. The
focal segmental glomerulosclerosis (FSGS) is the dominant histopathological lesion in women with
a history of PE. The kidney’s podocytes are not subject to replacement or proliferation. Podocyte
depletion exceeding 20% resulted in FSGS, which is a reason for the later development of ESRD.
In this review, we present the mechanism of kidney (especially podocytes) injury in preeclampsia.
We try to explain how this damage affects further changes in the morphology and function of the
kidneys after pregnancy.

Keywords: preeclampsia; podocytes; VEGF; FSGS; proteinuria

1. Preeclampsia

According to state-of-the-art research and current knowledge, generalized endothelial damage
caused by factors excreted by the placenta into the maternal circulation is the cause of preeclampsia
(PE). Angiogenic imbalance leads to epithelial dysfunction. In turn, the imbalance is caused
by decreased concentrations of vascular endothelial growth factor (VEGF) and placental growth
factor (PlGF), and increased concentrations of soluble fms-like tyrosine kinase-1 (sFlt-1)—a VEGF
receptor, and endoglin [1]. The development of preeclampsia is associated with arterial hypertension,
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proteinuria—usually nephrotic, and decreased glomerular filtration often meeting the criteria for acute
kidney injury.

2. Glomerular Lesions Secondary to Preeclampsia

The most characteristic histopathological lesion observed in the kidneys of preeclamptic patients
is glomerular endotheliosis, which is known to include swollen epithelial cells showing fenestration
loss, and fibrin deposits in the subendothelial regions, with both lesions leading to the narrowing or
even closing of the glomerular capillaries, and the appearance is that of a “bloodless glomerulus” [2].
Based on the histopathological appearance, it was believed for a long time that the kidney, similarly to
all vessels in the whole system, only sustained endothelial damage. Proteinuria was thought to be
caused by damage to this part of the filtration barrier. In the glomerulus, the filtration membrane has a
unique three-layer structure. Its luminal surface consists of the endothelium, the basement membrane
constitutes the inner layer, and the third layer is made of podocytes, with the slit diaphragm sealing the
spaces between them. In preeclampsia, two of the filtration membrane components—the endothelium
and the podocytes—are damaged, thus leading to proteinuria. Podocytes, with their well-developed
contractile apparatus, are capable of regulating the filtration area and the hydraulic resistance of the
entire filtration barrier [3]. By contracting their processes, they counter the pressure that inflates the
capillaries and thus stabilize the structure of the glomerulus [4]. In a mature glomerulus, podocytes
are the only cells participating in the metabolic turnover of the basement membrane, synthesizing its
components and producing the proteinases that degrade it [4,5]. Additionally, they produce proteins
modulating the properties of the capillary endothelium and are thus regulators of both the expression
and function of all the filtration barrier elements [6]. The currently accepted knowledge gives rise
to a presumption that the main role in the development of proteinuria is played by damage to the
podocytes and their slit diaphragm.

3. Podocytes

As mentioned before, podocytes line the external surface of the glomerular basement membrane.
Each podocyte is associated with more than one arteriole, and each arteriole is covered by more than
one podocyte. Podocytes are composed of the cellular body, primary processes, and foot processes (or
pedicels). The foot processes contain a contractile apparatus including actin, myosin, actinin, talin,
vinculin, and vimentin, which opposes the hemodynamic forces of the glomerular capillaries. [7,8]
Podocytes’ main task is to participate in glomerular filtration. The glomerular filtrate flows through
endothelial fenestrae, the basement membrane, and the slit diaphragms in the spaces between the
foot processes. The slit diaphragms are the most important functional elements of the three-layer
filtration membrane. They are anchored in the basolateral region of the foot processes. The pedicels
are composed of many proteins that form an interacting complex. Damage to one of its elements
disorders the function of the slit diaphragms. One of the main proteins of the complex is nephrin,
which has an extracellular domain, a transmembrane domain, and an intracellular domain. The
extracellular domain forms a network of connections, thus creating the structure for the slit diaphragm,
while the intracellular fragment interacts with other proteins, such as CD2AP and CD2-associated
protein, podocin, and kinases, passing information from the slit diaphragms on to the podocyte. [9,10]
Neph1, a protein similar to nephrin, joins forces with nephrin in building the slit diaphragm structure.
Another membrane protein—podocin—binds with the cytoplasmic domain of nephrin and two other
proteins—CD2AP and Neph1 [11]. Podocin stabilizes the interacting complex of nephrin, Neph1, and
CD2AP. CD2AP is an adaptor protein. It contains five parts, one of which binds with actin. CD2AP is
found in all human tissues, although experiments on murine models have shown that normal function
only requires its presence in the kidneys [12,13]. Proper interaction of the nephrin-podocin-CD2AP
complex is believed to be essential for the flow of fluids, electrolytes, and proteins through the filtration
slit to occur [8]. Neph1 also interacts with the protein zonula occludens-1 (ZO-1) [11]. α-actinin
that binds actin is another slit diaphragm protein [14]. It is responsible for the contractility of the
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podocyte processes and the adhesion of pedicels to the basement membrane. Nephrin is believed to
bind with α-actinin through podocin. A genetic defect of the proteins forming the slit diaphragm
structure—nephrin and Neph1—leads to massive proteinuria. Defects to the intracellular proteins
(CD2AP, podocin, and α-actinin-4) cause less pronounced proteinuria, often in later life [15]. Disordered
cooperation between the slit diaphragm structure proteins and the contractile element—actin—of
the pedicels leads to atrophy of the pedicels, their detachment from the basement membrane, and
proteinuria [11]. Podocytes are damaged by detachment from the basement membrane that is associated
with the presence of podocytes and their proteins in the urine, or mitotic catastrophe—podocytes may
enter the cell cycle, but they rarely undergo mitosis and cannot complete cytokinesis and may undergo
apoptosis for variety of reasons. Such damage to the filtration membrane cause proteinuria [6,16,17].
Understandingly, podocytes include other proteins, as well, such as synaptopodin that cooperates
with the contractile apparatus, podocalyxin that covers the surface of podocytes giving them negative
electric charge, and integrins that attach the pedicels to the basement membrane. Figure 1 shows the
scheme of podocytes foot process and slit diaphragm proteins.

Figure 1. The simplified picture of the construction of a slit diaphragm.

4. Urinary Excretion of Podocytes and Their Proteins Secondary to Preeclampsia

Many reports are pointing to damage to individual elements of podocytes and slit diaphragms
in preeclampsia. As mentioned above, the principal building blocks of the slit diaphragm include
nephrin, another job of which is to pass the information on to the pedicels. Ozdemir et al. have found
increased concentrations of nephrin in the blood and the urine of patients with severe preeclampsia and
intrauterine growth restriction (IUGR). In their study, nephrin levels correlated negatively with fetal
weight and age, and positively with creatinine concentration and systolic and diastolic pressure [18].
Wang has found that urine nephrin levels correlate with the severity of proteinuria—in other words,
the more severe podocyte and slit diaphragm damage the more pronounced the proteinuria [19].
Jung has noticed that increased urine concentrations of nephrin predate the signs of preeclampsia
by an average of nine days [20]. Additionally, other authors have observed that urinary levels of
nephrin are higher in PE patients than both in control group women and patients with gestational
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hypertension [21]. Many reports indicate, as well, the presence of podocytes in the urine, which
suggests they have lost attachment to the basement membrane and the filtration membrane has
been ruptured. The urinary amounts of podocytes correlate with the severity of preeclampsia [19].
Wang et al. have observed decreased nephrin expression in the excreted podocytes. In their study,
they encouraged oxidative stress in the incubated healthy podocyte environment and found that
nephrin expression went down. In the same podocytes, they also found downregulated expression of
superoxide dismutase—an antioxidant enzyme (CuZn-SOD) [22]. Biopsy specimens from PE patients
revealed decreased expression of nephrin compared with the control group [23]. In an experiment in
which sFlt and anti-VEGF antibodies were administered intraperitoneally to mice, a similar biopsy
specimen appearance was observed. Collino et al. noticed that podocyte incubation with plasma from
PE patients did not lead to nephrin depletion. In their study, they subsequently incubated glomerular
endothelial cells in PE patient plasma and used the resulting environment to incubate podocytes. They
found that nephrin was lost as a result of cleavage of its extracellular domain by proteases and its
redistribution. Further on, they established that in response to the PE patient serum, the endothelium
produced endothelin 1 (ET-1), which, in addition to being the main cause of activation of the proteases
that cleaved nephrin’s extracellular domain, which is the main protein of slit diaphragm [24,25]. The
application of recombinant endothelin on cultured podocytes caused the shedding of nephrin from
these cells [24]. The same author blocked the activity of VEGF on the glomerular endothelium to
find increased endothelin production [25]. Kerlay has analyzed the available clinical studies that
assessed urinary podocyte proteins as markers for the development of preeclampsia [26]. In his study,
he found that urinary nephrin had the highest sensitivity (0.81) and specificity (0.84) as a marker for
the development of preeclampsia [26]. Podocin stabilizes the nephrin-Neph1-CD2AP complex and
binds nephrin to α-actinin. This is a key protein in transmitting information from the slit diaphragm
to the inside of the podocyte. In his study, Martineau found that preeclamptic patients had higher
urinary podocin concentrations than the control group [27]. These concentrations correlated positively
with the severity of albuminuria, proteinuria, and arterial pressure, and negatively with gestational
age [27]. In his study, Gialni examined podocin-positive extracellular vesicles in the urine and found
there were higher levels in PE patients than in the control group. In his paper, he presented the
concept that damage to the podocytes is associated with nephrinuria related to nephrin shedding from
these cells. According to his claim, this phenomenon causes decreased expression of nephrin in the
renal biopsy specimens and in the urine podocytes. Podocin stays bound to the podocytes and its
presence in the urine is associated with podocyturia [28]. In his experiment on murine models in which
preeclampsia was caused by the administration of a nitric oxide analog, Baijnath identified the mRNA
of podocin and nephrin in the urine [29]. As mentioned above, the adaptor protein CD2AP is part of
the nephrin-Neph1-Podocin complex. In his study, Henao experimented with podocytes placed in
PE patient sera [30]. He found that the distribution of two proteins—podocin and CD2AP—changed.
He also noticed that their changed distribution caused an increase in the tension of the contractile
apparatus of the podocyte. Additionally, he studied electrical resistance of the podocyte layer and
found that, if increased, it suggested low permeability of the filtration membrane, especially for
proteins. Podocytes placed in PE pregnant patient serum had lower electrical resistance. The author
believed that the changed podocin and CD2AP distribution disordered the entire complex composed
of the slit diaphragm and the inside of the foot process containing the contractile apparatus [30].

5. The Podocyte Damage Mechanism in Preeclampsia

Free VEGF Deficiency

sFlt-1 that is present in preeclampsia binds with the receptor for VEGF and inhibits its impact
on various cells in the system. In the podocytes, especially their foot processes, the expression of all
the VEGF-A isoforms is observed. Podocytes are the main sources of VEGF in the glomerulus [31]. A
study using the electron microscope established the presence of VEGF in the foot process, the basement
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membrane, and the luminal surface of the endothelium. It was found that VEGF produced by the
podocytes moved in the opposite direction to the glomerular filtrate. VEGF receptors were found
both on the podocytes and the endothelial cells. VEGF produced by the podocytes has autocrine and
paracrine effects on the endothelium [32,33]. In other studies, mice deprived of podocyte-produced
VEGF died upon birth due to renal failure. No normally developed filtration membrane was found
in the renal specimens. The problem did not only affect the podocytes, though, as the endothelial
cells failed to form the fenestration typical of the glomerulus, as well. Such a phenotype is the
responsibility of VEGF produced and secreted by podocytes [24]. The lack of VEGF’s paracrine
effect on the endothelium is believed to be responsible for the typical histopathological appearance
of the glomerulus in preeclampsia, i.e., glomerular endotheliosis. This experiment proved the
influence of VEGF produced by podocytes on the function of podocytes and the endothelium [34].
Podocyte-produced VEGF is bound by heparan sulfate present in the basement membrane, where it is
stored and from where it is transported further on. VEGF is known to be necessary for normal podocyte
function. It stimulates phosphorylation of nephrin, which prevents podocyte apoptosis [32]. Moreover,
VEGF increases interaction between podocin and CD2AP [35]. Administration of anti-VEGF antibodies
or sFlt-1 prevents nephrin expression in the podocytes and damages them [33]. In a study on cancer
patients treated with anti-VEGF antibodies, podocyturia was observed [36]. Podocytes have a type 1
receptor for VEGF, i.e., VEGFR1, through which VEGF exerts an autocrine effect. No VEGFR-2 receptor
was found on their surface. Preeclampsia is known to be accompanied by increased levels of the
soluble form of the VEGF receptor, i.e., fms-like tyrosine kinase-1 (sFlt-1), a compound that competes
with VEGFR1 for VEGF, which is why podocytes are so exposed to damage in preeclampsia [37].
Experiments have shown that VEGF is necessary to transmit impulses from nephrin (its extracellular
domain) to actin—a component of the contractile elements of the podocyte process [35]. Mature mice
deprived of VEGF demonstrated damage to all three layers of the filtration membrane [35].

6. Endothelial Damage-Related Disorders

6.1. Nitric Oxide (NO) Deficiency

Excess amounts of antiangiogenic factors sFlt-1 and endolgin, and a deficiency of angiogenic
factors VEGF and PlGF, lead to generalized endothelial damage. This is associated with reduced
activity of nitric oxide synthase and decreased levels of this vasodilating factor [38]. In his experiment
on murine models, Baijnath administered an analog of l-arginine that inhibited nitric oxide synthesis
and caused preeclampsia-like symptoms, including podocyturia, defined as the urinary presence of
the mRNA of podocin and nephrin. The histopathological appearance mainly included endothelial
damage in the form of swelling, loss of fenestration, and the closing of the vascular walls. This
experiment proves the interdependence of the endothelium and the podocytes. The lack of endothelial
synthesis of NO causes damage to the podocytes. This mechanism is not yet fully understood. In the
same experiment, sildenafil citrate, known to increase cGMP levels (the same result as that of NO),
eliminated podocyturia, and prevented histopathological lesions in the glomerulus [29]. It was found
that the administration of sildenafil citrate decreased the level of sFlt-1 and increased VEGF synthesis.

6.2. Endothelin-1

Collino’s experiment indicating that the decreased nephrin expression was not caused by the PE
patient plasma itself but by endothelin-1, produced by the endothelium under the influence of that
plasma, was mentioned above. The application of recombinant endothelin on cultured podocytes
caused the shedding of nephrin from the podocytes [24,25]. Preeclamptic patients are observed to have
significantly increased plasma concentrations of endothelin-1 [39]. In one study, the administration
of blockers of receptors for endothelin-1 before the infusion of sFlt-1 prevented the development of
hypertension in murine experiments [40].
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6.3. Oxidative Stress

The abnormal placenta of a PE patient is the source of reactive oxygen species, as well as compounds
that damage the endothelium, which itself becomes the source of reactive oxygen species [41]. Wang’s
experiment proved that oxidative stress causes damage to podocytes [22]. The podocytes singled
out from PE patient urine were shown to demonstrate no expression of nephrin, and none of the
superoxide dismutase (SOD) that is normally present on the surface of the foot processes. The author
theorized that at this location the job for superoxide dismutase was to protect nephrin (its extracellular
domain) against oxidative stress. To prove his thesis, he subjected cultured podocytes to oxidative
stress. He achieved the loss of expression of nephrin and superoxide dismutase. He could not prove
the direct interdependence of SOD and nephrin but showed that oxidative stress caused nephrin
shedding, which had a damaging effect on the filtration membrane [22]. Another author, Zao, studied
biopsy specimens from preeclamptic patients to find their decreased expression of nephrin, which
proved damage to the podocytes. He also examined a marker of oxidative stress. He found an
increased expression of nitrotyrosine and a decreased expression of CuZn-SOD in the biopsy specimens
collected from preeclamptic patients when compared with the control group. Nitrotyrosine is a marker
of increased oxidative stress and it is formed when a protein molecule is nitrated by peroxynitrite.
Superoxide dismutase is the only antioxidant enzyme to dismutate superoxide radicals generated by
living cells [42].

7. Preeclampsia and the Risk of Developing End-Stage Renal Disease (ESRD)

The effect of past preeclampsia on the women’s health in later life has long been the subject of
much debate. Many authors implicate that a history of PE increases the risk of cardiovascular and
renal diseases [43,44]. Other studies have shown a higher incidence of microalbuminuria 5 years after
preeclampsia [45]. As it was not certain whether that was the result of PE or perhaps co-morbidities that
contributed to PE, national cohort studies were carried out. One such study was a Norwegian research
paper published in 2008 that was based on the birth registry for 1967–1991, and the ESRD diagnosis
registry for 1980 to date. The research showed a higher incidence of ESRD in former preeclamptic
patients [43]. Similarly, Swedish national cohort study results published in 2019 confirmed that women
who had preeclampsia in at least one pregnancy carried five-times the risk of developing ESRD when
compared to women with physiological pregnancies. This correlation was independent of other factors
such as co-morbidities, socioeconomic status, or age [46]. Thought needs to be given as to why this
happens. In the above work, it was shown that preeclampsia was associated with damage to the
podocytes. Podocytes are terminally differentiated cells that do not proliferate or renew. Their damage
decreases their number in the glomerulus and leaves a void instead. Podocytes injury is depicted in
the following scheme (Figure 2).
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Figure 2. The scheme of podocytes injury in preeclampsia.

8. The Mechanism behind Focal Segmental Glomerulosclerosis (FSGS)

There are very few reports on histopathological lesions in the kidneys of patients with a history
of PE, which is linked to the ethical contraindications for such studies. However, even those few
existing ones suggest that focal segmental glomerulosclerosis (FSGS) is the dominant histopathological
lesion [47–50]. The development of FSGS begins with the loss of podocytes. The kidney of an
adult person has approx. 500–600 podocytes per glomerulus, which are not subject to replacement
or proliferation. In their study on murine models, Wharram et al. found that podocyte depletion
exceeding 20% resulted in FSGS [51]. The development of FSGS because of podocyte depletion has been
proven in experimental and clinical studies [52,53]. Podocyte depletion results in a mismatch between
the vascular basement membrane area requiring coverage by podocytes and the actual area of the
podocytes. The capillaries with the uncovered basement membrane move towards Bowman’s capsule
to establish a sort of connection (a cell bridge) with its epithelium Parietal Epithelial Cells (PECs)
(lining Bowman’s capsule). Between these bridges, an extracellular matrix gathers that forms fibrous
connections with Bowman’s capsule (tuft adhesion). Additionally, after cell bridge formation, PECs de
novo express the marker of activation CD44 and start to deposit the Bowman’s-type matrix leading in
the tuft adhesion. The CD44-positive PECs are found only in the sclerotic region. [54] Recently are
more and more information about the role of PECs in the sclerotic process in secondary FSGS even in
PE. [55] Instead of moving to the proximal tubule, the filtrate produced here moves—under Bowman’s
capsule epithelial cells—to the peritubular space thus causing tubular atrophy, which then inflicts
irreversible damage on the glomerulus. This filtrate has a large protein content as it is not filtrated by
the podocyte layer. A further gathering of the extracellular matrix and hyaline substance at the site of
the connection with Bowman’s capsule leads to obliteration of the glomerular capillaries. This is where
mesangial expansion often occurs [56]. A typical appearance of focal segmental glomerulosclerosis
develops. It should be added that proteinuria is not only a sign of filtration membrane damage, as the
appearance of proteins in the so-called Bowman’s space causes further damage to the podocytes and
Bowman’s capsule epithelial cells and stimulates their apoptosis. In this way, the segmental lesion
leads with time to the development of generalized glomerulosclerosis [57]. Additionally, research
on children with idiopathic FSGS has shown that proteinuria stimulates the apoptosis of proximal
and distal tubular epithelial cells [58]. This provokes the spread of the lesions beyond the glomerulus
and across the entire nephron. Moreover, Matsusaka has proven that damage to one podocyte is
carried over to the neighboring healthy podocytes, thus causing the domino effect [59]. As a result
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of the mismatch between the podocyte area and the glomerular basement membrane area, some
endothelial cells are not affected by the paracrine effect of VEGF (which is secreted by the podocyte
under normal circumstances). This leads to damage to the endothelium—its typical fenestrated
phenotype. The changed endothelium may produce compounds that exacerbate podocyte damage [60].
The process, initiated by primary damage to the podocytes secondary to preeclampsia, continues to
develop postpartum when the original damaging factors are no longer present. Initially, this causes
FSGS-type lesions, and in the long-term leads to the sclerosis of the entire glomerulus and damage to
the entire nephron.

9. Conclusions

In preeclampsia, the angiogenic imbalance leads mainly to podocyte damage. The disordered
structure of the podocytes leads to their detachment from the basement membrane and urinary
excretion (podocyturia). As podocytes do not undergo replacement or proliferation, their numbers are
reduced. If the percentage of the damaged podocytes exceeds 20, FSGS-type lesions set in and, being
irreversible and progressive, lead with time to the deterioration of renal function.

A history of preeclampsia is known to be associated with a higher (by five times) probability of
developing ESRD, but despite the increased probability, the condition does not affect a large percentage
of patients. It is our job as physicians to inform our patients of the need for long-term follow-up
monitoring. This should include an albuminuria test, urinalysis, renal function assessment, and
arterial pressure measurement on a yearly basis, at least. Patients must be made aware that a past
preeclampsia increases the risk of cardiovascular diseases, as well. Apart from reporting for follow-up
tests, they could be stimulated to also adopt a healthy lifestyle and avoid any additional risk factors for
cardiovascular and renal diseases. The importance of the right diet, exercise, and body weight control,
and the need to avoid smoking and alcohol, should be highlighted.
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Abstract: Cyclophilin A (CypA) is a highly abundant protein in the cytoplasm of most mammalian
cells. Beyond its homeostatic role in protein folding, CypA is a Damage-Associated Molecular Pattern
which can promote inflammation during tissue injury. However, the role of CypA in kidney disease
is largely unknown. This study investigates the contribution of CypA in two different types of kidney
injury: acute tubular necrosis and progressive interstitial fibrosis. CypA (Ppia) gene deficient and wild
type (WT) littermate controls underwent bilateral renal ischaemia/reperfusion injury (IRI) and were
killed 24 h later or underwent left unilateral ureteric obstruction (UUO) and were killed 7 days later.
In the IRI model, CypA−/− mice showed substantial protection against the loss of renal function and
from tubular cell damage and death. This was attributed to a significant reduction in neutrophil and
macrophage infiltration since CypA−/− tubular cells were not protected from oxidant-induced cell
death in vitro. In the UUO model, CypA−/− mice were not protected from leukocyte infiltration or
renal interstitial fibrosis. In conclusion, CypA promotes inflammation and acute kidney injury in
renal IRI, but does not contribute to inflammation or interstitial fibrosis in a model of progressive
kidney fibrosis.

Keywords: acute kidney injury; chronic kidney disease; cyclophilin A; fibrosis; inflammation; renal
fibrosis; tubular necrosis

1. Introduction

Cyclophilins are ubiquitously expressed proteins which belong to the immunophilin family [1,2].
All cyclophilins possess the “peptidyl-prolyl isomerase” (PPIase) activity that catalyses the
interconversion of cis and trans isomers of proline to facilitate protein folding [2,3]. Cyclophilin
A (CypA) is a highly abundant cytoplasmic protein that is expressed by virtually all mammalian
cells [1,2]. Beyond its homeostatic role, CypA can contribute to the inflammatory response. CypA can
be released from cells via active secretion, or passively during necrotic cell death, and bind to CD147 on
the surface of leukocytes, including neutrophils, monocyte/macrophages and T cells. In vitro studies
have demonstrated that CypA can promote monocyte and neutrophil migration, and macrophage
activation [4–6]. Indeed, CypA gene-deficient mice are protected from acetaminophen-induced liver
toxicity and inflammation, leading to the description of CypA as a Damage-Associated Molecular
Pattern [7]. Indeed, the administration of supraphysiologic doses of recombinant CypA to mice can
induce systemic inflammation [8]. CD147, the only known CypA receptor, is also expressed by many
non-leukocyte populations, including tubular epithelial cells of the kidney [1,9,10]. Furthermore,
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CD147 is a scavenger receptor which can bind many other ligands, including leukocyte integrins,
Selectin E, CD44 and S100A9 [11]. Indeed, Cd147 gene-deficient mice are sterile with a variety of
abnormalities, consistent with CD147 being a receptor for multiple ligands [12,13].

Acute kidney injury (AKI) is clinically defined as an acute increase in serum creatinine (>27 mmol/L
within 48 h or >1.5-fold over a week) or loss of urine output. AKI is commonly seen in the emergency
department where a variety of pre-renal causes (e.g., severe blood loss, major cardiac or abdominal
surgery, sepsis, severe dehydration) result in low blood pressure and hypo-perfusion of the kidney [14,15].
In addition, acute kidney injury can result from acute tubular necrosis induced by nephrotoxic agents,
including chemotherapeutic drugs, environmental toxins, contrast media and drug overdose [16].
Severe AKI is associated with high mortality rates and necessitates immediate dialysis [14,17],
while those recovering from AKI are at increased risk of developing, or exacerbating, chronic kidney
disease [18].

CypA levels have been examined as potential biomarkers of kidney injury. Lee et al. [19], found that
elevated serum and urine CypA levels correlated with subsequent development of acute kidney
injury in patients undergoing cardiac surgery. In addition, increased urine and plasma levels of
CypA correlate with the progression of diabetic kidney disease [20,21], and urine CypA levels can
predict microalbuminuria in children with type 1 diabetes [22]. Despite these encouraging clinical
studies, the pathological role of CypA in acute kidney injury or progressive renal fibrosis has not
been investigated. Therefore, the aim of this study was to determine whether CypA contributes to
inflammation and kidney injury in models of acute kidney injury and of progressive renal fibrosis.
To achieve this, we investigated mice lacking CypA (CypA−/−) in two disease models: acute kidney failure
due to IRI, and progressive renal interstitial fibrosis following unilateral ureteric obstruction (UUO).

2. Results

2.1. CypA Deletion Protects against Acute Renal Failure, Tubular Damage and Cell Death in Renal IRI

In wild type (WT) mice, CypA mRNA levels showed a small, but significant, increase at 24 h
after renal IRI (Figure 1A). Renal IRI caused an acute and severe loss of renal function in WT mice as
shown by an 8-fold rise in serum creatinine levels compared to sham controls (Figure 1B). This was
associated with extensive tubular damage in the inner cortex and outer medulla consisting of dilated
tubules, loss of brush border, tubular cell loss/sloughing, and cast formation (Figure 1C,D). Consistent
with the marked histologic damage, there was a significant increase in mRNA levels of the tubular
damage marker KIM-1/HAVCR1 and a reduction in mRNA levels of the reno-protective molecule,
Klotho (Figure 2A,B). A significant induction of tubular cell death was also shown by TUNEL staining
(Figure 2C).

CypA−/− mice were substantially protected from acute renal failure in the IRI model with 50%
lower serum creatinine levels (Figure 1B). This protection was associated with a significant reduction
in the percentage of damaged tubules (Figure 1C,D), a reduction in KIM-1/HAVCR2 mRNA levels
(Figure 2A), a reduction in the number of TUNEL+ tubular cells (Figure 2C), and a significantly lesser
reduction in Klotho mRNA levels (Figure 2B).

To investigate whether CypA plays a direct role in protecting tubular cells from oxidant-induced
cell death, we analysed primary cultures of tubular epithelial cells from WT and CypA−/− mice.
In a dose-response study, WT and CypA−/− tubular cells showed a comparable susceptibility to
H2O2-induced cell death (Figure 2D).
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Figure 1. Renal function and tubular damage at 24 h in renal ischaemia/reperfusion injury (IRI) and 
sham controls for wild type (WT; closed circles) and CypA−/− (open circles) mice. (A) RT-PCR analysis 
of CypA mRNA levels in WT mice. (B) Serum creatinine levels. (C) Graph of tubular damage. (D) 
Periodic acid-Schiff stained kidney sections from each group. Bar = 200 μm. Data are mean ± SD. *** 
p < 0.001 versus WT sham control. 

 

Figure 1. Renal function and tubular damage at 24 h in renal ischaemia/reperfusion injury (IRI)
and sham controls for wild type (WT; closed circles) and CypA−/− (open circles) mice. (A) RT-PCR
analysis of CypA mRNA levels in WT mice. (B) Serum creatinine levels. (C) Graph of tubular damage.
(D) Periodic acid-Schiff stained kidney sections from each group. Bar = 200 µm. Data are mean ± SD.
*** p < 0.001 versus WT sham control.
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 Figure 2. Tubular damage and cell death at 24 h in renal IRI and sham controls for WT (closed
circles) and CypA−/− (open circles) mice. RT-PCR for mRNA levels of (A) KIM1, and (B) Kotho.
(C) Quantification of the number of TUNEL+ tubular cells. (D) A dose-response of H2O2 induced cell
death in primary cultures of tubular epithelial cells from WT and CypA−/− mice. Data are mean ± SD.
* p < 0.05, *** p < 0.0001 versus WT sham control.
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2.2. CypA Deletion Protects against Leukocyte Infiltration in Renal IRI

Neutrophil infiltration is a prominent response to renal IRI and plays a significant role in the
induction of tubular necrosis [23–25]. In this study, WT mice exhibited a marked neutrophil infiltrate in
the area of tubular damage (Figure 3A,B). In addition, a significant macrophage infiltrate was evident at
24 h after renal IRI, as shown by the increased CD68 mRNA levels (Figure 3C), although no significant
T cell infiltrate was evident based upon CD3 mRNA levels (Figure 3D). CypA−/− mice exhibited a 73%
reduction in neutrophil infiltration and a 40% reduction in CD68 mRNA levels (Figure 3A–C).
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Figure 3. Neutrophil and macrophage infiltration at 24 h in renal IRI and sham controls for WT (closed
circles) and CypA−/− (open circles) mice. (A) Immunoperoxidase staining for infiltrating neutrophils.
Bar = 100 µm. (B) Quantification of neutrophil infiltration. RT-PCR analysis of (C) CD68, and (D) CD3
mRNA levels. Data are mean± SD. ** p< 0.05, *** p< 0.0001 versus WT sham control. NS, not significant.

2.3. CypA Deletion Does Not Protect against Tubular Damage in UUO

WT mice showed a small but significant increase in CypA mRNA levels on day 7 after UUO
(Figure 4A). We also demonstrated that angiotensin II and TNF, two factors implicated in the
pathogenesis of renal fibrosis in the UUO model [26], can induce CypA secretion by cultured WT
tubular epithelial cells (Figure 4B).
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controls for WT (closed circles) and CypA−/− (open circles) mice. (A) RT-PCR analysis of CypA mRNA
levels in WT mice. (B) Secretion of CypA in response to stimulation by angiotensin II or TNF in primary
cultures of WT tubular epithelial cells. Periodic acid-Schiff stained kidney sections of (C) WT UUO and
(D) CypA−/− UUO. Bar = 100 µm. (E) Tubular damage score. RT-PCR for mRNA levels of: (F) KIM1,
and (G) Klotho. Data are mean ± SD. *** p < 0.0001 versus WT sham control; NS, not significant.

WT mice showed tubular dilation and atrophy, an expansion of the interstitial space and an
interstitial cell infiltrate on day 7 UUO in WT mice (Figure 4C,E). Tubular damage in WT mice was also
evident by the increased KIM-1 mRNA levels and reduced Klotho mRNA levels (Figure 4F,G).

CypA−/− mice showed a similar histologic pattern of tubular damage, interstitial expansion and
cellular infiltration to that seen in WT mice on day 7 UUO (Figure 4D). The degree of tubular damage,
shown by histology and by changes in KIM-1 and Klotho mRNA levels, was not different between
CypA−/− and WT day 7 UUO (Figure 4E–G).

2.4. CypA Deletion Does Not Protect against Inflammation or Fibrosis in UUO

Infiltrating macrophages promote interstitial fibrosis in the UUO model [27–30]. A substantial
macrophage infiltrate was evident on day 7 UUO in WT mice as shown by F4/80 immunostaining and
CD68 mRNA levels (Figure 5A–C). The increase in both NOS2 and CD206 mRNA levels on day 7 UUO
indicates the presence of both M1- and M2-type macrophage phenotypes (Figure 5D,E). In addition,
immunostaining identified a significant CD3+ T cell infiltrate, with T cell activation indicated by
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increased IL-2 mRNA levels (Figure 6A,B). There was also a minor neutrophil infiltrate on day 7 UUO
in WT mice (Figure 6C).
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Immunostaining showed a prominent infiltrate of F4/80+macrophages in the day 7 UUO kidney
in CypA−/− mice (Figure 5A), and this was not different compared to the WT UUO kidney (Figure 5B).
An estimation of macrophage infiltration by CD68 mRNA levels showed a small, but significant,
increase in CypA−/− compared to WT mice on day 7 UUO (Figure 5C). Levels of NOS2 mRNA were not
different between CypA−/− and WT day 7 UUO kidney, although there was a small increase in CD206
mRNA levels in CypA−/− day 7 UUO (Figure 5D,E). T cell infiltration and activation and neutrophil
infiltration were not different between CypA−/− and WT day 7 UUO kidney (Figure 6A–C).
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The day 7 WT UUO kidney exhibited marked fibrosis, as illustrated by the interstitial deposition
of collagen IV and an increase in mRNA levels for collagen I and α-SMA/ACTA2 (Figure 7A–D).
The pattern and degree of collagen IV deposition on day 7 UUO was not altered in CypA−/− mice
(Figure 7A,B). Similarly, the increase in α-SMA mRNA levels was not different to that in the WT UUO
kidney; however, there was a small, but significant, increase in collagen I mRNA levels in CypA−/−

UUO (Figure 7C,D).
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3. Discussion

This study found CypA to be important in leukocyte accumulation and acute renal injury in the
IRI model, but to be redundant in leukocyte accumulation and renal fibrosis in the UUO model.

Necrosis is the main form of tubular cell death occurring after renal IRI, which is most prominent
in the S3 segment of the proximal tubule due to its high energy requirements and disproportionate
reduction in blood flow [31]. We found clear protection from IRI-induced acute renal failure and tubular
cell death and damage in CypA−/−mice. This could be due to two potential mechanisms. Firstly, CypA may
act directly within tubular cells to promote cell death. However, this mechanism was not supported by
the finding that cultured CypA−/− tubular epithelial cells were not protected from oxidant-induced cell
death. This contrasts with the significant protection against oxidant-induced cell death seen in cultured
CypD−/− tubular cells and with pan-cyclophilin inhibitors such as cyclosporine [32,33]. Secondly,
CypA released from damaged cells may promote the recruitment of neutrophils and macrophages
to promote tubular cell necrosis and impaired kidney function. This mechanism is supported by the
marked reduction in neutrophil accumulation seen in the CypA−/− mice, and by studies identifying
the extracellular release of CypA during the early stages of necroptosis [34]. A role for neutrophils in
promoting tubular cell necrosis in the IRI model is well-established through neutrophil depletion studies
and strategies to block neutrophil recruitment [23–25]. The reduction in macrophage accumulation
into the injured kidney in CypA−/− mice might also have contributed to protection against tubular
necrosis and acute renal failure, although macrophage depletion strategies have produced variable
results which are likely to be due to differences in macrophage populations depleted [35].

The ability of cyclosporine treatment to prevent acute renal failure in IRI models has been
attributed to blockade of CypD [32,36]. However, our findings demonstrate a specific role for CypA
in renal IRI. The contrast between the protection of CypD−/− tubular cells from oxidant-induced cell
death [33], and our finding that CypA−/− tubular cells are not protected in the same assay, suggests that
CypA and CypD contribute to acute kidney injury in renal IRI via distinct mechanisms. Our findings
are consistent with studies showing that CypA−/− mice are protected in cardiac IRI in association
with a substantial reduction in neutrophil and macrophage infiltration [37]. In addition, mice lacking
CD147 are protected in renal IRI with a marked reduction in neutrophil recruitment, although this was
attributed to a CD147/Selectin-E-based mechanism rather than a CD147/CypA mechanism [38].

Macrophages play a prominent role in the rapidly progressive renal interstitial fibrosis seen
in the UUO model [27–30]. In addition, there are a small number of studies to support a role for
T cells in this model [39–41]. In stark contrast to the findings in the IRI model, CypA−/− mice showed
no reduction in the infiltration of macrophages, T cells or neutrophils. Furthermore, there was no
reduction in macrophage M1 and M2 activation markers, and no reduction in T cell activation based
on IL-2 mRNA levels.

This contrast in myeloid cell accumulation between the IRI and UUO models may reflect a much
greater extracellular release of CypA in the IRI model due to the substantial necroptosis. Tubular
damage caused by ureter obstruction results in small numbers of apoptotic tubular cells with no
evidence of necrosis and may result in little or no CypA release. We have shown that angiotensin II
and TNF-α, two factors that promote macrophage infiltration and renal fibrosis in this model [26],
can induce CypA secretion by tubular epithelial cells in culture. However, we were unable to measure
extracellular CypA in the obstructed kidney to determine whether significant levels of CypA are
released in this model. Myeloid cell infiltration in the UUO model presumably operates via different
chemotactic molecules [42].

The lack of an effect of CypA gene deletion in the UUO model contrasts with studies examining
gene deletion of other cyclophilin members. CypD−/− mice showed a reduction in renal fibrosis on
day 12, but not on day 7 [33]. This was attributed to indirect effects of reducing tubular cell death
and peritubular capillary loss [33]. In a separate study, CypB−/− mice showed a reduction in tubular
dilation and macrophage accumulation on day 7 UUO, although there was no effect upon renal
fibrosis based upon collagen I and Tgfb1 mRNA levels [43]. This same study described that CypA
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silencing in the HK-2 tubular cell line triggers a loss of epithelial features and enhances TGF-β1-induced
epithelial-mesenchymal transition [43]. However, we did not observe epithelial-mesenchymal transition
(i.e., α-SMA expression by tubular epithelial cells) in CypA−/− or WT mice in the UUO model.

Our findings in the UUO model are, in part, similar to those reported in Cd147−/−mice. Kato et al. [44],
found that Cd147−/− mice were not protected from tubular dilation, tubular cell death or interstitial
fibrosis on day 7 UUO, despite a reduction in macrophage infiltration. However, Cd147−/− mice did
show a reduction in renal fibrosis on day 14 UUO, which was associated with a significant reduction in
matrix metalloproteinase activity in the UUO kidney [44].

In summary, we have shown that CypA promotes neutrophil and macrophage accumulation and
kidney damage in a model of acute kidney injury, but not in a model of progressive interstitial fibrosis.
These findings lend weight to the concept of therapeutic inhibition of cyclophilins in the setting of
acute kidney injury.

4. Material and Methods

4.1. Animals

CypA+/− mice (129.Cg-Ppiatm1Lubn/J) on the 129S1/SvimJ background were purchased from JAX
Mice and Services, Bar Harbor, ME, USA, and a colony maintained at the Monash Animal Research
Platform. Littermate CypA−/− and CypA+/+ (WT controls) mice were used. The experiments were
approved by the Monash Medical Centre Animal Ethics Committee (MMCB/2015/21, 18 September
2015 to 31 December 2019) and performed according to the 8th Edition of the Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes.

4.2. Renal Ischaemia-Reperfusion Injury (IRI)

Surgery was performed as previously described [24]. Groups of 10 male mice were anaesthetized
with ketamine and xylazine. Body temperature was maintained at 37 ◦C using a heating blanket
connected to a rectal thermometer. A midline abdominal incision was made and both renal pedicles were
clamped using non-traumatic vascular clamps for 19 min, during which the abdomen was temporarily
sutured to minimize heat and fluid loss. Clamps were removed and reperfusion of the kidneys
visually confirmed, abdominal incisions were sutured in 2 layers, and saline provided by subcutaneous
injection. Analgesia was provided by subcutaneous injection of 0.05 mg/kg Buprenorphine and
4.4 mg/kg Carprofen at the end of surgery. Control animals were sham operated, having the same
procedure performed, except that the renal pedicles were not clamped.

4.3. Unilateral Ureteric Obstruction (UUO)

Surgery was performed as previously described [33,45]. Groups of 10 female mice were
anaesthetized with ketamine and xyzaline. A midline incision was performed, the left ureter identified
and ligated using two 6.0 silk sutures. The midline abdominal incision was sutured in 2 layers and
analgesia provided by subcutaneous injection of 0.05 mg/kg Buprenorphine and 4.4 mg/kg Carprofen at
the end of surgery. Mice were killed 7 days after UUO surgery. Control mice did not undergo surgery.

4.4. Renal Function

Serum creatinine was measured using an ARL Analyzer (Dupont, North Ryde, NSW, Australia),
by the Department of Clinical Biochemistry, Monash Health.

4.5. Histology

Kidney histology was assessed on Periodic acid-Schiff stained 2 µm sections of formalin-fixed,
paraffin embedded tissue. In the IRI model, the outer medulla was viewed at high power (400×).
The percentage of tubular cross-sections exhibiting damage was scored; damage was characterized
as loss of the brush border, nuclear loss, and sloughing of cells into the lumen. In the UUO model,
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the percentage of tubules showing dilation or atrophy were scored in the entire cortex. All analysis
was performed on blinded slides.

4.6. Immunohistochemistry

Immunoperoxidase staining for macrophages (rat anti-mouse F4/80; Bio-Rad, Gladesville, Australia)
and collagen IV (goat anti-collagen IV; Southern Biotechnology, Birmingham, AL, USA) was performed
on 4 µm sections of methylcarn-fixed tissue as previously described [33]. Immunoperoxidase staining
for neutrophils (rat anti-mouse Ly6G; Abcam, Melbourne, Australia) and T cells (rat anti-mouse CD3;
Bio-Rad) was performed on 5µm cryostat sections of tissues fixed in 2% paraformaldehyde as previously
described [24].

In the IRI model, the number of neutrophils was counted in high-power fields (400×) covering the
entire inner cortex and outer medulla. In the UUO model, the number of macrophages, T cells and
neutrophils was counted in high-power fields (400×) covering the entire cortex. The area of interstitial
collagen IV staining in the entire cortex (excluding large vessels) was assessed under medium power
(200×) by image analysis using cellSens software version 1.18 (Olympus Australia, Notting Hill,
Australia).

Cell death was assessed in 4 µm sections of formalin-fixed tissue by TUNEL staining with the
ApopTag Peroxidase In Situ Apoptosis Detection Kit (Millipore-Chemicon, Ryde, Australia). The number
of TUNEL+ tubular cells in the inner cortex and outer medulla were counted in high-power (400×)
fields. All scoring was performed on blinded slides.

4.7. Real Time Polymerase Chain Reaction (RT-PCR)

The total RNA was extracted from a kidney slice using the Ambion RiboPure Kit (Thermo Fisher
Scientific, Scoresby, Australia) and reverse transcribed into cDNA using random primers with the
SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific). PCR was run on the StepOne
Real-Time PCR system (Thermo Fisher Scientific) using Taqman probes. The primer/probes for α-SMA,
NOS2 and CD206 have been published previously [45,46], and the other primer/probes were purchased
from Thermo Fisher Scientific. The relative amount of mRNA was determined using the comparative
Ct (∆∆Ct) method. All amplicons were normalized against GAPDH which was analysed in the same
reaction as an internal control.

4.8. Cell Culture Studies

Cultures of tubular epithelial cells were prepared from normal kidneys of CypA−/− and WT mice
as previously described [46]. To examine cell death, cells were starved in 1% FCS for 18 h, and then
varying concentrations of H2O2 were added for 24 h. Cells then were analysed using the Cell Death
Detection ELISA Kit (Roche, Mannheim, Germany) according to the manufacturer’s instructions,
with results normalized to the DNA content in cell lysates using a Quant-iT DNA Assay Kit (Molecular
Probes) and expressed as the ratio of optical density to DNA content. In addition, WT tubular cells were
starved in 1% FCS for 18 h, and then stimulated with 10-6 M angiotensin II or 5 ng/mL TNF for 24 h.
A CypA section in the culture media was measure by ELISA (USCN Life Science, Wangarra, Australia).

4.9. Statistics

All data are shown as mean ± SD. Data were analyzed by one-way ANOVA with Tukey’s multiple
comparison test, except for the analysis of CypA mRNA levels, which used the Student’s t-test. The analysis
was performed using GraphPad Prism (GraphPad Prism 8.0 software, San Diego, CA, USA).
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Abstract: Cilastatin is a specific inhibitor of renal dehydrodipeptidase-1. We investigated whether
cilastatin preconditioning attenuates renal ischemia-reperfusion (IR) injury via hypoxia inducible
factor-1α (HIF-1α) activation. Human proximal tubular cell line (HK-2) was exposed to ischemia,
and male C57BL/6 mice were subjected to bilateral kidney ischemia and reperfusion. The effects of
cilastatin preconditioning were investigated both in vitro and in vivo. In HK-2 cells, cilastatin
upregulated HIF-1α expression in a time- and dose-dependent manner. Cilastatin enhanced
HIF-1α translation via the phosphorylation of Akt and mTOR was followed by the upregulation
of erythropoietin (EPO) and vascular endothelial growth factor (VEGF). Cilastatin did not affect
the expressions of PHD and VHL. However, HIF-1α ubiquitination was significantly decreased
after cilastatin treatment. Cilastatin prevented the IR-induced cell death. These cilastatin effects
were reversed by co-treatment of HIF-1α inhibitor or HIF-1α small interfering RNA. Similarly,
HIF-1α expression and its upstream and downstream signaling were significantly enhanced in
cilastatin-treated kidney. In mouse kidney with IR injury, cilastatin treatment decreased HIF-1α
ubiquitination independent of PHD and VHL expression. Serum creatinine level and tubular necrosis,
and apoptosis were reduced in cilastatin-treated kidney with IR injury, and co-treatment of cilastatin
with an HIF-1α inhibitor reversed these effects. Thus, cilastatin preconditioning attenuated renal IR
injury via HIF-1α activation.

Keywords: cilastatin; hypoxia inducible factor-1-α; ischemia-reperfusion injury

1. Introduction

Renal ischemia-reperfusion (IR) injury is a major cause of acute kidney injury [1]. Acute ischemic
injury produces excessive apoptotic cell death, and several studies have explored various stimuli to
reduce injury processes [2,3]. Hypoxia-inducible factor-1α (HIF-1α) is the master regulator of cell
response to hypoxia [4]. It increases the expression of several genes, including angiogenic growth
factors, erythropoietin, and nitric oxide synthases [5–7]. Activation of these genes enhances adaptation
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to hypoxia and improves cell survival. Therefore, it is reasonable that HIF-1α activation before IR
injury might exhibit protective effects.

Cilastatin is a molecule designed to inhibit brush border–sorted dehydrogenase peptide-1
(DHP-1). In current clinical settings, cilastatin is used to prevent the hydrolysis of antibiotics and
decrease antibiotic-induced nephrotoxicity [8]. Previous in vitro and in vivo experimental studies have
demonstrated that cilastatin has antioxidant and anti-apoptotic effects in drug-induced nephropathy,
such as cisplatin, calcineurin inhibitor, and vancomycin [9–12]. These effects of cilastatin were
associated with reduced accumulation of drug within the kidney and renal proximal tubular epithelial
cells. However, the cilastatin effect is rarely investigated in the non-pharmacological renal injury.
Moreover, it is unclear that cilastatin exhibits protective effects on kidney injuries.

Cilastatin binds to lipid raft in which DHP-1 is embedded. The lipid raft acts as a major platform for
signaling regulation and controls Akt signaling pathways [13,14]. The Akt/mammalian target of rapamycin
(mTOR) pathway is potent regulator of HIF-1α expression at translational or transcriptional level [15,16].
Therefore, cilastatin treatment can modulate the HIF-1α activity via lipid raft-related signaling pathway.
However, it is less known that the cilastatin as a preconditioning stimulus activates HIF-1α pathway and
the underlying mechanism of cilastatin treatment is not evaluated in the renal IR injury.

Therefore, we investigated whether preconditioning with cilastatin exhibits renoprotective effects
in a mouse model of IR injury, and whether cilastatin is effective in preventing proximal tubular cell
death after IR injury. We hypothesized that cilastatin treatment activates HIF-1α signaling pathway,
which leads to protective effects against renal IR injury.

2. Results

2.1. Cilastatin Upregulates HIF-1α and Its Downstream Effector in HK-2 Cells

Figure 1 shows the effects of cilastatin on HIF-1α expression in HK-2 cells. The expression of
HIF-1α was significantly increased after cilastatin treatment in a dose- and time-dependent manner
(Figure 1A,B). However, the HIF-1α mRNA level was not affected in cilastatin-treated HK-2 cells
(Figure S1). Downstream effectors of HIF-1α, such as erythropoietin (EPO) and vascular endothelial
growth factor (VEGF), were significantly upregulated after cilastatin treatment, respectively (Figure 1C).

2.2. Cilastatin Upregulates HIF-1α and Its Downstream Effector in HK-2 Cells

We studied the involved phase of protein synthesis for HIF-1α in HK-2 cells. The Akt/mTOR
pathway was evaluated to assess the upstream signaling of HIF-1α, which translated the HIF-1α protein.
The phosphorylation of Akt was significantly increased with maximal expression occurring at 6 h after
cilastatin treatment. The phosphorylation of mTOR was also enhanced in a time-dependent manner
(Figure 2A). To confirm whether HIF-1α upregulation was dependent on Akt/mTOR pathway, we exposed
the cells to cilastatin in the presence of rapamycin, an mTOR inhibitor. Cilastatin increased HIF-1α
expression, and co-treatment of rapamycin with cilastatin significantly reversed the HIF-1α upregulation
(Figure 2B).

We conducted further experiments to investigate whether HIF-1α upregulation is dependent
on lipid raft, because lipid raft modulates p-Akt/Akt signaling pathways [13,14]. The disruption of
lipid raft with methyl-β-cyclodextrin (MβCD) significantly suppressed the HIF-1α expression when
cilastatin increased HIF-1α expression (Figure 2C).

2.3. PHD/VHL-Independent Ubiquitination Pathway is Involved in Cilastatin-Mediated HIF-1α Upregulation
in HK-2 cells

To identify whether cilastatin preconditioning activates HIF-1α by impairing its degradation
pathway, the expression levels of prolyl hydroxylase domain (PHD) and von Hippel-Lindau (VHL)
protein were evaluated. Cilastatin did not significantly alter the expression of PHD and VHL (Figure 3)
compared to control. Therefore, cilastatin did not activate HIF-1α through the canonical HIF-1α
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degradation pathway. We further evaluated the interaction between HIF-1α and ubiquitin. In contrast
to previous results, HIF-1α/ubiquitin complex formation was decreased after cilastatin preconditioning
compared to control cells. These results suggested that cilastatin-induced HIF-1α activation was closely
associated with decreased ubiquitination independent of PHD and VHL expression.

1α and its downstream pathway in 
1α expression by 

1α expression by treatment with 200 µg/mL cilastatin in a time

1α and Its Downstream Effector in HK

1α in HK
1α, which translated the HIF 1α 

1α upregulation was dependent on 

1α expression, and co
1α upregulation (Figure 2B).

Figure 1. Cilastatin treatment upregulated the expressions of HIF-1α and its downstream pathway
in HK-2 cells. (A) Semiquantitative immunoblotting revealed upregulation of HIF-1α expression
by cilastatin treatment in a dose-dependent manner. (B) Semiquantitative immunoblotting revealed
upregulation of HIF-1α expression by treatment with 200 µg/mL cilastatin in a time-dependent manner.
(C) The expressions of VEGF and EPO proteins, determined by semiquantitative immunoblotting, were
significantly elevated by treatment with 200 µg/mL cilastatin in a time-dependent manner as compared
to untreated control. The data are presented as means ± SEM. * p < 0.05 vs. control.
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Figure 2. Cilastatin treatment induced HIF-1α expression via Akt/mTOR dependent pathway in HK-2
cells. (A) Semiquantitative immunoblotting revealed increase in Akt and mTOR expression by treatment
with 200 µg/mL cilastatin in a time-dependent manner. The data are presented as means± SEM. *p< 0.05
vs. control. (B) Cilastatin pretreatment increased HIF-1α expression and the treatment of rapamycin,
an mTOR inhibitor, significantly decreased HIF-1α expression despite cilastatin pretreatment. The data
are presented as means ± SEM. * p < 0.05 vs. control, † p < 0.05 vs. rapamycin, and ‡p < 0.05 vs.
cilastatin. (C) Cilastatin treatment increased HIF-1α expression and the destruction of lipid raft by
MβCD significantly decreased HIF-1α expression despite cilastatin treatment. The data are presented
as means ± SEM. * p < 0.05 vs. control, † p < 0.05 vs. MβCD, and ‡ p < 0.05 vs. cilastatin.
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Figure 3. Cilastatin preconditioning upregulated HIF-1α expression via the inhibition of ubiquitination in
HK-2 cells. Semiquantitative immunoblotting showed that cilastatin pretreatment did not affect the levels
of VHL and PHD expressions. Immunoprecipitation showed that HIF-1α/ubiquitin complex formation was
significantly suppressed in cilastatin-treated HK-2 cells compared to control in a time-dependent manner,
but it was significantly increased at 24 h after cilastatin pretreatment. The data are presented as means
± SEM. *p < 0.05 vs. control, †,‡,§ p < 0.05 vs. 3 h, 6 h, and 12 h after cilastatin treatment.

2.4. Cilastatin Preconditioning Enhances HIF-1α-Mediated Cell Survival in IR-Exposed HK-2 Cells

We evaluated whether cilastatin preconditioning provided protection against IR injury in HK-2
cells and whether HIF-1α mediated its protective effects. Cilastatin preconditioning and IR exposure
increased HIF-1α level compared with control group (Figure 4A). Cilastatin preconditioning further
enhanced the HIF-1α expression in IR-exposed cells than in non-exposed cells. IR exposure significantly
reduced cell viability compared to the control group and cilastatin prevented this IR-induced cell death.
The protective effect of cilastatin in IR-exposed cells was reversed by the co-treatment of YC-1, which
downregulated HIF-1α at the post-translational level (Figure 4B). To evaluate whether the enhanced
cell survival was associated with the specific activation of HIF-1α, we performed further experiments
using HIF-1α small interfering (si) RNA. The viability of cells treated with HIF-1α siRNA was similar to
that of control cells and HIF-1α siRNA treatment blocked the protective effects of cilastatin (Figure 4C).

2.5. Cilastatin Upregulates HIF-1α Expression Via Akt/mTOR Pathway in Mouse Kidney

Next, we investigated the effect of cilastatin treatment in mouse kidney. The expression of HIF-1α
was significantly increased after cilastatin treatment in a time-dependent pattern (Figure 5A). The effect
of cilastatin treatment on the ubiquitination pathway was evaluated in mouse kidney, and it was
found that cilastatin did not affect the expressions of PHD and VHL. The expression of VEGF, which
is downstream of HIF-1α, was also increased in mouse kidney. Similar to in vitro study, cilastatin
treatment significantly increased the phosphorylation of both Akt and mTOR (Figure 5B).

2.6. Cilastatin Preconditioning Activates HIF-1α Signaling Pathway in Renal IR Injury

As shown in Figure 6, HIF-1α/ubiquitin complex formation was significantly suppressed in
mice with IR injury, and cilastatin preconditioning further inhibited this complex formation. HIF-1α
expression in immunoblot was significantly increased in mice with IR injury, and it was further
increased after cilastatin preconditioning. The expression of EPO, a downstream effector of HIF-1α,
was significantly increased in sham-operated mice with cilastatin preconditioning. IR injury reduced
the EPO expression in mouse kidney, which recovered in cilastatin-treated mice with IR injury.
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2.7. Cilastatin Preconditioning Protects Against Renal IR Injury

Serum creatinine levels were significantly increased at 24 h after IR injury compared with those in
sham-operated mice (Figure 7A). Cilastatin preconditioning improved serum creatinine levels compared
with the mice without cilastatin preconditioning. Histologic examination of tissue sections indicated
extensive tubular necrosis in the kidneys of ischemic mice compared with those of sham-operated mice
(Figure 7B). Tubular necrosis was improved in the cilastatin-treated mice with IR injury compared with
those not treated with cilastatin.

2.8. Cilastatin Preconditioning Attenuates Apoptosis in Renal IR Injury

The number of terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling
(TUNEL)-positive cells was increased in mice with IR injury compared to those of sham-operated
mice, and it was decreased in cilastatin-treated mice with IR injury (Figure 8A). IR injury increased the
expression of the proapoptotic protein Bcl-2-associated X (Bax) and decreased the expression of the
antiapoptotic protein B-cell lymphoma 2 (Bcl-2). Cilastatin preconditioning significantly attenuated
Bax levels and increased Bcl-2 expression in ischemic mouse kidney (Figure 8B).

2.9. Cilastatin Protects Against Renal IR Injury Via HIF-1α Pathway

Cilastatin attenuates renal dysfunction in mouse kidney with IR injury, and co-treatment with
YC-1 restored IR injury to a great extent (Figure 9A). The quantitative tubular necrosis score of YC-1
co-treated ischemic mouse kidney was significantly higher than that of the mouse kidney treated with
only cilastatin (Figure 9B).

 

1α in 
1α expression revealed that IR injury 

1α expression and cilastatin pretreatment further enhanced HIF 1α 

1α inhibitor, YC 1α siRNA restored cell death similar to those of 

1α 

1α was significantly in

1α, was also increased in mouse kidney. Similar to in vitro study, 

Figure 4. Cilastatin preconditioning protected IR-induced cell death via the activation of HIF-1α
in HK-2 cells. (A) Semiquantitative immunoblotting of HIF-1α expression revealed that IR injury
upregulated HIF-1α expression and cilastatin pretreatment further enhanced HIF-1α expression in
IR-exposed cells. Cilastatin treatment also prevented IR-induced cell death. Co-treatment with cilastatin
and (B) HIF-1α inhibitor, YC-1, or (C) HIF-1α siRNA restored cell death similar to those of IR-exposed
cells without cilastatin treatment. The data are presented as means ± SEM. * p < 0.05.
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Figure 5. Cilastatin treatment upregulated HIF-1α expression and its upstream and downstream
signaling pathways in mouse kidney. (A) Cilastatin treatment enhanced HIF-1α and VEGF expression in
a time-dependent manner in mouse kidney, but it did not affect VHL and PHD expression. (B) Cilastatin
treatment enhanced Akt and mt Or phosphorylation in a time-dependent manner in mouse kidney.
The data are presented as means ± SEM. * p < 0.05.
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Figure 6. Cilastatin preconditioning upregulated HIF-1α expression and its downstream
signaling pathway and decreased the ubiquitination of HIF-1α in mouse kidney with IR injury.
Immunoprecipitation showed that HIF-1α/ubiquitin complex formation was significantly decreased in
mouse kidney with IR injury compared to sham-operated mice; however, it more significantly decreased
in cilastatin-treated mouse kidney with IR injury. Therefore, semiquantitative immunoblotting revealed
that HIF-1α expression markedly increased in cilastatin-treated mouse kidney with IR injury compared
to other groups. EPO expression was significantly increased in cilastatin-treated mouse kidney and
was decreased in mouse kidney with IR injury; however, it increased in cilastatin-treated mouse kidney
with IR injury. The data are presented as means ± SEM.* p < 0.05 vs. sham group; † p < 0.05 vs. Cila
group; ‡ p < 0.05 vs. IR group.

255



Int. J. Mol. Sci. 2020, 21, 3583

1α/ubiquitin complex formation was significantly decreased 

1α expression markedly increased in cilastatin

† ‡

†

Figure 7. Cilastatin preconditioning improved renal function and tubular necrosis in mouse kidney
with IR injury. (A) Serum creatinine levels were significantly increased at 24 h after IR injury compared
with serum creatinine levels in sham-operated mice. Cilastatin pretreatment improved serum creatinine
level in mouse kidney with IR injury. (B) The representative staining with hematoxylin and eosin
showed a decreased tubular necrosis (arrows) in the cilastatin-treated mouse kidney with IR injury
compared with mouse kidney with IR injury not treated with cilastatin (original magnification, × 200).
The data are presented as means ± SEM. * p < 0.05 vs. sham and Cila group; † p < 0.05 vs. IR group.
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†

Figure 8. Cilastatin preconditioning attenuates apoptosis in mouse kidney with IR injury. (A) TUNEL
assay revealed that cilastatin pretreatment significantly attenuated number of TUNEL-positive cells
in mouse kidney with IR injury (original magnification, ×400). (B) Semiquantitative immunoblotting
indicated that the level of pro-apoptotic marker, Bax, decreased in cilastatin-treated mouse kidney with IR
injury, compared with mouse kidney with IR injury alone. Significant increase in levels of anti-apoptotic
marker protein, Bcl-2, was noted after cilastatin pretreatment in mouse kidney with IR injury. The data are
presented as means ± SEM. * p < 0.05 vs. sham and cila group; † p < 0.05 vs. IR group.
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Figure 9. The co-treatment of YC-1, an HIF-1α inhibitor, with cilastatin worsened renal function and
tubular necrosis in mouse kidney with IR injury. (A) Serum creatinine levels were significantly increased
at 24 h after IR injury and decreased in mouse kidney with IR injury with cilastatin pretreatment.
Co-treatment with cilastatin and YC-1 exacerbated renal function in mouse kidney with IR injury.
(B) The representative staining with hematoxylin and eosin showed a decreased tubular necrosis
(arrows) in the cilastatin-treated mouse kidney with IR injury, and aggravated tubular necrosis in mouse
kidney with IR injury co-treated with cilastatin and YC-1 (original magnification, × 200). The data are
presented as means ± SEM. * p < 0.05 vs. sham; † p < 0.05 vs. IR group; ‡ p < 0.05 vs. IR + Cila group.

3. Discussion

Our study demonstrated that cilastatin preconditioning induced the upregulation of HIF-1α via
activation of Akt/mTOR pathway and inhibition of PHD/VHL-independent ubiquitination pathway.
The cilastatin-induced HIF-1α upregulation prevented proximal tubular cell death during IR injury.
In mouse kidney, cilastatin preconditioning again upregulated HIF-1α expression in the same fashion
and the activated HIF-1α pathway suppressed renal dysfunction, tubular damage, and apoptotic cell
death after IR injury. These findings suggested that cilastatin preconditioning exhibits protective effects
against renal IR injury via HIF-1α activation.

Preconditioning refers to exposure to a stimulus to protect organs or tissues before subjection
to ischemic injury, and HIF-1α has been implicated as an attractive target pathway for ischemic
preconditioning for prevention against acute kidney injury [17,18]. Our study demonstrated that
cilastatin preconditioning increased the expression of HIF-1α protein and enhanced its downstream
pathway. In addition, the destruction of lipid raft blocked cilastatin-induced HIF-1α expression.
These findings suggested that cilastatin effectively activates HIF-1α signaling pathway and that cell
membrane structure having an affinity with cilastatin is important to activate a preconditioning target.

HIF-1α is mainly located in proximal tubular cells and can be upregulated at transcriptional
or translational level [17,19]. Therefore, we investigated the mRNA level of HIF-1α and Akt/mTOR
pathway. We found that phosphorylated Akt/mTOR level was abundant after cilastatin preconditioning
and the inhibition of mTOR pathway reduced the HIF-1α expression in cilastatin-treated HK-2 cells.

258



Int. J. Mol. Sci. 2020, 21, 3583

However, cilastatin preconditioning did not increase the HIF-1α mRNA level in HK-2 cells. These
findings demonstrated that cilastatin induces the expression of HIF-1α at the translational level, not at
the transcriptional level.

HIF-1α expression can be enhanced via the enhanced Akt/mTOR pathway or by impairment
of ubiquitin-proteasome degradation pathway [20,21]. Under normoxic conditions, PHD enzymes
hydroxylated a subunit of HIF-1α and VHL captured them to undergo ubiquitin-protease pathway
resulting in HIF-1α degradation [21,22]. However, ubiquitination of HIF-1α is also modulated via
an oxygen/PHD/VHL-independent pathway involving the p53, glycogen synthase kinase 3, and the
molecular chaperone 90 kDa heat-shock proteins [23–25]. In the present study, we demonstrated that
the expressions of PHD and VHL were not altered in both HK-2 cells and mouse kidney after cilastatin
preconditioning. On the other hand, immunoprecipitation analysis showed that the interactive binding
between HIF-1α and ubiquitin was significantly decreased in cilastatin-treated cells under normoxic
condition. Furthermore, the interaction between HIF-1α and ubiquitin was significantly decreased in
mouse kidney with IR injury, and was further suppressed in cilastatin-treated mouse kidney with IR
injury. These findings suggested that cilastatin may suppress HIF-1α degradation via the PHD and
VHL-independent ubiquitin pathway in both normoxic and hypoxic condition.

Upregulation of renal HIF-1α plays an important role in the protection against IR injury and
several studies reported HIF-1α as a potential therapeutic target [26,27]. Our study demonstrated that
IR injury increased the expression of HIF-1α in proximal tubular cells and mouse kidney, and cilastatin
preconditioning further increased the expression of HIF-1α. In addition, HIF-1α siRNA transfection or
co-treatment with an YC-1 significantly reversed the protective effects of cilastatin in terms of proximal
tubular cell death, renal dysfunction, and tubular necrosis. These data suggested that activation of
HIF-1α signaling pathway plays a pivotal role in the renoprotective effect of cilastatin in IR injury.

HIF-1α regulates the adaptive response to hypoxia and other stresses by orchestrating the
transcription of protective genes [17]. EPO, a representative downstream effector of HIF-1α, prevents
apoptotic cell death, and promotes tubular cell regeneration during renal IR injury [28,29]. HIF-1α
activation also activates the anti-apoptotic protein, bcl-2 in renal IR injury [30,31]. Our study showed
that cilastatin preconditioning upregulated the expression of EPO and decreased apoptosis in mouse
kidney with IR injury. These findings suggested that cilastatin-induced HIF-1α upregulation activates
downstream effectors to reduce apoptosis during renal IR injury.

There are some interesting points and limitation in this study. Nuclear factor-erythroid-2-related
factor 2 (Nrf2) is a transcription factor that regulates genes encoding antioxidant and detoxifying
molecules [32,33]. It is known that Nrf2 has preventive effects against drug nephrotoxicity and ischemia
reperfusion injury [34,35]. Therefore, cilastatin effects on Nrf2 is the attractive target as potential
protective mechanism. Furthermore, we found Akt phosphorylation was decreased at 12 and 24 hours
in cilastatin preconditioning. The reduced Akt activity was simply associated with limited working
time of cilastatin. Otherwise, feedback from mTOR activation might negatively regulate the Akt
activity [36,37]. The phosphorylation of mTOR at 12 h and 24 h in this experiment also supports this
hypothesis. Finally, preconditioning effect of cilastatin has limitation in the clinical setting, because
renal damage is already underway without preconditioning patients. Therefore, further experiments
on the rescue effect of cilastatin after IR injury are required to increase the clinical usefulness.

In conclusion, cilastatin preconditioning protects against renal IR injury via the HIF-1α dependent
pathway. Cilastatin preconditioning upregulated the HIF-1α expression by enhancing translational
efficiency involving the Akt/mTOR pathway and by suppressing PHD/VHL-independent ubiquitination
pathway. Our study provided evidence of the protective effects of cilastatin in non-pharmacological
renal injury and demonstrated that the wide clinical application of cilastatin could be expected to
prevent acute kidney injury.
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4. Materials and Methods

4.1. Human Proximal Tubular Cell Culturing

HK-2 cells were purchased from American Type Culture Collection (Manassas, VA, USA). The cells
were grown and passaged in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum, 50 U/mL penicillin, and 50 µg/mL streptomycin. The cells were cultivated in a
humidified 5% CO2 environment at 37 ◦C. HK-2 cells were plated and cultured to 80% confluence.

HK-2 cells were treated with different doses of cilastatin for different times. The control cells were
treated with distilled water. We also harvested the cells 24 h after co-treatment of cilastatin and MβCD
(Sigma-Aldrich, St Louis, MO, USA), or mTOR inhibitor (rapamycin, Sigma-Aldrich, St Louis, MO, USA).

HK-2 cells were placed in serum-free media for 16 h at 80% confluence and were pretreated with
cilastatin, HIF-1α inhibitor, YC-1 [38], or HIF-1α siRNA (Bioneer, Daejeon, Korea) for 1 h. Scrambled
siRNA were complexed with a transfection reagent (Invitrogen, Carlsbad, CA, USA). After washing
with phosphate-buffered saline (PBS), they were exposed to ischemia by immersing the cellular
monolayer in mineral oil (Sigma-Aldrich, St Louis, MO, USA) for 90 min [39]. Then, the cells were
washed twice and then received the same treatment.

4.2. Cell Viability

A commercially available MTT assay kit (EZ-Cytox; Daeil Lab Service, Seoul, Korea) determined
cell viability. After exposure to ischemia and 24 h reperfusion, 10 µL of cell viability assay reagent
was added. The optical densities of the samples were determined at 450 nm in a microplate reader
(Bio-Rad Laboratories, Hercules, CA, USA).

4.3. Animal Model of Renal IR Injury

Seven- to eight-week-old male C57BL/6J mice were housed under a 12 h light–dark cycle, and food
and water were freely available. Crystalline cilastatin was kindly provided by Im DS (Department of
Chemistry, Soonchunhyang University, Cheonan, Korea). The experimental protocol was approved
by the animal experiments’ ethics committee of Daejeon St. Mary‘s Hospital (1st February 2016,
CMCDJ-AP-2016-009).

Mice were divided into five groups (sham, sham+ cilastatin, IR, IR+ cilastatin, and IR+ cilastatin+
YC-1) and each group consisted of six mice. Cilastatin was diluted in saline, and 300 mg/kg of cilastatin,
with or without YC-1 (5 mg/kg/day), was intraperitoneally injected daily for seven consecutive days
before ischemia induction. The sham and IR groups of mice received the same volume of saline.
Renal IR injury was performed under tiletamine–zolazepam (30 mg/kg) and xylazine (10 mg/kg)
anesthesia. The mice were subjected to renal IR injury using previously described methods [40–42].
The bilateral renal pedicles were occluded for 23 min using microvascular clamps. A homoeothermic
pad maintained the core body temperature of mice. The mice were sacrificed 24 h after ischemia and
tissue and blood samples were collected.

4.4. Functional and Morphological Changes due to Kidney Injury

Serum creatinine level was measured by an IDEXX VetTest® Chemistry Analyzer (IDEXX
Laboratories, Inc., Westbrook, ME, USA). The kidney tissues were fixed in 10% formalin buffer,
embedded in paraffin, and then, cut into 3.5 mm-thick sections. Hematoxylin and eosin staining was
performed to evaluate the degree of tubular damage. Markers of tubular damage were scored by
calculating the percentage of tubules in the corticomedullary junction that displayed cell necrosis, loss
of brush border, cast formation, and tubular dilation, as follows: 0, none; 1, ≤10%; 2, 11–25%; 3, 26–50%;
4, 51–75% and 5, ≥76%. The tubular necrosis score was quantified per high power field of each kidney
and at least 20 fields were reviewed from each slide.
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4.5. Immunofluorescence Staining

The number of apoptotic HK-2 cells was counted by TUNEL using a TUNEL Apoptosis Detection
kit (Intergen, Purchase, NY, USA). The immunofluorescence images for TUNEL assay were captured
by confocal microscopy (LSM5 Live Configuration Variotwo VRGB; Zeiss, Oberkochen, Germany).
The number of positive cells was quantified per high-power field (HPF) of each kidney, and at least 20
fields were reviewed for each slide.

4.6. Immunoblotting Analyses of HK-2 Cells And Kidney Tissue

We performed the immunoblotting analyses for mouse kidneys and HK-2 cell lysates as
described previously [42]. Kidney tissues were homogenized and resolved by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) after centrifugation. HK-2 cells were harvested, washed with cold PBS,
and resuspended in lysis buffer. Equal amounts of protein were electroblotted onto a nitrocellulose
membrane. The membrane was blocked and incubated with primary antibodies directed against
HIF-1α (Abcam, Cambridge, UK), Akt (Cell Signaling Technology, Beverly, MA, USA), pS473 Akt
(Cell Signaling Technology), mTOR (Cell Signaling Technology), pSer2448 mTOR (Cell Signaling
Technology), PHD (Cell Signaling Technology), VHL (von Hippel-Lindau, Santa Cruz Biotechnology),
EPO (Abcam), VEGF (Abcam, Cambridge, UK), Bax (Cell Signaling Technology), Bcl-2 (Cell Signaling
Technology), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Cell Signaling Technology).
They were then incubated with horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse
IgG antibody (Invitrogen, Carlsbad, CA, USA). Positive bands were detected and analyzed using the
ChemiDoc XRS Image system (Bio-Rad Laboratories, Hercules, CA, USA).

4.7. Real-Time Reverse Transcription PCR

Total RNA was isolated from kidney tissues and HK-2 cells using a NucleoSpin® RNA II kit
(Macherey-Nagel, Düren, Germany). cDNA was synthesized using Reverse Transcriptase Premix
(Elpis Biotech, Daejeon, Korea) and amplified in a Power SYBR®Green polymerase chain reaction
(PCR) Master Mix (Applied Biosystems, Warrington, UK) with gene-specific primer pairs (HIF-1α: F;
5’-TGCCCCAGATTCAAGATCAGC-3’, R; 5’-GGCTGGGAAAAGT TAGGAGTGT-3’) Quantitative
real-time PCR was performed on an ABI 7500 FAST instrument (Applied Biosystems, Warrington, UK).
The expression levels of mRNAs were normalized to the expression of GAPDH.

4.8. Immunoprecipitation

Cultured HK-2 cells and kidney tissues were lysed with kinase buffer and then 1 mg of lysate was
immunoprecipitated using 1 µg of anti-ubiquitin antibody (Santa Cruz Biotechnology) and protein G
Sepharose 4 Fast Flow (GE Healthcare, Danderyd, Sweden). After washing with KB without 1% NO40,
immunoblotting was performed using HIF-1α antibody (Biorbyt Ltd., Cambridge, UK).

4.9. Statistical Analysis

Data are expressed as the mean± standard error of the mean (SEM) of≥3 independent experiments.
Differences between the two groups were determined using Student’s t test or the Mann–Whitney U
test. Multiple comparisons were performed using one-way analysis of variance and Tukey’s post hoc
test. Statistical analysis was performed using SPSS software (version 22.0; IBM, Armonk, NY). Results
were considered significant when p < 0.05.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/10/
3583/s1.
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IR Ischemia–reperfusion
HIF-1α Hypoxia-inducible factor-1α
DHP-1 Dehydrogenase peptide-1
mTOR Mammalian target of rapamycin
EPO Erythropoietin
VEGF Vascular endothelial growth factor
MβCD Methyl-β-cyclodextrin
PHD Prolyl hydroxylase
VHL Von Hippel-Lindau
si Small interfering
TUNEL terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling
Nrf2 nuclear factor-erythroid-2-related factor 2
Bax Bcl-2-associated X protein
Bcl-2 B-cell lymphoma 2
GAPDH glyceraldehyde-3-phosphate dehydrogenase
PCR polymerase chain reaction
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Abstract: Lipocalin-2 (Lcn-2) is rapidly upregulated in macrophages after renal tubular injury and acts
as renoprotective and pro-regenerative agent. Lcn-2 possesses the ability to bind and transport iron
with high affinity. Therefore, the present study focuses on the decisive role of the Lcn-2 iron-load for
its pro-regenerative function. Primary mouse tubular epithelial cells were isolated from kidney tissue
of wildtype mice and incubated with 5 µM Cisplatin for 24 h to induce injury. Bone marrow-derived
macrophages of wildtype and Lcn-2−/− mice were isolated and polarized with IL-10 towards an
anti-inflammatory, iron-release phenotype. Their supernatants as well as recombinant iron-loaded
holo-Lcn-2 was used for stimulation of Cisplatin-injured tubular epithelial cells. Incubation of tubular
epithelial cells with wildtype supernatants resulted in less damage and induced cellular proliferation,
whereas in absence of Lcn-2 no protective effect was observed. Epithelial integrity as well as cellular
proliferation showed a clear protection upon rescue experiments applying holo-Lcn-2. Notably,
we detected a positive correlation between total iron amounts in tubular epithelial cells and cellular
proliferation, which, in turn, reinforced the assumed link between availability of Lcn-2-bound iron
and recovery. We hypothesize that macrophage-released Lcn-2-bound iron is provided to tubular
epithelial cells during toxic cell damage, whereby injury is limited and recovery is favored.

Keywords: renal tubular epithelial cells; macrophages; lipocalin-2; iron

1. Introduction

Despite enormous advances in treatment of patients suffering from acute kidney injury, we
still encounter a high morbidity and mortality rate. Hence, effective approaches for prevention and
treatment are still lacking [1,2], with only limited and unsatisfactory therapeutic options. Fortunately,
the kidney has the intrinsic capacity to recover from ischemic or toxic insults that cause renal cell
death [3]. Therefore, timely rescue of affected renal tubules may arrest progression of injury and
pave the way for recovery. The response to acute kidney injury involves a complex network of
interconnected and orchestrated mechanisms. Herein, macrophages (MΦ) constitutes one of the major
infiltrating cell populations in acute renal injury [4,5]. Moreover, MΦ-infiltration was recognized as a
crucial feature of both the initial severity of injury and progression of renal failure, but also following
regeneration and repair phase [6]. In this regard, MΦ shows a remarkable repertoire of functional and
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phenotypic activation states [7,8]. In particular, during the acute phase of tissue injury, MΦ shows
a pro-inflammatory phenotype, whereas they adopt an anti-inflammatory phenotype during later
phases of tissue recovery [9–12]. This enables them to determine the fine balance of injury versus
regeneration of damaged renal tissue. Accordingly, we found that MΦ genetically modified ex vivo in
order to express a predetermined anti-inflammatory phenotype showed a clearly protective role upon
re-infusion into ischemic kidneys [10]. Therefore, it might be speculated that the control of the local
MΦ phenotype plays a decisive role for the inflammatory outcome and, thus, disease progression.

We recently described lipocalin-2 (Lcn-2) as a potent determent of MΦ polarization in the context of
kidney injury [9]. Lcn-2 itself is a 25 kDa protein of the lipocalin superfamily that is rapidly upregulated
after renal tubular injury [13,14]. It represents both a biomarker of renal ischemic injury [15] including
Cisplatin injury [16] and a renoprotective agent when exogenously administered [17–19]. Lcn-2 is
expressed in MΦ upon contact to apoptotic cells [11,20,21]. Mechanistically, the induction of Lcn-2 was
stimulated by apoptotic cell-secreted sphingosine-1-phophate (S1P) and the downstream activation of
the STAT3 signaling pathway [20].

Though, using a neutralizing antibody approach, we previously were able to show that Lcn-2
plays a pivotal role during injury, but also in the reparative phases of ischemia reperfusion injury.
Intriguingly, Lcn-2-mediated cell regeneration was dependent on the inflammatory micromilieu of the
tissue [22]. Moreover, the infusion of Lcn-2-overexpressing macrophages significantly increased renal
epithelial cell proliferation. This effect was blocked by Lcn-2 neutralizing antibodies or the infusion of
MΦ with a knockdown of Lcn-2 [9]. However, it was previously described that exclusively iron-loaded
Lcn-2 triggers cell survival upon internalization [23]. Thus, the functional outcome of Lcn-2 seems to
largely depend on its iron-load. It was already speculated that the beneficial effect of Lcn-2 against
ischemia reperfusion injury to the kidney may be a result of its ability to bind and transport iron to
viable cells, thereby limiting cell death, promoting proliferation, and enhancing recovery [17,18,24,25].
Although its ability to transport and donate iron to cells seems to determine the pro-survival and/or
anti-apoptotic function of Lcn-2, the decisive role of the iron-load of Lcn-2 has not been investigated so
far in a Cisplatin-dependent nephrotoxicity model.

Given the pivotal role of Lcn-2 as well as MΦ for iron homeostasis and the fact that the presence
of both was associated with increased renal regeneration upon injury, the current study aimed at
investigating their interconnection. Considering that we previously observed that the administration
of Interleukin (IL)-10-overexpressing MΦ induces Lcn-2 and its receptors in the kidney [10] and as
Cisplatin is known to affect mainly the proximal tubular cells of the kidney [26–28], we performed a
cell culture study with isolated primary murine renal tubular epithelial cells injured by various doses
of Cisplatin. In order to better understand renal damage and repair mechanisms as well as for testing
potential therapeutic options, post-injury recovery was favored through exposure to conditioned
medium from either murine wildtype (wt) C57BL/6 or Lcn-2−/− C57BL/6 bone marrow-derived
MΦ (BMDM).

2. Results

2.1. Dose-Dependent Injury of Primary Mouse Tubular Epithelial Cells (mTECs) upon Incubation
with Cisplatin

Isolated primary mTECs of wt C57BL/6 mice displaying the morphology of renal tubular epithelial
cells (Figure 1B, left) and were first stained with cytokeratin to prove their epithelial origin (Figure 1B,
right). qPCR analysis of epithelial cell markers cytokeratin 18 (CK18), E-Cadherin, and zona occludens
(ZO)-1 confirmed the tubular epithelial origin of isolated mTECs (Figure 1C). In order to evaluate
the appropriate Cisplatin concentration, which injured the cells, but still allowed cellular recovery,
we measured cell vitality via XTT assay using increasing Cisplatin concentrations: 0.1 µM, 1 µM,
5 µM, 10 µM, 20 µM, and 50 µM compared to untreated controls (ctrl) for 24 h and 48 h, respectively
(Figure 1D). This has been performed twice with in total 9 technical replicates with 5% FCS and
confirmed once with 6 technical replicates without FCS. As expected, vitality significantly decreased
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with increasing Cisplatin concentrations. mTECs cultured with FCS (Figure 1D, left) represented overall
higher levels of mTEC vitality than mTECs cultured without FCS (Figure 1D, right). A significant
difference between 24 h or 48 h of Cisplatin treatment was not observed for none of the experimental
groups. Based on these results, we used 5 µM Cisplatin without FCS for all following experiments,
as this turned out to represent the most adequate dosage, displaying measurable injury parameters,
but moderate cell injury.

 

μ

 

μ μ μ μ μ μ

Figure 1. Primary murine tubular epithelial cells respond to Cisplatin-induced injury. (A) Schematic
overview of experimental setup. (B) Cultured murine renal tubular epithelial cells (mTEC) in vitro
displaying an epithelial morphology in culture (left) and stained positive for the epithelial cell marker
cytokeratin 18 (right). (C) qPCR-analysis of epithelial cell markers cytokeratin 18 (CK18), E-Cadherin,
and ZO-1 confirmed the epithelial origin of isolated primary mTEC. (D) Measurement of cell vitality
via XTT assay using increasing Cisplatin concentrations: 0.1 µM, 1 µM, 5 µM, 10 µM, 20 µM, 50 µM,
and untreated control (ctrl) for 24 h and 48 h, respectively. The untreated ctrl has been set on 100% of
optical density (OD), and treated cells are given in percentage in relation to ctrl. *** p < 0.001 (n = 3,
one-way ANOVA followed by Tukey’s Multiple Comparison Test).

2.2. Establishment of Conditioned Media and Macrophage Polarization

We next isolated primary murine MΦ from wt and Lcn-2−/− mice and stimulated them with IL-10
(20 ng/mL) for 24 h to induce an anti-inflammatory activated as well as iron-releasing phenotype.
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The resulting conditioned medium (cm) was collected for further analysis and subsequent stimulation of
mTEC. A schematic representation of the experimental set-up is given in Figure 2A. qRT-PCR analyses
of polarized MΦ show low expression of pro-inflammatory markers IL-1β (Interleukin 1β) (p < 0.01;
n = 5), TNF-α (tumor necrosis factor) (p < 0.01; n = 5), and iNOS (inducible nitric oxide synthase)
(p < 0.05; n = 5), whereas the anti-inflammatory markers MRC (macrophage mannose receptor) (ns),
Ym1 (chitinase 3-like 3), CD163, and MARCO (macrophage receptor with collagenous structure) were
elevated compared to untreated control MΦ (Figure 2B). In order to verify the iron-releasing MΦ

phenotype, we determined the iron amount in the supernatant via atomic absorption spectroscopy
(AAS) relative to the total protein content, showing a significant increase in relative iron levels in
IL-10-treated MΦ supernatants (Figure 2C, p < 0.01; n = 5). As previously observed for human
MΦ [29], we also observed an increased release of Lcn-2 to the supernatant of IL-10-stimulated murine
MΦ (Figure 2D). In order to determine the amount of iron bound to Lcn-2 in MΦ supernatants,
we performed an immunoprecipitation for Lcn-2 with subsequent measurement of the Lcn-2-bound
iron applying AAS of immunoprecipitated samples. Interestingly, Lcn-2-bound iron was significantly
elevated in IL-10-treated MΦ supernatants (Figure 2E, p < 0.05; n = 5).

 

Φ

Φ
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Φ

Figure 2. Primary bone marrow-derived macrophages (BMDM) release Lcn-2-bound iron upon IL-10
treatment. (A) Schematic representation for the generation of conditioned media from BMDMs. (B)
qRT-PCR analysis of IL-10-stimulated macrophages compared to untreated control relative to the
housekeeping gene TBP (n = 5; t-test). (C) Total iron amount in the supernatant of both wt and Lcn-2−/−

BMDM measured by atomic absorption spectrometry (AAS). (D) Measurement of Lcn-2 protein in
macrophage conditioned media via ELISA. (E) Immunoprecipitation of Lcn-2 with subsequent iron
measurements via AAS to determine the amount of Lcn-2-bound iron in macrophage conditioned
media. * p < 0.05, ** p < 0.01, *** p < 0.001 (n = 5; t-test).
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2.3. Conditioned Medium From wt MΦ or the Supply of Holo-Lcn-2 Tends to Promote Epithelial Viability upon
Cisplatin Treatment

We next aimed at determining the influence of MΦ-released Lcn-2, especially in its iron-loaded
form, on mTEC recovery after Cisplatin-induced injury. In Figure 3A, the experimental set-up is
visualized. mTECs were either cultured with standard medium without FCS (ctrl) or injured with 5 µM
Cisplatin both for 24 h and left without further treatment (Cis) or treated with cm for an additional 24
h, deriving either from IL-10-treated wt (wt cm) or Lcn-2−/− MΦ (cm Lcn-2−/−). We then measured the
expression of kidney injury molecule 1 (KIM-1), a well-accepted acute injury marker of the proximal
tubule system, also in Cisplatin-induced renal injury both in vitro and in vivo [30]. KIM-1 protein
expression increased upon Cisplatin treatment and was lowered to control levels upon incubation of
mTEC with the supernatant of wt MΦ, showing a trend towards the recovery of mTECs (ns). In contrast,
the addition of Lcn-2−/− cm did not decrease KIM-1 expression of mTECs. However, the addition of
recombinant, iron-loaded Lcn-2 (holo-Lcn-2) to Lcn-2 lacking cm appeared to reduce KIM-1 expression
(Figure 3B, n = 3, ns). We next analyzed the expression of Klotho, as it is highly expressed in the
healthy kidney and known to significantly decline upon kidney injury but rises gradually to control
level during recovery [31–33]. Accordingly, we observed a conversely trajectory compared to KIM-1,
with a decrease of Klotho protein expression upon cisplatin treatment (ns). However, we observed no
changes of Klotho expression upon cm treatment, neither from wt nor from Lcn-2−/− MΦ (Figure 3C,
n = 3, ns). We obtained similar results as for Klotho expression for viability test via XTT, again lacking
statistical significance (ns; n = 3) (Figure 3D).

Furthermore, we analyzed the expression of epithelial cell markers ZO-1 (Figure 4A), β-catenin
(Figure 4B), and E-Cadherin (Figure 4C) via qRT-PCR. Upon Cisplatin treatment, all three markers
decreased, which could be rescued by the addition of wt cm, whereas Lcn-2−/− cm did not induce
recovery of mTECs. The addition of iron-loaded Lcn-2 induced the expression of epithelial markers,
thereby rescuing the deleterious effect of Lcn-2−/− cm on mTECs recovery profile (n = 6). This is further
visualized by cytoskeletal integrity of mTECs applying phalloidin staining. Cisplatin-treated mTECs
showed marked rarefaction of the cytoskeleton and junctional ring formation of F-actin fibers close
to the surface. Upon incubation of Cisplatin-injured mTECs with wt cm, we observed a significant
recovery of the cytoskeletal distribution across the cell, which was not observed upon stimulation with
Lcn-2−/− cm. Again, the addition of iron-loaded Lcn-2 significantly improved cytoskeletal integrity of
damaged mTECs (Figure 4D).

2.4. Lcn-2-Mediated Iron Uptake Promote Proliferation of Cisplatin-Injured mTECs

To investigate regenerative and proliferative parameters, we performed gene expression analyses
on stathmin and proliferating-cell-nuclear-antigen (PCNA) gene expression, which are well-described
markers in recovery from acute kidney injury [34,35]. Both stathmin (Figure 5A) and PCNA (Figure 5B)
displayed decreased mRNA expression upon Cisplatin treatment and significantly increased upon
treatment with wt cm treatment. In contrast, Lcn-2−/− cm did not induce stathmin and PCNA expression
in Cisplatin-injured mTECs, which could be rescued by the addition of recombinant holo-Lcn-2 protein.
These observations were confirmed by proliferation measurements in real time up to 72 h (Figure 5C).
Finally, we checked if mTEC take up MΦ-released iron and performed AAS-measurements of mTEC
cellular lysates after cm-stimulation (Figure 5D, n = 6; p < 0.001). We observed a significant increase in
intracellular iron amount upon treatment with wt cm, whereas the treatment with Lcn-2−/− cm remained
without effect. The addition of holo-Lcn-2 showed significantly enhanced intracellular iron levels in
mTECs. The relevance of our findings could be reinforced by analyzing the correlation of intracellular
iron amount and cellular proliferation (Figure 5E). Notably, the total iron content correlated with mTEC
proliferation measured via xCELLigence (all values included; Spearman r = 0.862, p < 0.001).
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Figure 3. Cellular vitality depends on the presence of Lcn-2-bound iron in macrophage supernatants.
(A) Visualization of the experimental set up. mTECs were either cultivated with standard medium
without FCS (ctrl) or injured by 24 h incubation with 5 µM Cisplatin (Cis). Hereafter, Cisplatin-injured
mTECs were cultured 24 h further in conditioned medium from IL-10-stimulated MΦ from wt mice
(wt cm) or Lcn-2−/− mice (Lcn-2−/− cm). The latter group was further cultivated with supplementation
of iron-containing holo-Lcn-2 (designated as Lcn-2−/− cm + holo-Lcn-2). (B) Kidney injury molecule
1 (KIM-1) (44kDA) and (C) Klotho (130kDA) protein expression relative to β-actin (ns; n = 3).
(D) Measurement of cellular vitality after cm-treatments via XTT (ns; n = 3).
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Figure 4. The epithelial phenotype is rescued by Lcn-2. mRNA expression relative to the housekeeping
gene RPS27a of the epithelial phenotype markers (A) Zonula occludens-1 (ZO-1), (B) β-catenin, and (C)
E-Cadherin (ns; n = 6). (D) Phalloidin staining visualizing the cytoskeleton and the F-actin stress fibers
in red and nuclei in blue.

As proof of concept that the delivery of iron supports mTEC recovery, we first measured the
expression of KIM-1 as an injury marker (Figure S1A). Results show that the addition of the iron
chelator 2′2 DPD (dipyridyl; 100 µM, 24 h) to wt cm treated mTEC increased the mRNA expression of
KIM-1 (ns), indicating increased tubular damage. On the contrary, by measuring the epithelial markers
E-Cadherin, β-catenin, and ZO-1, we observed a significant decrease (except for E-Cadherin) upon 2′2
DPD addition (Figure S1B). Moreover, proliferation markers PCNA and stathmin corroborated these
observations (Figure S1C), showing significantly reduced expression.

We therefore postulate that MΦ-released Lcn-2 binds and transports iron to damaged mTEC.
In turn, the uptake of iron-Lcn-2 complexes facilitates tissue regeneration and promotes cellular
proliferation. This hypothesis is depicted in Figure 6.
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Figure 5. mTEC take up Lcn-2-bound iron that correlates with cellular proliferation. mRNA
expression of (A) stathmin and (B) PCNA expression relative to the housekeeping gene RPS27a
(n = 6). (C) Measurement of real-time proliferation via xCELLigence (p < 0.001; n = 5; one-way ANOVA
followed by Tukey’s Multiple Comparison Test). (D) Measurement of total iron content in lysates of
differently treated mTEC via AAS (n = 6). * p < 0.05, ** p < 0.01, *** p < 0.001. (E) Correlation between
total iron amount in mTEC lysates and proliferation (all values included; Spearman r = 0.862, p < 0.001).
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Figure 6. Results summary. Schematic overview of the hypothesis. After the stimulation of wt
macrophages (MΦ) with IL-10, they adopt an iron-releasing phenotype, whereas Lcn-2−/− macrophages
do not release iron to the extracellular space. Wt MΦ also produce Lcn-2 in high numbers that
chelates iron and donates these complexes to injured tubular epithelial cells (TEC), where recovery and
regeneration are promoted. The addition of iron-containing holo-Lcn-2 rescues the negative effect of
Lcn-2−/− MΦ supernatants.

3. Discussion

The present study unravels a previously underappreciated function of MΦ-derived Lcn-2 in
renal epithelial cell regeneration. Evidently, iron-loaded Lcn-2 promotes an epithelial phenotype
integrity as well as cellular proliferation after Cisplatin-induced injury in vitro. A number of studies
previously acknowledged the protective role of Lcn-2 in kidney injury, both in acute and chronic
pathologies. Our current study adds to the emerging role of iron in determining the pro-regenerative
function of Lcn-2 after renal injury, including ischemia/reperfusion injury (IRI) as well as nephrotoxic
Cisplatin-induced damage.

Following kidney injury, renal tubular epithelial cells regenerate depending on the degree of
damage or microenvironmental conditions [3]. Previous studies from our and other groups delineated
a pivotal role for the MΦ phenotype influencing the inflammatory environment and determining
kidney repair [10,11,36]. Besides, data from our group suggest that renal cell regeneration after mouse
kidney IRI depends on endogenously generated MΦ-derived Lcn-2, whose expression is mainly
affected by inflammatory cytokines [6,11]. Moreover, in a Cisplatin-induced rat renal injury model,
Lcn-2 was found to be expressed in epithelial cells of the affected proximal renal tubules, whereby
regeneration was promoted [37]. It is well established that the expression of Lcn-2 in renal tubular
epithelial cells correlates to the degree of damage induced by either Cisplatin or IRI, whereby Lcn-2
serves as a biomarker and an acute phase protein. With regard to our previous observations as well as
the results of the present study, it is therefore very important to distinguish the source of Lcn-2 as well
as its iron-load in the kidney to determine its biological activity.

The infusion of exogenous Lcn-2 not only enhanced cellular proliferation, but also induced
the expression of early progenitor markers in the kidney, thus suggesting that Lcn-2 might act as a
growth and differentiation marker [19]. These observations are in line with results from the present
study, showing that Lcn-2 enhanced epithelial integrity and polarity by inducing the expression of
ZO-1, β-catenin, and E-Cadherin after Cisplatin-induced injury in primary mTEC. In line, it was
previously appreciated that kidney injury results in loss of epithelial cell polarity, disruption of the actin
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cytoskeleton, and disassembly of junctional complexes [38,39]. In addition, one of our previous studies
as well as Krudering et al. demonstrated that Cisplatin affects directly the cytoskeleton structure
and causes apoptosis and cell detachment, resulting in a loss of F-actin fibers within a few hours
of exposure [40,41]. We were able to confirm these morphological alterations in the present in vitro
experiments: Cisplatin exposure clearly induced the rarefication and congestion of F-actin stress fibers.
Yet, application of holo-Lcn2 led to recovery of F-actin fiber distribution across the cells and, thus,
cellular integrity. In order to sustain these findings, we analyzed PCNA and stathmin as accepted
regenerative markers in kidney injury [22,42,43]. Furthermore, the expression of both stathmin and
PCNA mRNA is known to decrease following Cisplatin application in vivo [34], which is in line with
our results in vitro. Previous own investigations showed that the proliferative markers Ki-67 and
PCNA markedly increased in Lcn-2-overexpressing MΦ-treated rats after IRI [9]. However, blocking
Lcn-2 production reduced the potency of a MΦ-based cell therapy approach, thereby substantiating
the pro-proliferative and anti-inflammatory role of Lcn-2. In this regard, Kashiwagi et al. defined
in their in vivo Cisplatin-induced rat kidney injury study that immunohistochemical expressions of
Lcn-2 was mainly observed in regenerating renal tubules in the affected cortico-medullary junction
and that the number of PCNA-positive cells significantly correlated with Lcn-2 scoring [37]. Taking
these observations into account, the interplay between Lcn-2 and pro-regenerative MΦ holds potential
in renal epithelial cell regeneration and hence, may define injury outcome.

Along these lines of evidence, it was previously recognized that anti-inflammatory polarized MΦ

plays a crucial role during tissue repair, which is mainly achieved through phagocytosis of apoptotic
cells and the subsequent production of anti-inflammatory mediators. Previous studies from our group
indicate that sphingosine-1-phosphate (S1P) is released during apoptotic cell death and participates
in coordinating anti-inflammatory responses in macrophages through the induction of Lcn-2 [11].
Bone-marrow-derived MΦ, engineered ex vivo to overexpress the anti-inflammatory cytokine IL-10,
accumulated in IRI-damaged kidney tissue and promoted tissue regeneration. Interestingly, these
infused cells showed enhanced iron levels as well as Lcn-2, which, at least in part, explained
the pro-regenerative capacity of these cells in vivo [10]. Moreover, we and others observed that
IL-10-treated primary human MΦ adopted an iron-releasing phenotype with consequences for tumor
cell proliferation in vitro [44,45]. In the present study, we not only confirmed the anti-inflammatory
and iron-releasing phenotype in primary murine MΦ but could also determine enhanced iron-loaded
Lcn-2 in the MΦ-supernatant. Considering that both the release of iron as well as the production and
secretion of Lcn-2 is a biological response of IL-10-treatment in MΦ, we hypothesized that MΦ-delivered
iron-bound Lcn-2 accounts for mTEC recovery from Cisplatin-induced injury in vitro. The application
of MΦ-conditioned media from both wt and Lcn-2−/− mice to injured primary mTEC as well as rescue
experiments applying iron-loaded recombinant Lcn-2 protein confirmed this speculation. Notably, we
could detect a positive correlation between total intracellular iron amount in mTEC lysates and their
proliferation, which, in turn, reinforced this assumed link between availability of iron-bound Lcn-2 and
its release by anti-inflammatory MΦ. These findings suggest a direct implication of MΦ-Lcn-2 in main
cytoprotective mechanisms during Cisplatin-induced renal injury. The above findings match with
recent evidences implying that Lcn-2 functions as an additional alternative iron transporter within the
tissue microenvironment [46,47].

In sum, we could show that mTEC are able to increase their intracellular iron pool by taking up
MΦ-secreted iron-loaded Lcn-2, whereby proliferation and epithelial cell polarity is promoted. Still,
not only mechanistic insights regarding Lcn-2 downstream signaling in renal epithelial cells is lacking,
but also how iron is recycled and used in renal cells to promote recovery. Therefore, the understanding
of molecular and genetic mechanisms that control Lcn-2 signaling and recycling of iron could offer new
perspectives for future therapeutic avenues in acute kidney injury and progressive interstitial fibrosis.
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4. Materials and Methods

4.1. Animals

C57BL/6 wt and Lcn-2−/− mice with C57BL/6 background (both bred at mfd diagnostics,
Wendelsheim, Germany) were kept in the central research facility of the university hospital Frankfurt.
They were housed with water and food ad libitum in rooms with a 12h light cycle. Organ removal
and animal care were performed in accordance with the “Guide for the care and use of laboratory
animals“ (National Institutes of Health, volume 25, no. 28, revised 1996), EU Directive 86/609 EEC,
and German Protection of Animals Act. No additional animal ethics approval is needed for organ
removal for subsequent isolation of primary murine cells.

4.2. Isolation and Culture of Murine Proximal Tubular Epithelial Cells

Murine primary tubular epithelial cells (mTECs) were isolated from above described wt and
Lcn-2−/− mice as previously described [48,49]. In brief, after kidney removal, the tissue was minced
and digested with a collagenase/dispase suspension. The digested fragments were passed through
a 100 and 70 µm mesh. Subsequently cells caught with a 40 µm mesh were isolated and grown in
DMEM/HAM’s F12 (1:1) with GlutaMAX (31331-028, Gibco, obtained from Thermo Fisher, Dreieich,
Germany), supplemented with 10% FCS and 1% Penicillin/Streptomycin at 37 ◦C and 5% CO2 in a
humidified atmosphere.

4.3. Establishment of Cisplatin Injury in mTECs Model

Cisplatin (cis-diamminedichloroplatinum II) is commonly used for chemotherapy in a wide
variety of tumors [50]. However, it nonetheless has nephrotoxicity as a major side effect
and limiting factor in clinical practice [51]. Mechanistically, Cisplatin causes primarily tubular
necrosis and apoptosis [26–28] in a dose-and duration-dependent manner in both in vitro and
in vivo [26,52]. Therefore, we established an in vitro cell culture model using cisplatin as a well-accepted
clinically relevant model (Figure 1A). Viability of mTECs was determined by a photometric assay
using 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide (XTT). In brief,
subconfluent cells in 96-well plates were exposed to Cisplatin (Teva®, Ulm, Germany (stock solution
1 mg/mL (3.3 mM)) for 24 h or 48 h. Hereafter, XTT reagent was added to each well as described by
the manufacturer (A8088, Applichem, Darmstadt, Germany) and incubated at 37 ◦C. Absorbance was
measured in a microplate reader (ELx808, Bio-TEC Instruments Inc., Bad Friedrichshall, Germany)
at 450 nm vs. 630 nm. Experiments were conducted in triplicate, sixfold, or ninefold in one to three
independent experimental settings and are represented as mean ± SEM. The value of viability is
expressed as percentage of viability of untreated control cells set as 100%.

4.4. Generation of Murine BMDM and Generation of Conditioned Media

Murine BMDM were generated by isolating the bone marrow of above described wt and Lcn-2−/−

mice. Cells were differentiated directly in 6-well plates (6 × 106 cells/well) in the presence of
20 ng/mL macrophage colony-stimulating factor (M-CSF) (Peprotech, Hamburg, Germany) for up to
7 days. At day 3, fresh M-CSF was added. For 24 h prior to stimulation cells were serum-starved.
BMDM were stimulated for 24 h in RPMI medium supplemented with 20 ng/mL IL-10 (Peprotech,
Hamburg, Germany) for the induction of an anti-inflammatory, iron-release phenotype as previously
published [36]. The conditioned media of polarized BMDM were collected, centrifuged at 1000× g for
5 min, and aliquots were stored at −80 ◦C until further use. Supernatant of unstimulated MΦ served
as control. Where indicated, iron chelator 2′2 DPD was added to wt cm at a concentration of 100 µM
for 24 h.
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4.5. Generation of Recombinant Lcn-2

Recombinant mouse Lcn-2 was produced by transformation of E. coli with a pGEX-4T-3-NGAL
plasmid as already described for human recombinant Lcn-2 [21]. In order to test efficient
Lcn-2-catechol-iron complex formation, UV-visible spectroscopy (UV-vis) was used as previously
described [44]. To generate the holo-Lcn-2 protein equimolar amounts of 10 µM Lcn-2 were incubated
with 10 µM catechol (Sigma-Aldrich, Steinheim, Germany) and 10 µM iron (Sigma).

4.6. Lcn-2 Immunoprecipitation

For immunoprecipitation (IP), supernatants of stimulated BMDMs were collected as described
above. Dynabeads (Thermo Fisher, Dreieich, Germany) were added, and 1mg protein was incubated
overnight at 4 ◦C in the presence of a specific antibody against Lcn-2 (MAB1857, R&D, Wiesbaden,
Germany). Beads were precipitated using the DynaMag-2 magnet (Thermo Fisher, Dreieich, Germany)
and washed three times with IP buffer. Protein was eluted by addition of 2× loading buffer and
incubated at 95 ◦C for 5 min.

4.7. Atomic Absorption Spectrometry

Wt or Lcn-2−/− MΦ were stimulated with IL-10 (20 ng/mL) for 24 h. Afterwards, mTEC were
stimulated for 24 h with cm from either wt or Lcn-2−/− MΦ. Where indicated, holo-Lcn-2 (1 µg/mL)
was added to Lcn-2−/− media for rescue experiments. The iron content of MΦ supernatants as well
as the intracellular iron amount of stimulated mTECs was determined by graphite furnace atomic
absorption spectrometry (AAS). Samples were measured as triplicates with a PinAAcleTM 900 T Atomic
Absorption Spectrometer (PerkinElmer, Rodgau, Germany). Slit 0.2 nm and wavelength 248.33 nm
were used as spectrometer parameters. A hollow cathode iron lamp (30 mA maximum operating
current) was run at 100% maximum current. The calibration solutions (10 µg/L to 90 µg/L) were
prepared by adequate dilution of iron standard for AAS (Sigma-Aldrich, Steinheim, Germany) stock
solution. A pyrolysis temperature of 1400 ◦C and an atomization temperature of 2100 ◦C were used.

4.8. Establishment of Rescue Model Following Cisplatin Injury in mTECs

mTECs were either cultured in standard medium without FCS (designated as ctrl) or injured with
5 µM Cisplatin (designated as Cis) for 24 h. Hereafter, Cisplatin-injured mTECs were cultured for a
further 24 h in cm from IL-10-stimulated MΦ from wt (designated as cm wt MΦ) or Lcn-2−/− mice
(designated as cm Lcn-2−/− MΦ). For rescue experiments, cm from Lcn-2−/− was supplemented with
holo-Lcn-2 (designated as holo-Lcn-2).

4.9. RNA Extraction and Quantitative Real-Time PCR (qPCR)

RNA isolation cDNA synthesis and qPCR were performed as previously described [46]. Briefly,
RNA was isolated (30-1010, peqlab, Erlangen, Germany) and transcribed into cDNA (K1642, Thermo
Fisher), serving as template in qPCR mix (1725006CUST, Bio-Rad, Dreieich, Germany). We used TBP
(TATA-binding protein) as an internal housekeeping gene control for detection of gene expression in
BMDM, while RPS27a (ribosomal protein 27a) mRNA expression served as a housekeeping gene for
real-time (RT)-PCR and β-actin for qPCR analysis in mTEC [53]. Primers were bought from Bio-Rad,
Biomers (Ulm, Germany), or Thermo Fisher and are listed in Table 1.

4.10. Western Blot

Protein samples of 5 µg were dissolved in sample buffer (Laemmli buffer, Bio-Rad) containing
DTT (dithiothreitol) and treated for 5 min at 95 ◦C. Protein samples were separated on a 4–12%
CRIT XT BIS-TRIS GEL (Bio-Rad) and transferred to a PVDF membrane (Bio-Rad). Membranes were
blocked with 5% fat-free milk in tris-buffered saline containing 0.1% Tween-20 for 1.5 h. Primary
antibodies were added and membranes were incubated overnight at 4 ◦C. Hereafter, an adequate
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horseradish peroxidase (HRP)-conjugated secondary antibodies were added and incubated for 2 h
at room temperature. Visualization was performed using Clarity ECL or Clarity ECL max (Biorad).
Primary Antibodies: Klotho (MAB1819, 1:500, R&D), KIM-1 (#3809, 1:1000, ProSci, Poway, CA, USA),
Pan-Actin antibody (#4968, dilution, Cell Signaling, Frankfurt am Main, Deutschland).

Table 1. Primer sequences.

Primer Sequence

β-actin
Forward: 5-CCACCATGTACCCAGGCATT-3
Reverse: 5-AGGGTGTAAAACGCAGCTCA-3

β-Catenin
Forward: 5-TCTGAGGACAAGCCACAGGATTACA-3

Reverse: 5-GGGCACCAATGTCCAGTCCAA-3

CK18
Forward: 5-TTGTCACCACCAAGTCTGCC-3
Reverse: 5-TTGTATCGGGCCTCCACATC-3

E-Cadherin (real-time)
Forward: 5-TGAAGAAGGAAGAAGA-3

Reverse: 5-TGGGAGCCACTTTCGA-3

E-Cadherin (qRT)
Forward: CAACGATCCTGACCAGCAGT

Reverse: TGTATTGCTGCTTGGCCTCA

IL-1β
Forward: 5-AGGCCACAGGTATTTTGTCG-3
Reverse: 5-GACCTTCCAGGATGAGGACA-3

iNOS
Forward: 5-ACCCTAAGAGTCACAAAATGGC-3
Reverse: 5-TTGATCCTCACATACTGTGGACG-3

Lcn-2 qHsaCED0045408

MRC
Forward: 5-GGAGTGATGGAACCCCAGTG-3

Reverse: 5-CTGTCCGCCCAGTATCCATC-3

PCNA
Forward: 5-AATGGGGTGAAGTTTTCTGC-3
Reverse: 5-CAGTGGAGTGGCTTTTGTGA-3

RPS27a
Forward: 5-GACCCTTACGGGGAAAACCAT-3
Reverse: 5-AGACAAAGTCCGGCCATCTTC-3

Stathmin
Forward: 5-CTTGCGAGAGAAGGACAAGC-3

Reverse: 5-CGGTCCTACATCGGCTTCTA-3

TBP
Forward: 5-GGGCCGCCGGTTAACT-3
Reverse: 5-AGCCCTGAGCGTGGCA-3

TNFα
Forward: 5-CCATTCCTGAGTTCTGCAAAGG-3

Reverse: 5-AGGTAGGAAGGCCTGAGATCTTATC-3

YM-1
Forward: 5-GGGCATACCTTTATCCTGAG-3
Reverse: 5-CCACTGAAGTCATCCATGTC-3

ZO-1 (real-time)
Forward: 5-GCCATTACACGGTCCTCTGA-3
Reverse: 5-GCGAAAGGTAAGGGACTGG-3

ZO-1 (qPCR)
Forward: GCCATTACACGGTCCTCTGA

Reverse: GCGAAAGGTAAGGGACTGGA

4.11. Lcn-2 ELISA

Supernatants were collected from cultured MΦ. A volume of 100 µL of each sample was applied
to an ELISA well-plate previously covered with the anti-Lcn-2 (MAB1857, R&D) and blocked for
1 h. After sample incubation, the detection anti-Lcn-2 antibody was added. HRP-conjugated avidin
(Invitrogen, obtained from Thermo Fisher) was incubated for 1h, the color reagent (OPD tablets; Dako,
obtained from Agilent, Waldbronn, Germany) was added, and the color development was assessed.

4.12. Phalloidin-Staining

Changes in the cytoskeleton and the F-actin stress fibers were visualized by phalloidin staining.
Briefly, cells were fixed in 4% buffered formaldehyde for 10 min and then permeabilized with PBS
containing 0.1% Triton X-100 and 1% BSA for 30 min. The slides were then incubated with Alexa
Fluor 568 phalloidin (00027, dilution 1:40, Molecular Probes Inc.) in PBS with 1% BSA for 30 min,
counterstained with DAPI (D9542, Sigma-Aldrich, Steinheim, Germany), washed three times with PBS,
and finally mounted using mowiol (Calbiochem, Darmstadt, Germany). Images were acquired on an
LSM 800 (Zeiss, Wetzlar, Germany) confocal microscope.
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4.13. Immunofluoresecence Cytokeratin Stain

Confluent monolayers were rinsed three times with PBS and fixed with ice-cold methanol/acetone
(1:1) for 5 min. The fixed cells were washed twice. Unspecific binding sites were blocked by PBS
containing 5% normal goat serum for 20 min. Primary antibody (anti-Pan Cytokeratin C2931, 1:400,
Sigma-Aldrich, Steinheim, Germany) was applied and incubated for 30 min at 37 ◦C with gentle
shaking. After washing, cells were incubated with a Cy3-conjugated goat-anti-mouse IgG mAb for
30 min at 37 ◦C. Slides were mounted with mounting medium and examined using Zeiss fluorescence
microscope equipment.

4.14. xCELLigence Proliferation Assay

Proliferation of mTECs was measured using the RTCA DP xCELLigence instrument (OLS, Bremen,
Germany) as described previously [20]. Data are presented as the slope per hour (slope 1/h) of the
normalized cell index as a measure for the time-dependent changes in impedance.

4.15. Statistical Analyses

Statistical analyses were performed applying GraphPad Prism® 5.02 software (GraphPad
Software, San Diego, CA, USA). The distribution of variables was tested for normality using the
Kolmogorov–Smirnov test. Accordingly, statistical significance was calculated using one-way ANOVA
followed by Tukey’s multiple comparison test or Kruskal–Wallis test followed by Dunn’s posthoc
test, where applicable. Significance of correlations was determined by Spearman’s test including all
investigated groups. p-values ≤ 0.05 were assumed as statistically significant. In the figures, horizontal
lines within the boxes represent the medians, boxes represent the interquartile range (25–75%). Whiskers
above and below the box indicate the 90th and 10th percentiles. The individual points that are plotted
beyond the whiskers represent outliers, which were included in the statistical analyses.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/6/2038/s1.
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Abstract: Anemia is frequently observed in the course of chronic kidney disease (CKD) and it
is associated with diminishing the quality of a patient’s life. It also enhances morbidity and
mortality and hastens the CKD progression rate. Patients with CKD frequently suffer from a chronic
inflammatory state which is related to a vast range of underlying factors. The results of studies
have demonstrated that persistent inflammation may contribute to the variability in Hb levels and
hyporesponsiveness to erythropoietin stimulating agents (ESA), which are frequently observed
in CKD patients. The understanding of the impact of inflammatory cytokines on erythropoietin
production and hepcidin synthesis will enable one to unravel the net of interactions of multiple
factors involved in the pathogenesis of the anemia of chronic disease. It seems that anti-cytokine
and anti-oxidative treatment strategies may be the future of pharmacological interventions aiming
at the treatment of inflammation-associated hyporesponsiveness to ESA. The discovery of new
therapeutic approaches towards the treatment of anemia in CKD patients has become highly awaited.
The treatment of anemia with erythropoietin (EPO) was associated with great benefits for some
patients but not all.

Keywords: inflammation; chronic kidney disease; anemia; anemia of inflammation; ESA
hyporesponsiveness

1. Introduction

Anemia is frequently observed in the course of chronic kidney disease (CKD) and it is associated
with a diminished quality of patients’ life. It also enhances morbidity and mortality and hastens the
CKD progression rate [1]. Patients with CKD frequently suffer from a chronic inflammatory state
which is related to the vast range of underlying factors, such as higher incidence of infections, increased
levels of proinflammatory cytokines, the uremic milieu, the widespread presence of arteriosclerosis,
and others [2]. The results of animal studies demonstrated that serum half-lives of proinflammatory
cytokines, including TNF- and IL-1 are higher in animals without renal function [3]. Deterioration of
renal function may also influence the level of other inflammatory molecules, such as serum C-reactive
protein (CRP) or IL-6, which concentration inversely correlated with creatinine clearance [4,5].

The discovery of new therapeutic approaches towards the treatment of anemia in CKD patients
has become highly awaited. Treatment of anemia with erythropoietin (EPO) was associated with great
benefits for some patients but not all. Clinical and experimental evidence indicates the important
role of inflammation in poor response to EPO therapy. Therefore, anti-inflammatory agents seem
to be beneficial in the therapy of patients who are EPO bad responders as well as drugs that could
antagonize the effects of hepcidin [6].
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2. Anemia in CKD Patients

Anemia is a frequent problem in CKD patients [7]. In CKD, it is typically normocytic,
normochromic, and hypoproliferative [8]. According to large-scale population studies the incidence of
anemia (hemoglobin <12 g/dL) is less than 10% in patients with CKD stages I and II, 20%–40% in stage
III, 50–60% in stage IV, and it exceeds 70% in patients with end-stage renal disease (stage V) [9–11].
Other studies indicate that in the dialysis population anemia incidence is as high as 90% [12,13].

The prevalence of more severe anemia (hemoglobin ≤ 10 g/dL) is much less common: 5.6% in
stage 3 CKD and 27.2% in stage 5 non-dialysis CKD patients [13,14]. These data clearly show that
anemia appears early in the course of CKD and its occurrence is increasing along with the declining
glomerular filtration rate [11]. Data from the National Health and Nutrition Examination Survey
(NHANES) in 2007–2008 and 2009–2010 [13] demonstrates that despite anemia being very common in
patients with advanced CKD, patients in the United States were relatively rarely receiving treatment
for it (only 20% of patients with CKD stage 4 and 42% of those with stage 5). Anemia in this study was
defined using gender-specific thresholds (<12 g/dL for female patients and <13 g/dL for male patients).
Glomerular filtration rate, gender, age, race, comorbidities are considered as the predictors of CKD
anemia [15].

Anemia in patients with CKD is a multifactorial process, in which chronic inflammation,
erythropoietin deficiency, iron metabolism disorders, blood loss on hemodialysis sessions, uncontrolled
hyperparathyroidism, deficiency of essential nutrients like iron, folic acid, and vitamin B12, the use
of some drugs, including ACE inhibitors and uremic toxins play the most important role [7,8,16,17].
The understanding of underlying mechanisms of anemia in CKD is important due to the fact that in
some patients erythropoietin stimulating agents (ESA) treatment might be least ineffective or even
deleterious [17,18].

Pre-dialysis CKD patients. According to studies, the relative deficiency in erythropoietin (EPO)
production by the peritubular cells of kidneys is responsible for defective erythropoiesis in CKD
patients [17,19]. Erythropoietin deficiency is associated with disturbances in the differentiation and
maturation of red blood cell precursors [20]. The results of some studies imply that circulating
uremic-induced inhibitors of erythropoiesis may contribute to the development of anemia [8,21].
Sera from uremic patients have been showed to inhibit hematopoietic progenitor’s growth [22].
Chiang et al. [23] demonstrated that indoxyl sulfate (IS), which is a protein-bound uremic toxin,
impaired erythropoiesis in a hydroxylase inhibitor (HIF)-dependent manner and limited EPO gene
transcription during hypoxia. It seems that IS stimulates hepcidin production via a pathway that
involves both aryl hydrocarbon receptor (AhR) and oxidative stress, which in consequence leads to
iron sequestration and impaired iron utilization in CKD [24]. Wu et al. [25] found that IS removal
improved the impact of ESA on anemia in late-stage CKD patients confirming that IS mediates renal
anemia via EPO regulation. Moreover, Ahmed et al. [26] suggested that indoxyl sulfate triggered
suicidal erythrocyte death in renal failure. Radioisotope labeling studies confirmed shortened red
blood cell survival due to metabolic and mechanical factors in CKD [21,27]. In CKD, it was shown that
intra- and extracellular factors diminished red blood cell survival by 30% to 50%, probably due to the
red blood cell membrane failure to pump sodium to the extracellular medium [28].

Apart from true iron deficiency, in many CKD patients, functional iron deficiency has been
observed. It is characterized by disturbed iron release from body stores, which makes meeting the
demand for erythropoiesis impossible. Low serum transferrin saturation (a parameter informing the
amount of circulating iron) and normal or high serum ferritin (a marker of body iron stores) were
shown in this group of patients. Secondary hyperparathyroidism, which is frequently observed in
CKD, contributes to the development of anemia and greater resistance to erythropoietin [29]. Finally,
hepcidin, which is a key regulator of circulating iron absorption, has been found to be involved in
the etiology of anemia in CKD [30,31]. Its concentrations were demonstrated to be influenced by
inflammation [32]. The fact that anemia develops in spite of elevated EPO levels in CKD suggests that
peripheral resistance or hyporesponsiveness to EPO may be the factual reason for its occurrence [11].
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Dialysis CKD patients. Apart from the aforementioned mechanisms, anemia in dialysis patients can
be associated with iron losses. According to Besarab et al. [21], the losses of iron in hemodialysis patients
reach 1–3 g per year and they are associated with chronic bleeding related to platelet dysfunction
and also frequent phlebotomy, hemolysis, and blood retained in the extracorporeal circulation during
dialysis. Additionally, patients undergoing dialysis show impaired dietary iron absorption [33,34].
HD patients with high CRP levels (>8 mg/L) have been shown to have lower iron absorption than
patients with lower CRP levels [35]. According to studies, inflammation (via cytokines and bacterial
lipopolysaccharide, LPS) regulates hepcidin expression and production in response to liver iron levels,
hypoxia and anemia, which results in functional iron deficiency or enhanced ferritin and diminished
transferrin production, shunting iron to the reticuloendothelial storage pool instead of delivery to
erythrocyte precursors [36–38]. Inflammation acting together with uremic toxicity and hepcidin
exacerbates anemia at different stages. Tozoni et al. [39] suggested that in HD patients, hypoxemia and
uremic toxins may act synergistically and decrease red blood cell life span (RBCLS). They provided
evidence that even in the case of healthy red blood cells, hypoxia, and uremia stimulated eryptosis
and disturbances in redox balance. These two stimuli together have been demonstrated to increase PS
exposure, stimulate cellular shrinkage, and enhance calcium influx into the RBC [39]. Bonomini et al. [40]
revealed that the RBC life span in CKD patients was related to enhanced erythrocyte deformability and
abnormalities of plasma membrane symmetry and cytoskeleton. These alterations and the destruction
of the membrane were shown to be hastened by the uremic environment, inflammation, and oxidative
stress [41]. However, Bataille et al. [17] failed to find any correlation between plasmatic concentrations
of uremic toxins, such as indole 3-acetic acid (IAA), sulfate (IS), and paracresyl sulfate (PCS), and any
parameter related to anemia in hemodialysis patients. Therefore, they suggested that indolic uremic
toxins and PCS may have no or a very slight impact on anemia parameters, i.e., Hb concentrations or
ESA hyporesponsiveness in this population [17].

KDIGO Recommendations

KDIGO guidelines recommend hemoglobin level measurement in patients with CKD without
diagnosed anemia when clinically indicated but at least once a year in subjects with CKD stage 3,
at least 2 times a year in those with CKD stage 4–5 who are not on dialysis and at least every 3 months
in those with stage 5 CKD undergoing either hemodialysis (HD) or peritoneal dialysis (PD) (Not
Graded) [42]. In case of CKD patients with anemia, who are not treated with ESA, Hb levels should be
measured when clinically indicated (Not Graded)—at least every 3 months in patients with CKD stage
3–5 who are not on dialysis (CKD-ND) or stage 5D on PD and every month in patients with CKD 5D in
HD. In turn, in patients with anemia on ESA treatment, Hb levels should be measured when clinically
indicated—in the correction phase once in a month and in the maintenance phase: at least every 3
months in patients with CKD (not on dialysis), monthly in patients with CKD-5D (hemodialysis),
and every 2 months in patients with CKD patients on peritoneal dialysis [42].

The administration of vitamin D analogs has been linked with the amelioration of anemia and/or
the reduction in EPO needs [29,43]. The beneficial effect of vitamin D may be associated with its impact
on the suppressive effect of PTH and/or the stimulation of erythrocyte progenitor cells [29,43].

Clinical observations indicate that anemia in patients with end-stage renal disease (ESRD) and
non–dialyzed CKD subjects is associated with poor outcomes, including higher mortality [14,44,45].
Large, retrospective studies carried by Yang et al. [46] and Brunelli et al. [47] have demonstrated the
association between greater Hb variability and decreased survival. Another retrospective study of HD
patients revealed a visible trend of increased mortality with increasing time below Hb target of 11 g/dL
level [48]. In the case of patients whose Hb levels were <11 g/dL for 80%–100% of the time, mortality
risk was ∼1.8 times as high as in patients with no time below this level. The Dialysis Outcomes and
Practice Patterns Study (DOPPS) demonstrated that mortality and hospitalization risk declined by 5%
and 6% per 1-g/dL higher patient baseline Hb level (p < or = 0.003 each), respectively. Moreover, risks
of mortality and hospitalization risks were 10% to 12% lower for every 1-g/dL increased facility mean
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Hb level [49]. The results of these studies suggest that the maintenance of the target Hb range in CKD
patients is an important goal in the treatment of renal anemia.

3. Inflammation in CKD and Anemia of Inflammation

The prevalence of inflammation in CKD patients varies between populations [50]. According to
estimations, more than 30%–50% of patients with ESRD have serological evidence of an active
inflammatory state, as indicated by elevated levels of CRP and pro-inflammatory cytokines, including
IL-1, IL-6, and tumor necrosis factor (TNF-α) [51–55]. Among factors that are associated with
the persistence of low-grade inflammation in CKD patients, there are oxidative stress, infectious
complications, diminished clearance of cytokines, and dialysis-related factors [51]. The presence
of more elevated levels of inflammatory markers, including serum ferritin and C-reactive protein
was observed in patients with malnutrition in comparison to those without malnutrition (301.2 ±
127.1 mg/dL vs. 212.7 ± 124.9 mg/dL, p < 0.05; 63% vs. 33%, p < 0.05) [56]. Numerous studies indicated
that the inflammatory state influences the development of renal anemia. de Francisco et al. [38]
demonstrated that lower average CRP values were associated with better Hb control (p < 0.0001).
Moreover, Agarwal et al. [57] revealed that serum albumin (an alternative inflammatory marker) was
also a vital predictor of baseline Hb and sensitivity to ESAs. Proinflammatory cytokines have been
shown to simultaneously affect erythropoiesis at several levels, including the suppression of erythroid
progenitor cell proliferation [11]. Allen et al. [58] showed inhibition of erythroid colony formation by
soluble factors in serum from patients with both end-stage renal disease and inflammatory disease.
In vivo studies confirmed that the administration of TNF-α promotes hypoproliferative anemia through
a direct effect on erythroid progenitor cells and indirect stimulation of IFN-γ production [59]. However,
some other studies have provided contradictory results and suggested that TNF-α and IL-1 promoted
the growth of early progenitors (burst-forming units) but they inhibited the growth at later stages of
erythropoiesis, i.e., erythroid colony-forming units [60]. Inflammatory state affects erythropoiesis also
via the inhibition of hypoxia-induced EPO production in Hep3B cells [61]. It seems that the key pathway
through which inflammation promotes the development of anemia is the modulation of iron metabolism.
Elevated ferritin levels, diminished iron, and iron-binding capacity, as well as higher abundance
of iron in the bone marrow, are the characteristic features of inflammation-associated anemia [38].
These features imply iron sequestration in reticuloendothelial cells and the state of inadequate plasma
iron levels to support erythropoiesis [62]. The exact mechanism of the influence of the inflammatory
state on the development of anemia may be related to hepcidin which affects iron homeostasis via
the binding of the cell surface iron transporter ferroportin [63]. Consequently, the phosphorylation,
internalization, ubiquitination, and degradation of ferroportin in the lysosomes is triggered [11,62].
This results in decreased iron efflux from duodenal enterocytes into the circulation (reduced iron
absorption) as well as the diminished release of iron from macrophages into the reticuloendothelial
system and finally in hypoferremia. The results of animal studies have indicated that in transgenic
mouse models hepcidin is a key negative regulator of iron absorption in the small intestine, and iron
release from macrophages [64]. Wrighting and Andrews [65] demonstrated that interleukin-6 induced
hepcidin expression through signal transducer and activator of transcription 3 (STAT3). It has been
shown that during inflammation increased hepcidin levels limited iron release from enterocytes,
hepatocytes, and macrophages thus decreasing its availability for bacteria [2,64]. Dallalio et al. [66]
indicated that the influence of hepcidin on the development of anemia of inflammation involved
not only the impact on iron metabolism but also the inhibition of erythroid progenitor proliferation
and survival. Numerous studies confirmed the causal role of hepcidin in the process of anemia of
inflammation [11,67–69]. Sasu BJ indicated [68] that neutralizing monoclonal antibodies to hepcidin
along with ESA restored normal hemoglobin levels in a mouse model of bacteria-induced anemia of
inflammation, while ESA administration alone was not effective. The administration of exogenous
EPO has been suggested to reduce hepcidin levels and therefore to ameliorate anemia of inflammation
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and iron sequestration [70]. Marked suppression was observed after 24 h from the administration of
EPO and it persisted for a week.

Higher levels of inflammatory markers have been found to be related to decreased survival of CKD
patients. Kalantar-Zadeh et al. [71] demonstrated 1.14 [95% confidence interval (CI) 1.03–1.26, p = 0.01]
adjusted hazard ratio for death for each 1000 pmol/L increase in serum levels of myeloperoxidase
(MPO) in 356 patients on maintenance HD. In the Modification of Diet in Renal Disease (MDRD)
study involving stage 3 and 4 CKD patients, high CRP (≥0.3 mg/dL) was an independent predictor
of both all-cause mortality and cardiovascular mortality in comparison to low CRP <0.3 mg/dL
groups [72]. Other studies confirmed the relation between significantly increased overall mortality
and cardiovascular mortality of HD patients and elevated CRP levels when compared to normal CRP
levels (p < 0.0001) [73,74]. Increased concentrations of IL-6 in incident dialysis patients were also
found to be considerably associated with poor outcome [53].

4. Anemia Treatment

4.1. Anemia Treatment with Iron

Anemia treatment in CKD patients should be based on drugs that enhance the synthesis of
erythrocytes and provide adequate levels of iron for hemoglobin formation [75,76]. According to
National Institute for Health and Care Excellence (NICE) the treatment of anemia in CKD patients
requires the use of either iron or erythropoiesis-stimulating agents, their combination in order to
address both absolute and functional iron deficiency [77,78]. According to the KDIGO guideline 2012,
the correction of iron deficiency with oral or intravenous iron supplementation can reduce the severity
of anemia in patients with CKD [42]. Physician prescribing iron therapy should balance the potential
benefits of avoiding or minimizing blood transfusions, ESA therapy, and anemia-related symptoms
against the risks of harm in individual patients, such as anaphylactoid and other acute reactions,
unknown long-term risks) (Not Graded) [42]. Improving Global Outcomes (KDIGO) guidelines also
suggest that in adult CKD patients with anemia who are not on iron or ESA therapy but also in
adult CKD patients on ESA therapy who are not receiving iron supplementation, a trial of IV iron
or alternatively 1–3 month trial of oral iron therapy (in non-dialysis CKD patients) (2C) should be
introduced if patients require an increase in Hb concentration without starting ESA treatment or TSAT
is≤30% and ferritin is≤500 ng/mL (≤500 mg/L) [42]. The route of iron administration should be selected
on the basis of the severity of the iron deficiency, availability of venous access, response to prior oral iron
therapy, side effects with prior oral or IV iron therapy, patient compliance, and cost. (Not Graded) [42].
The supplementation of oral iron is the simplest and cheapest iron deficiency therapy; however, it is
frequently ineffective in CKD patients [79]. Oral preparations of iron (e.g., ferrous sulfate) are not
appropriate in CKD patients due to impaired intestinal iron absorption and side-effect in the form of
abdominal discomfort, constipation, and nausea [42]. In turn, IV iron improves medication adherence
and the efficacy of iron deficiency treatment but requires IV access and is associated with infrequent
but severe adverse reactions [42].

In patients with CKD ND, IV iron administration is preferred due to the fact the available evidence
supports its better efficacy in comparison to oral administration of iron; however, due to the fact that the
difference in the effect is rather small, in these patients, the route of iron administration can be either IV
or oral [42,80–82]. Oral iron is typically prescribed to provide approximately 200 mg of elemental iron
daily. However, in some patients, smaller daily doses may be useful and better tolerated. If the goals
of iron supplementation are not met with a 1–3-month course of oral iron, IV iron supplementation
should be considered [42]. The evidence derived from RCTs and other studies comparing IV iron with
oral iron and placebo supports IV iron administration in CKD 5HD patients as it is associated with a
greater increase in Hb concentration, a lower ESA dose, or both [42,83,84]. IV iron administration has
been demonstrated to boost erythropoiesis, effectively replenish iron stores and enable the decrease of
required ESA dose, however, it also promotes oxidative stress, atherosclerotic plaque development,
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and increases cardiovascular mortality [85]. Iron overload itself might be a cause of inflammation and
contribute to ESA resistance. It has been showed to increase the synthesis of hepcidin which may be
the link between inflammation and anemia [38,86].

4.2. Anemia Treatment with ESA

The exclusion of other than CKD causes of anemia, including iron and other hematinic deficiencies,
chronic inflammation, malignancy, and drugs should be performed before the initiation of appropriate
treatment [87]. Following the ruling out reversible causes of anemia, supplementary erythropoietin
(epoetin) administration can be considered. Before the initiation and maintaining of ESA therapy,
the potential benefits of reducing blood transfusions and anemia-related symptoms should be weighed
against the risks of harm in individual patients (e.g., stroke, vascular access loss, hypertension) (1B) [88].
The decision concerning the initiation of ESA therapy in adult CKD ND patients with Hb concentration
<10.0 g/dL (100 g/L) should be based on the rate of fall of Hb concentration, prior response to iron
therapy, the risk of needing a transfusion, the risks related to ESA therapy, and the presence of
symptoms attributable to anemia (2C) [88]. In case of adult CKD 5D patients, ESA therapy should
be used to avoid Hb concentrations falling below 9.0 g/dL (90 g/L) by starting ESA therapy when
the hemoglobin is between 9.0–10.0 g/dL (90–100 g/L) (2B) [88]. In the rest of CKD patients, ESA
treatment is recommended in a dose enabling the maintenance of hemoglobin levels no higher than
11.5 g/dL (2B) [88]. According to recommendations, in all adult patients, ESAs should not be used to
intentionally increase the Hb concentration above 13 g/dL (130 g/L) (1A), as it may increase the risk
of stroke [18], hypertension [89], vascular access thrombosis (in case of hemodialysis patients) [90],
and it can be associated with higher mortality [89]. The re-adjustment of ESA dose is required in
patients suffering from ESA-related adverse events, in those with comorbidities resulting in ESA
hyporesponsiveness or when Hb target range has been reached [88]. Numerous randomized clinical
trials have demonstrated that Hg values ≥ 11.5 g/dL (≤115 g/L) in adult CKD patients may bring
more harm than benefit [88]. Standard anemia treatment in CKD patients involves the administration
of recombinant human erythropoietin, including epoetin α and epoetin β, due to the fact that a
decrease in erythropoietin production in the kidneys is the key reason which underlines anemia [91].
Continuous erythropoiesis receptor activators which are a pegylated form of recombinant human
erythropoietin with extended serum half-life allowing for longer dosing intervals (every 2 weeks)
is currently gaining popularity in the community of dialysis patients [92]. Generally, the initial
doses of epoetin-alfa or epoetin-beta dosing are from 20 to 50 IU/kg body weight three times a week.
Darbepoetin-alfa doses usually start from 0.45µg/kg body weight once weekly (subcutaneous or
intravenous administration), or 0.75µg/kg body weight once every 2 weeks (SC administration). In turn,
CERA dosing starts at 0.6µg/kg body weight once every 2 weeks by SC (CKD ND) or IV administration
(CKD 5D patients), or 1.2µg/kg body weight once every 4 weeks by SC administration for CKD ND
patients [88]. Moreover, when a downward adjustment of Hb concentration is needed the decreasing
of ESA dose instead of its withholding is suggested (2C). The frequency of ESA administration should
be based on the CKD stage, patient tolerance, treatment setting, efficacy, and type of ESA. According to
recommendations, during the initiation phase of ESA therapy, Hb concentration should be measured at
least monthly. Later, during the maintenance phase, Hb level in non-dialysis CKD patients should be
measured at least every 3 months, while in HD patients at least monthly. Treatment with ESA has been
demonstrated to alleviate fatigue, weakness and headaches, improve quality of life and neurocognitive
function as well as to lower the frequency of necessary blood transfusions [88]. A randomized,
controlled trial performed by the Canadian Erythropoietin Study Group which included HD patients
randomized to three groups to receive placebo (n = 40), erythropoietin to achieve a hemoglobin
concentration of 95–110 g/L (n = 40), or erythropoietin to achieve a hemoglobin concentration of
115–130 g/L (n = 38) demonstrated significant improvements in fatigue, physical function, moderate
improvements in exercise tolerance and depression in ESA treated patients in comparison to patients
not receiving erythropoietin. No differences were found in the abovementioned parameters between
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high and low hemoglobin groups [93]. However, three large randomized controlled trials (The
Normal Hematocrit Study (NHCT) [90], The Correction of Hemoglobin and Outcomes in Renal
Insufficiency (CHOIR) trial [94], and The Trial to Reduce Cardiovascular Events with Aranesp Therapy
(TREAT) [18] demonstrated that establishing and reaching higher hemoglobin targets may be harmful
to patients [92]. The re-analysis of results obtained in two large trials (CHOIR and the Cardiovascular
Risk Reduction by Early Anemia Treatment (CREATE)) trials revealed that patients who despite
receiving higher doses did not achieve their target hemoglobin had worse outcomes [95,96]. The use of
too high doses of EPO was associated with an increased risk of cardiovascular incidents, stroke, rapid
malignant progression in cancer patients, pure red blood cell aplasia, and increased mortality in other
patients [90,97]. The abovementioned results of randomized controlled trials resulted in establishing
KDIGO guidelines, which suggest that ESA should be administered with great caution in the case of
CKD patients with active malignancy (1B), a history of stroke (1B), or a history of malignancy (2C) [88].
Patients treated with epoetin frequently require supplementation with oral or intravenous iron to
maintain sufficient iron stores during the correction and the maintenance phases of management [14].
ESA treatment enhances erythropoiesis which leads to the exhaustion of iron pool, resulting in a relative
iron deficiency [8]. The inflammatory state observed in CKD hinders erythropoiesis and reduces iron
availability by the production of hepcidin [98,99]. Due to the fact that CKD patients also suffer from
greater blood loss and diminished intestinal absorption of dietary iron, the supplementation of this
compound is important to prevent absolute iron deficiency [76].

4.3. New Strategies of Anemia Treatment

New therapies targeted at inhibiting hepcidin production are being investigated as potential
anemia treatment [76]. Studies are performed to assess the efficacy and safety of anti-IL-6 antibodies
such as Tocilizumab and IL-6 monoclonal antibodies such as sultuximab. The latter one has been
shown to increase hemoglobin levels, however, at the same time, it enhanced the risk of infections [100].
The administration of Atorvastatin to CKD was shown to significantly lower serum hepcidin levels
and improved hematological parameters [101]. It has been demonstrated that activin type-II receptor
(ActRII) IgG-Fc fusion proteins, including sotatercept and luspatercept, increase red blood cell
numbers and hemoglobin levels in humans [102]. Activins are soluble ligands belonging to a large
transforming growth factor-β (TGF-β) family and their expression is observed in bone marrow
cells, including erythroid cells [103]. They are involved in the proliferation and differentiation of
embryonic/hematopoietic stem and erythropoietic cells. Sotatercept is a fusion protein comprising
of an extracellular chain of activin receptor IIA and the Fc domain of human IgG1. It inhibits the
activation of endogenic, membranous receptors (ActRIIA) of activin by binding circulating activin
and related proteins (e.g., BMP 10 and BMP 11) [104] Moreover, it influences the expression of
angiotensin II which can promote erythropoiesis directly and indirectly via EPO production [105].
Sotatercept also stimulates the release of the mature erythrocyte forms, decreases the expression of the
vascular endothelial growth factor (VEGF), which is an inhibitor of erythropoiesis and inhibits hepcidin
transcription in the liver [106]. The results of preliminary studies with sotatercept in dialysis patients
have demonstrated a dose-dependent increase in Hb and a decrease in extraosseous calcification [107].
Luspatercept ACE-536; Acceleron/Celgene Corp) is another ligand-trapping fusion protein that contains
the extracellular domain of human activin receptor type IIB (ACTRIIB) modified to diminish activin
binding [108]. In vivo, it has been shown to exert erythropoietic activity and stimulate the maturation
of late-stage erythroid precursors in vivo [109]. The treatment with EPO and luspatercept provides a
synergistic erythropoietic response [109]. In a phase 1, randomized, double-blind, placebo-controlled,
clinical trial of ACE-536, it increased Hb levels in a dose-dependent mode 7 days after treatment
initiation, and this effect was maintained for several weeks following treatment in postmenopausal
women [110]. These observations are supported by an ongoing phase 2 clinical trials of ACE-536
in patients with β-thalassemia and myelodysplastic syndromes [108]. In clinical trials, these novel
compounds were found to be well tolerated by healthy volunteers and patients suffering from anemia
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due to CKD, however, they have not been approved for sale as therapeutics as their long-term efficacy
and safety especially the issues of immunogenicity and antifibrotic effects, still needs to be confirmed.
Sasu et al. [111] using human hepcidin (hHepc) knock-in mice as a model of inflammation-induced
anemia showed that high-affinity antibodies specific for hHepc neutralized hHepc in vitro and in vivo
and facilitated anemia treatment due to the fact that they enhanced the absorption of dietary iron
and stimulated its mobilization from iron stores for use in erythropoiesis [112]. In the treatment of
anemia, CKD also compounds targeting hypoxia-inducible factor prolyl hydroxylase inhibitor (Hif1α
inhibitors), including Vadustat, Daprodustat, and Roxadustat, have been studied. HIF1α seems to
be an interesting target as it regulates renal EPO production and erythropoiesis [76]. The results
of phase 2 trials involving CKD patients indicate that roxadustat enhanced levels of endogenous
erythropoietin to within or near the physiologic range, and also it increased hemoglobin levels and
improved iron homeostasis [113–117]. A single-blind, placebo-controlled study of ND-CKD stage 3 or
4 patients randomized to receive four escalating doses (0.7, 1.0, 1.5, 2.0 mg/kg) of roxadustat either
twice or thrice weekly over 28 days demonstrated that this drug increased Hb in a dose-dependent
manner [114]. Oral administration of 1 mg/kg roxadustat twice-weekly resulted in the increase in
endogenous EPO (eEPO) levels after 4 h, with its peak at ~10 h, and the return to baseline within 24–48
h. In a subsequent phase IIa open-label study, analyzing various roxadustat dose regimens for 16 and
24 weeks in NDD-CKD participants, 92% of patients achieved hemoglobin response [116]. The rise
in the hemoglobin level was independent of baseline C-reactive protein levels and iron repletion
status. 16-week treatment with roxadustat resulted in the reduction in hepcidin levels by 16.9% (p =
0.004) and the increase in hemoglobin level by a mean (±SD) of 1.83 (±0.09) g/dL (p < 0.001), while
reticulocyte Hb content remained the same [116]. TSAT and ferritin levels diminishing was observed
during the initial weeks of treatment with roxadustat, however, later they were stabilized [116]. These
results were similar to those obtained in an open-label, phase IIb study, ESA-naïve incident PD
and HD participants with severe anemia (mean Hb 8.3 g/dL at baseline) who were randomized to
receive no iron, oral iron, or IV iron during the treatment with roxadustat for 12 weeks [115]. In this
study, in 96% of patients, the Hb response (increase in Hb of ≥1.0 g/dL from baseline) was observed.
Roxadustat treatment resulted in Hb elevation of ≥2 g/dL within 7 weeks of treatment, which was
independent of baseline Hb level, iron repletion status, inflammatory status, and dialysis modality.
A greater Hb response was found in groups of patients receiving also iron in comparison to those
not receiving iron. Mean serum hepcidin was decreased significantly after 4 weeks of study [115].
Third phase trial in which CKD patients with Hg levels of 7.0 to 10.0 g/dL were randomly assigned
to receive roxadustat or placebo three times a week for 8 weeks an increase of 1.9 ± 1.2 g/dL in the
roxadustat group and a decrease of 0.4 ± 0.8 g/dL in the placebo group (p < 0.001) was observed.
Moreover, a reduction from baseline in the hepcidin level by 56.14 ± 63.40 ng/mL in the roxadustat
group and 15.10 ± 48.06 ng/mL in the placebo group was seen [113]. However, in the group receiving
roxadustat, hyperkalemia, and metabolic acidosis were more frequent than in the placebo group.
The beneficial impact of roxadustat on hemoglobin level maintained during the 18-week open-label
period. According to the authors, the stability of serum iron levels in the roxadustat group may have
been related to reductions in hepcidin levels, which enabled gut absorption of iron and improved the
release of macrophage iron onto transferrin [113,118]. Other studies of non-dialyzed CKD patients
have demonstrated that roxadustat increased hemoglobin levels with stable serum iron levels, despite
robust erythropoiesis in the absence of intravenous administration of iron [116,119]. Moreover, it has
been revealed that roxadustat is superior to the placebo in correcting anemia in non-dialysis CKD
patients, it is non-inferior to erythropoietin-α for treatment of anemia in long-term dialysis patients.

Molidustat is another potential alternative to the standard treatment of anemia associated with
CKD as it increases erythropoietin production and improves iron availability. This HIF-PH inhibitor
mimics hypoxia by stabilizing HIF-α subunits and it shows high relative selectivity for the induction
of EPO gene expression, predominately in the kidney [120,121]. Molidustat enables the accumulation
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of HIF, which is then transported to the nucleus where it promotes the transcription of EPO and other
hypoxia-inducible genes and thus leading to the elevation of endogenous EPO levels [122].

In preclinical studies, molidustat restored renal EPO production with minor stimulation of
hepatic EPO [121,123]. Moreover, it heightened plasma EPO and EPO mRNA in the kidney
prevented the reduction in hematocrit and corrected Hb level [121]. A single-center, randomized,
single-blind, placebo-controlled, group-comparison, dose-escalation 1 phase study demonstrated
that oral administration of molidustat to healthy volunteers elicited a dose-dependent increase in
endogenous EPO and that all doses of molidustat were well tolerated [124]. In three randomized,
controlled, phase 2 studies, which are the part of the DIALOGUE (DaIly orAL treatment increasing
endOGenoUs Erythropoietin) program, molidustat diminished transferrin saturation (TSAT), hepcidin,
ferritin, and iron concentrations and increased total iron-binding capacity (TIBC) in treatment-naïve
patients not on dialysis [125]. In these studies, the efficacy, safety, and tolerability of molidustat
were compared with placebo or alternative ESA therapy in patients with anemia of CKD. In the first
fixed-dose, placebo-controlled study (DIALOGUE 1), molidustat was shown to increase hemoglobin
levels in patients not on dialysis [121]. The efficacy of molidustat was confirmed in DIALOGUE
2, in which patients were switched from darbepoetin to molidustat or continued with darbepoetin.
Molidustat in all dose arms enabled maintaining hemoglobin levels within the pre-specified target
range of 10.0–12.0 g/dL. The results indicate that starting dose of 25 or 50 mg once daily seems to be
appropriate for CKD patients, since higher doses (i.e., 75 mg once daily) may increase the probability
that hemoglobin levels will rise above the pre-specified limits [121]. In turn, in dialysis patients
(DIALOGUE 4), only starting doses of molidustat of 75 and 150 mg once daily effectively maintained
hemoglobin levels within the target range after switching from epoetin. Despite the level of kidney
function impairment and disturbed hepatic erythropoietin production in included patients, molidustat
mainly addresses kidney erythropoietin production [121]. In this study, patients treated with molidustat
starting doses of 75 or 150 mg once daily had lower response rates, spent less time within the target
hemoglobin range, and were more likely to have hemoglobin levels above the pre-specified limit in
comparison to epoetin group [120,121]. Therefore, it seems that molidustat is an effective alternative to
rhEPO and its analogs in the long-term management of anemia associated with CKD [122].

However, the treatment with HIF-PH inhibitors raises some safety concerns, due to the fact that
these agents may stimulate tumorigenesis and angiogenesis which may exert a negative effect on
retinal diseases or cancer [126]. Moreover, in phase 2 studies of these drugs, cases of hyperkalemia,
hyperglycemia, and hyperuricemia were reported. It seems that adverse events in CKD patients may be
related to the pharmacokinetics and dosing of HIF-PHIs. Finally, it has been suggested that these drugs
may promote the development of thromboembolic complications such as pulmonary hypertension as
well as the progression of CKD and polycystic kidney disease [126].

Pentoxifylline (methylxanthine derivative, PTX) is another drug which efficacy in the treatment
has been tested in the CKD population [79]. Cooper et al. [127] hypothesized that pentoxifylline, which
is traditionally used in the treatment of peripheral vascular disease, might improve the response to ESAs
in anemic CKD patients via the inhibition pro-inflammatory cytokine production and thus the enhanced
erythropoiesis. In their study, the use of oral pentoxifylline for 4 months in patients with ESRD and
ESA-resistant anemia considerably increased the Hb concentration (p = 0.0001). Benbernou et al. [128]
studied the effect of pentoxifylline on T-helper cell-derived cytokine production in human blood cells.
Their study indicated that at an appropriate concentration (5 × 10−4 M concentration), PTX selectively
suppressed interleukin-2 (IL-2), and interferon-gamma (INF-γ), while high levels of this drug (1 × 10−3

M) inhibited both TH1- and TH2-derived cytokines.
The results of phase 2 placebo-controlled studies in patients with CKD treated with vadadustat [129]

as well as placebo-controlled [130] and dose-ranging [131] study of daprodustat in CKD population
have demonstrated that such treatment was associated with the increase in hemoglobin level and
its maintaining.
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Vadadustat (AKB-6548) has been shown to restore baseline eEPO levels within 24 h following its
oral administration [132]. In a phase IIa, double-blind, placebo-controlled trial of CKD patients who
were randomized to receive escalating doses (240, 370, 500, 630 mg) of vadadustat or placebo orally once
daily for 6 weeks, vadadustat significantly enhanced Hb levels in a dose-dependent manner. Moreover,
it increased the total iron-binding capacity and decreased concentrations of ferritin and hepcidin.
A phase IIb double-blind, placebo-controlled trial of non-dialyzed CKD patients randomized to receive
a titratable dose of vadadustat (initial dose 450 mg) or placebo once daily for 20 weeks assessed efficacy
and safety of once-daily vadadustat [129]. In this study, 54.9% of patients on vadadustat and 10.3% of
patients on placebo achieved or maintained either a mean hemoglobin level of 11.0 g/dL or more or a
mean increase in hemoglobin of 1.2 g/dL or more over the pre-dose average. Moreover, reticulocytes
and total iron-binding capacity increased considerably in patients receiving vadadustat, while serum
hepcidin and ferritin levels were reduced in comparison to patients on placebo. The authors concluded
that vadadustat raised and maintained hemoglobin levels in a predictable and controlled manner
while enhancing iron mobilization in patients with nondialysis-dependent CKD [129].

The effectiveness of daprodustat in the treatment of CKD-related anemia has been evaluated. In a
28-day, double-blind, phase IIa study of CKD stage 3–5 patients (n = 73) randomized to receive fixed
daprodustat doses 0.5 mg, 2 mg, and 5 mg once daily or placebo [130], the treatment resulted in a
dose-dependent increase in Hb and also dose-dependent decrease in hepcidin concentrations. In a
second, parallel phase IIa conversion study comprising 83 HD participants maintained on stable doses
of rhEPO who were randomized to receive the same doses of daprodustat as the prior study or to
continue rhEPO [130], only the administration of 5 mg of daprodustat allowed maintaining Hb levels
similarly to rhEPO; however, in groups receiving lower doses a reduction of Hb levels at 4 weeks was
observed. Moreover, hepcidin levels increase was demonstrated in daprodustat low doses groups.
Its concentration remained the same in patients receiving 5 mg of the drug and decreased in the rhEPO
arm at 4 weeks.

New drugs in the treatment of anemia have been summarized in Table 1.

Table 1. The summary of trials concerning the use of new drugs in the treatment of anemia in
CKD patients.

Study Name Study Type Drug Name
Most Important

Findings
Ref

DIALOGUE 1 (D1)
(n = 121)

3 phase 2b, 16-week,
randomized, double-blind,

placebo-controlled, fixed-dose
trial (25, 50, and 75 mg once

daily; 25 and 50 mg twice
daily) study of molidustat for

the treatment of anemia in
patients with CKD not

previously treated with an
analog of rhEPO, and who
were not receiving dialysis

treatment

Molidustat

Molidustat treatment
was associated with

estimated increases in
mean hemoglobin levels

of 1.4–2.0 g/dl

[120]

DIALOGUE 2
(n = 124)

Open-label, variable-dose
trials, in which treatment was
switched from darbepoetin to
molidustat or continued with
the original agents. Starting

molidustat doses ranged
between 25–75 mg daily

Molidustat

Hemoglobin levels were
maintained within the

target range after
switching to molidustat,

with an estimated
difference in mean

change in hemoglobin
levels between
molidustat and

darbepoetin treatments
of up to 0.6 g/dL.

[120]
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Table 1. Cont.

Study Name Study Type Drug Name
Most Important

Findings
Ref

DIALOGUE 4
(n = 199)

Open-label, variable-dose
trials, in which treatment was

switched from epoetin to
molidustat or continued with
the original agents. Starting
molidustat ranged between

25–150 mg daily

Molidustat

Hemoglobin levels were
maintained within the

target range after
switching to molidustat

75 and 150 mg, with
estimated differences in
mean change between
molidustat and epoetin

treatment of −0.1 and 0.4
g/dL. Molidustat was

generally well tolerated,
and most adverse events
were mild or moderate

in severity.

[120]

(n = 116)

Randomized
placebo-controlled
dose-ranging and

pharmacodynamics study of
roxadustat (FG-4592) to treat

anemia in
nondialysis-dependent
chronic kidney disease
(NDD-CKD) patients

Roxadustat

In roxadustat-treated
subjects, Hb levels

increased from baseline
in a dose-related manner.
Maximum ∆Hb within
the first 6 weeks was

significantly higher in
the 1.5 and 2.0 mg/kg

groups than in the
placebo subjects. Hb
responder rates were
dose dependent and

ranged from 30% in the
0.7 mg/kg BIW group to
100% in the 2.0 mg/kg
BIW and TIW groups

versus 13% in placebo.

[114]

(n = 143)

Randomized, cohort study
with varying roxadustat

starting doses and frequencies
followed by hemoglobin

maintenance with roxadustat
one to three times weekly.

Treatment duration was 16 or
24 weeks.

Roxadustat

92% of patients achieved
hemoglobin response.

Higher compared with
lower starting doses led
to earlier achievement of

hemoglobin response.
Roxadustat-induced Hb

increases were
independent of baseline
C-reactive protein levels
and iron repletion status.

Over the first 16
treatment weeks,
hepcidin levels

decreased by 16.9% (p =
0.004), reticulocyte

hemoglobin content was
maintained,

and hemoglobin
increased by a mean

(±SD) of 1.83 (±0.09) g/dl
(p < 0.001).

[116]
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Table 1. Cont.

Study Name Study Type Drug Name
Most Important

Findings
Ref

(n = 60)

Open-label, phase IIb study of
ESA-naïve incident PD and

HD participants (total n = 60)
with severe anemia (mean Hb
8.3 g/dl at baseline) who were
randomized to receive no iron,
oral iron, or IV iron during the
treatment with roxadustat for

12 weeks

Roxadustat

Roxadustat at titrated
doses increased mean

Hb by ≥2.0 g/dL within 7
weeks regardless of

baseline iron repletion
status, C-reactive protein

level, iron regimen, or
dialysis modality. In

groups receiving oral or
IV iron, ∆Hb(max) was
similar and larger than

in the no-iron group. Hb
response (increase in Hb

of ≥1.0 g/dL from
baseline) was achieved

in 96% of
efficacy-evaluable

patients. Mean serum
hepcidin decreased

significantly 4 weeks into
study: by 80% in HD

patients receiving no iron
(n = 22), 52% in HD and

PD patients receiving
oral iron (n = 21),

and 41% in HD patients
receiving IV iron (n = 9).

[115]

(n = 154)

Phase 3 trial, CKD patients
randomly assigned to receive
roxadustat or placebo three

times a week for 8 weeks in a
double-blind manner.

The randomized phase of the
trial was followed by an

18-week open-label period in
which all the patients received

roxadustat.

Roxadustat

Hemoglobin level
increased by 1.9 ± 1.2
g/dL in the roxadustat

group and decreased by
0.4 ± 0.8 g/dl in the

placebo group (p < 0.001).
The mean reduction from
baseline in the hepcidin
level was 56.14 ± 63.40

ng/mL in the roxadustat
group and 15.10 ± 48.06

ng/mL in the placebo
group. Hyperkalemia
and metabolic acidosis

occurred more
frequently in the

roxadustat group than in
the placebo group.

[113]

(n = 93)

Phase 2a, multicenter,
randomized, double-blind,

placebo-controlled,
dose-ranging trial

(NCT01381094) of adults with
anemia secondary to CKD
stage 3 or 4. Patients were

randomized to 5 groups: 240,
370, 500, or 630 mg of

once-daily oral vadadustat or
placebo for 6 weeks. All of

them received low-dose
supplemental oral iron (50 mg

daily).

Vadadustat

Vadadustat significantly
increased Hb after 6

weeks in a
dose-dependent manner
in comparison to placebo

(p < 0.0001). It also
increased total

iron-binding capacity
and reduced ferritin and

hepcidin levels.

[132]
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Table 1. Cont.

Study Name Study Type Drug Name
Most Important

Findings
Ref

20-week, double-blind,
randomized,

placebo-controlled, phase 2b
study of efficacy and safety of

once-daily vadadustat in
patients with stages 3a to 5

non-dialysis-dependent CKD

Vadadustat

54.9% of patients on
vadadustat and 10.3% of

patients on placebo
achieved or maintained

either a mean
hemoglobin level of 11.0
g/dL or more or a mean
increase in hemoglobin

of 1.2 g/dL or more.
Significant rise in

reticulocytes and total
iron-binding capacity

and significant drop in
serum hepcidin and
ferritin levels were

observed in patients on
vadadustat compared

with placebo.
The incidence of adverse
events was comparable
between the 2 groups.

[129]

(non-dialysis n =
71;

HD n = 80)

Two phase 2a studies to
explore the relationship

between the dose of
daprodustat and hemoglobin

response in:
- patients with anemia of CKD
(baseline hemoglobin 8.5–11.0
g/dL) not undergoing dialysis
and not receiving recombinant

human erythropoietin
(non-dialysis study)

- patients with anemia of CKD
(baseline hemoglobin 9.5–12.0

g/dL) on hemodialysis and
being treated with stable doses

of recombinant human
erythropoietin (hemodialysis

study). Patients were
randomized to a once-daily

oral dose of daprodustat (0.5
mg, 2 mg, or 5 mg) or placebo

for the non-dialysis study;
continuing on recombinant

human erythropoietin for the
hemodialysis study) for 4

weeks, with a 2-week
follow-up

Daprodustat

In the non-dialysis study,
daprodustat influenced

hemoglobin in a
dose-dependent

(administration of the
highest dose resulted in
a mean increase of 1 g/dL

at week 4)In the
hemodialysis study,

treatment with
daprodustat mean

hemoglobin
concentrations were

maintained in the 5-mg
arm after the switch
from recombinant

human erythropoietin; in
lower-dose arms mean
hemoglobin decreased.

In both studies,
the effects on

hemoglobin occurred
with elevations in

endogenous
erythropoietin within the
range usually observed

in the respective
populations and

markedly lower than
those in the recombinant

human erythropoietin
control arm in the

hemodialysis study,
and without clinically

significant elevations in
plasma vascular

endothelial growth
factor concentrations.

[130]

According to studies, also vitamin D has also decreased hepcidin gene transcription, reduced
serum levels by 50% in healthy individuals within 24 h, stimulated erythropoiesis and limited
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inflammation [133]. Zughaier et al. [134] confirmed that in early-stage CKD patients, vitamin D3
supplementation lowered the hepcidin level after three months of the administration. However, this
effect was not observed when the calcitriol form of vitamin D was used in patients with mild to
moderate CKD [135]. Therefore, further studies are needed to confirm the effects of vitamin D in CKD
patients. The use of vitamin E-modified dialysis membranes in ESA-treated HD patients was also
shown to improve anemia. This phenomenon was associated with concentration-dependent vitamin
E-related improvement of red blood cell survival [136].

Apart from new drugs, the improvement of anemia may be achieved in HD patients by greater
adequacy of hemodialysis measured by Kt/V (which mirrors the clearance of urea and it is a surrogate
marker for the clearance of small, but not middle or large-sized, uremic toxins [79]). Equilibrated Kt/V
A is a more accurate measure of the dialysis dose due to the fact that it corrects for urea rebound.
Adequate dialysis has been shown to ameliorate anemia and decrease ESA dosage required for anemia
correction in patients with ESRD [137–139]. Such an approach enables the correction of oxidative
stress and the removal of molecules that inhibit erythropoiesis and erythrocyte G6PD activity [140].
Therefore, patients with adequate HD (Kt/V ≥ 1.2) have significantly higher erythrocyte G6PD activity
and hemoglobin levels in comparison to patients who received inadequate HD [137]. Locatelli et
al. [141] demonstrated that the use of a large-pore biocompatible membrane for a fixed 12-week
follow-up improved anemia in hemodialysis patients in comparison with the use of a conventional
cellulose membrane. Pedrini et al. [142] analyzed retrospectively the courses of hemoglobin levels
and monthly ESA consumption in patients on mixed-HDF (hemodiafiltration) and on post-HDF.
In Mixed-HDF, pre- and post-dilution substitution rates are adjusted by means of a feedback control
system to obtain the maximal filtration fraction within safe pressure and hydraulic conditions, thus
preventing progressive hemoconcentration [142–144]. Pedrini et al. [142] suggest that patients on
mixed-HDF may have clinical benefits in terms of anemia management, including the requirement
of lower ESA doses to maintain hemoglobin (Hb) levels within the recommended range. The use
of Mixed-HDF enabled the maintaining of stable hemoglobin values with lower ESA doses when
compared to Post-HDF patients. In their study, the monthly median ESA consumption of patients on
Mixed-HDF at the end of the observation period was 50% lower than those of patients on Post-HDF.
Authors suggested that this finding might be associated with the efficient removal of middle and large
sized uremic toxins contributing to impaired erythropoiesis in dialysis patients. Maduell et al. [145]
demonstrated a considerable amelioration of anemia when the substitution rate was substantially
enhanced as a result of a better removal of uremic toxins. It seems that hepcidin is one of the important
metabolites removed in such a dialysis. Stefansson et al. [146] confirmed that HDF removes hepcidin
more efficiently than conventional HD, which results in clinical benefits related to anemia observed in
HDF-treated patients. Moreover, the removal of proinflammatory cytokines also has been shown to be
of high importance in the improvement of anemia as inflammatory cytokines can impair erythropoiesis
and contribute to ESA resistance in CKD [142,147,148]. Some studies have demonstrated that HDF has
the potential to reduce inflammation [149,150]. Other studies indicated lower ESA resistance index (ERI;
(ESA/weight)/Hb [UI/kg/week/hb]) in patients treated with convective dialysis technique in comparison
to patients treated with conventional HD [151,152]. However, some studies provided conflicting
results in the context of anemia management and treatment modality is as other studies did not find
improved anemia parameters in patients treated with convective dialysis technique [153,154]. Finally, a
randomized clinical study designed to examine the effects of removal of inhibitors of erythropoiesis on
anemia and EPO requirements in patients who could not reach target hemoglobin (Hb) levels (≥11 g/dL)
despite treatment with subcutaneous EPO revealed significantly lower EPO doses in polysulphone
high-flux dialyzer (HF-HD), and considerably increased Hb levels in comparison to polysulphone
low-flux dialyzer (LF-HD) group [155]. In the HF-HD group, the reduction of beta2-microglobulin
(b2-MG) and phosphorus levels during dialysis was significantly higher in comparison to the low-flux
group (p < 0.001). The authors suggested that the beneficial effects of high-flux dialysis may be
mediated by greater clearance of moderate and high molecular weight toxins.
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5. The Impact of Inflammation on Response to Iron Supplementation and ESAs

As it has been mentioned above, anemia of inflammation is characterized by increased ferritin
levels, diminished iron and iron-binding capacity (transferrin) and the presence of iron in bone marrow
macrophages, which indicate disturbed mobilization of iron from stores [57]. According to studies
inflammation diminishes predictive values of ferritin and hepcidin for iron status and responsiveness
to iron therapy [156]. Inflammation-mediated elevation in hepcidin concentration results in iron
trapping within the macrophages and hepatocytes, resulting in functional iron deficiency (FID) and
the requirement of a higher dose of IV iron to maintain Hb targets [157,158]. On the other hand, too
aggressive intravenous iron therapy (IIT) may boost inflammation in patients with end-stage renal
disease (ESRD) and lead to subsequent disturbances of iron metabolism [159]. Moreover, it has been
demonstrated that in HD patients with high CRP levels intestinal iron absorption is lower, probably as a
result of an inflammation-induced increase in ferritin and hepcidin that block iron absorption [35,160].

Numerous studies have demonstrated that some CKD patients treated with ESAs respond
poorly or not at all [161,162]. Hyporesponsiveness to erythropoiesis-stimulating agents occurs in
approximately 5–10% of patients receiving ESA and it poses an important diagnostic and management
challenge [163]. Among the most frequent causes of ESA resistance, there are non-compliance,
absolute or functional iron deficiency, and inflammation. According to NKF-KDOQI guidelines,
hyporesponsiveness to erythropoietin can be defined as the presence of at least one of the following
three conditions: a major decrease in Hb level at a constant ESA dose, a considerable increase in the
ESA dose requirement to maintain a given Hb level, or a failure to increase Hb level to greater than 11
g/dl despite an ESA equivalent to erythropoietin greater than 500 IU/kg/week [164]. The reason for
poor responding to ESA may be associated with an enhanced inflammatory state with elevated levels of
inflammatory markers, including C reactive protein (CRP), IL-1, IL-6, and TNF-α in CKD patients [165].
Cytokines may impair iron metabolism, which results in functional iron deficiency [38]. They also
directly influence different erythropoiesis stages and mediate apoptosis induction, which implies
that the cytokine-mediated pro-inflammatory signaling also affects EPO activity [166]. Cytokines
inhibit the expression and regulation of specific transcription factors that are involved in the control of
erythrocyte differentiation [166]. Immune activation results in the production of TNF-α and IFN-γ by
T cells and TNF-α and IL-6 by monocytes. These pro-inflammatory cytokines were shown to hamper
the proliferation of erythrocyte progenitor cells and to antagonize the antiapoptotic activities of EPO.
According to studies, the responsiveness of erythrocyte progenitor cells to EPO seems to be inversely
correlated with CKD severity as well as the amount of circulating cytokines. EPO requirement to
restore the formation of erythrocyte colony-forming units is higher in the presence of elevated levels
of IFN-gamma or TNF-α [6]. The inflammatory state contributes to poor response to treatment with
EPO which finally leads to cachexia, a higher percentage of patients with cardiovascular disease and
reduced quality of life [167,168]. According to studies, the interactions between different inflammatory
mediators and ESA responses are complex and it seems that the type of cytokine and its signaling
pathway is more important than plasma levels [38]. In the study of hemodialysis patients, epoetin
responsiveness was associated with the concentration of IL-6, TNF-α, and IL-12 [59]. Patients in whom
levels of TNF-α were ≥2 ng/mL and IL-6 were ≥40 ng/mL required much higher doses of epoetin
than patients with lower levels of these cytokines (128 U/kg/week versus 57 U/kg/week; p = 0.0024).
A negative correlation between IL-12 production and epoetin doses were observed (p = 0.029). In turn,
Bárány et al. [169] found the relationship between serum C-reactive protein (s-CRP) and the dose of
recombinant human EPO required to maintain hemoglobin levels. In their study, weekly EPO dose used
in patients with sCRP ≥ 20 mg/L was, on average, 80% higher than in patients with sCRP below that
level. Moreover, EPO doses and sCRP inversely correlated with serum albumin and serum iron levels,
which imply that the key mechanism through which inflammatory cytokines hamper erythropoiesis is
coupled to iron metabolism. A cross-sectional study of maintenance HD outpatients demonstrated a
positive correlation between serum concentrations of hs-CRP, IL-6, and TNF-α and both the required
epoetin dose and an index of epoetin responsiveness [170]. Large multicenter studies assessing weekly
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epoetin dose requirement in HD patients categorized into four groups (untreated, hyperresponders,
normoresponders, and hyporesponders) on the basis of weekly epoetin dose requirement showed
that the median CRP level was higher in the hyporesponders than in the other groups (1.9 versus
0.8 mg/dL; p = 0.004) [171]. The median weekly epoetin dose ranged from 30 IU/kg/week in the
hyperresponsive group to 263 IU/kg/week in the hyporesponsive group. Ferritin levels were lower
in the hyporesponders in comparison to other patients (median 318 versus 445 ng/mL; p = 0.01).
The results of this analysis support a clear relationship between epoetin hyporesponsiveness and
either increased levels of CRP or iron deficiency in HD patients. According to studies, resistance
to ESA seems to be related to increased mortality of HD patients, probably due to the fact that are
those requiring higher doses of ESA usually have some concomitant infectious, inflammatory, or
malignant conditions [170]. Potential strategies targeted at eliminating hyporesponsiveness to ESA
in CKD patients with the systemic inflammatory state include selective anticytokine therapy with
anti-TNF-α antibodies, IL-1 or IL-6 receptor antagonists, and statins [162,163]. Pentoxifylline, which is
a nonselective phosphodiesterase inhibitor exhibiting anti-TNF alpha properties, has been shown to
significantly inhibit hemoglobin within six months and reduced serum TNF-α concentration in patients
with erythropoietin resistant anemia [172]. Other studies have demonstrated that pentoxifylline
decreased other inflammatory parameters, including hsCRP, erythrocyte sedimentation rate (ESR),
serum fibrinogen, and TNF-α in patients of CKD [173,174].

6. Conclusions

The results of studies have demonstrated that persistent inflammation may contribute to the
variability in Hb levels and hyporesponsiveness to ESA which are frequently observed in CKD patients.
It seems that variability in Hb values which are often below the target range may contribute to higher
morbidity and mortality in these patients [175]. Available evidence implies that chronic kidney disease
is a state of the enhanced inflammatory state with high activity of cytokines, which may suppress
erythroid progenitor cell production resulting in hyporesponsiveness to ESAs and poor treatment
outcomes. The understanding of the impact of inflammatory cytokines on erythropoietin production
and hepcidin synthesis will enable to unravel the net of interactions of multiple factors involved
in the pathogenesis of the anemia of chronic disease. It seems that anticytokine and antioxidative
treatment strategies may be the future of pharmacological interventions aiming at the treatment of
inflammation-associated hyporesponsiveness to ESA.
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