
Treatment of pyelonephritis is one of the main prob-

lems in urology. It is complicated by the increasing need

for pharmaceutical agents, primarily antibiotics [1, 2].

This infectious disease that eventually results in renal fail-

ure is mediated by bacteria penetrated in the kidney tis-

sue, which may become resistant to ongoing antibiotic

therapy, therefore requiring use of new approaches for

treatment. Moreover, it is not always possible to use

antibiotics because they are not recommended for chil-

dren, pregnant women, individuals suffering from allergy,

and, as mentioned above, patients infected with antibiot-

ic-resistant bacteria [3, 4]. Recently proposed adminis-

tration of mitochondria-targeted antioxidants in a combi-

nation therapy of pyelonephritis [5] is within the frame-

work of contemporary treatment strategies that a priori

assume that oxidants of various origin may be involved in

the pathogenesis of the disease. It should be noted that

the majority of various kidney diseases is accompanied by

oxidative stress occurring in kidney tissues, including

acute renal failure of various origin, e.g., ischemia-relat-

ed diseases, ureteral obstruction, myoglobinuria (crush

syndrome), etc. [6-9]. Because the major part of the

examined renal pathologies may be, at least in part, cured
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Abstract—Previously, we have assembled a cellular model of pyelonephritis which contains a primary culture of renal tubu-

lar epithelial cells, mononuclear leukocytes, and bacterial lysate or lipopolysaccharide. After cocultivation of renal cells with

leukocytes and bacterial lysate, proinflammatory changes were observed in the renal cells, followed by nitrosative and oxida-

tive stress and cell death. The interaction of bacterial antigens not only with leukocytes, but also with epithelial cells of the

renal tubules, was partially mediated by signaling pathways involving Toll-like receptors (TLR2 and TLR4). Activation of

these receptors led to increased levels of oxidative stress and synthesis of proinflammatory cytokines (TNF, IL-6, IL-1α) in

the renal epithelium, while TLR4 blockade decreased the severity of these processes. Apart from the fact that activation of

inflammatory signaling in response to bacterial antigens is observed directly in the renal cells, the presence of leukocytes sig-

nificantly amplifies the inflammatory response as measured by the level of cytokines generated in the ensemble. In the pres-

ence of activated leukocytes, higher expression of TLR2 on the surface of renal cells was observed in response to exposure

to bacterial components, which might explain the increased inflammatory response in the presence of leukocytes. The syn-

thesis of IL-1α in the epithelial cells of the renal tubules in this inflammatory model leads to its accumulation in the nuclei,

which has been reduced by the TLR4 antagonist polymyxin. TLR2 agonists also led to increased levels of IL-1α. The ele-

vation in the content of IL-1α in nuclei was accompanied by increased acetylation of nuclear proteins, which has been

reduced to control values after exposure to protective agents (Trolox, mitochondria-targeted antioxidant SkQR1 or LiCl).

The high level of acetylation of histones is probably regulated by proinflammatory cytokines, and to some extent it is a mark-

er of inflammation, which can indirectly be reduced by protective agents.
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with mitochondria-targeted antioxidants [5-10], this

implies that mitochondria play an important role in

pathogenesis of various renal diseases [11]. However, in

case of pyelonephritis, according to the mode of action,

positive effects of mitochondria-targeted antioxidants

might involve not only mitochondria, but bacteria as well

[5] (which are known to be evolutionary ancestors of

mitochondria [12]), which invade kidney tissues during

disease progression by ascending along ureters from the

bladder toward the kidneys.

Pyelonephritis is accompanied by injury of urinary

tract mucosal layers and kidney parenchyma, mainly tar-

geting interstitial tissues. During this disease, inflamma-

tion caused both by bacteria occupying renal tissue and

their waste and decay products is considered as important

component of pathological processes. In turn, developing

inflammation most frequently is associated with oxidative

stress.

Leukocyte infiltration as a response to bacterial inva-

sion is the major effector in developing inflammation and

subsequent destruction of kidney tissues [13]. As a natu-

ral response to pathogens, it does not affect surrounding

tissues in a pathological way when reactive oxygen species

(ROS) production is limited by phagocytic vesicles of

leukocytes and macrophages. However, in case of extra-

cellular release of ROS, they begin to damage surround-

ing cells, resulting in destruction of kidney tissues and

subsequent organ failure. Unfortunately, in the majority

of cases bacterial infection causes excessive activation of

inflammatory response, so neutrophilic oxidative burst in

response to pathogenic bacteria affects surrounding tis-

sues [14]. Inflammatory response also includes release of

locally acting cytokines, eicosanoids, activation of the

complement system, and various damaging enzymes fol-

lowed by a final ROS explosion [15]. The latter, in the

“eukaryotic cell–bacterial cell–leukocyte” axis is mainly

accomplished by leukocyte membrane NADPH oxidase

[16], whose activity increases with progression of the dis-

ease at the site of infection. In addition, if at the onset of

acute pyelonephritis there is a locally developed inflam-

mation, then later, especially upon transition to a chron-

ic phase, it may systemically spread and target the entire

kidney, resulting in the death of a significant portion of its

functionally active tissue [17]. Moreover, sepsis as a life-

threatening condition as well as systemic inflammation of

all tissues with subsequent propagation of toxins and bac-

teria over the body may develop as well.

Pyelonephritis is far from being the only renal disor-

der accompanied by inflammation; therefore, unveiling

universal stages describing inflammatory processes in the

kidneys is a strategically important task for therapy of

renal pathology. In the current study, the goal was to

explore the mechanism of inflammatory injury in renal

tubular epithelial cells by simulating pyelonephritis in

vitro. As a cellular model of pyelonephritis, renal tubular

epithelial cells (RTECs) were cocultured with peripheral

blood mononuclear cells supplemented with bacterial

lysate [5].

Previously, using this model it has been found that

24-h co-culture of RTECs with leukocytes and bacterial

lysate or lipopolysaccharide (LPS) resulted in increased

fluorescence of 2,7-dihydrodichlorofluorescein (DCF),

which pointed to enhanced ROS production in renal cells

[5]. The broad-spectrum antioxidant Trolox, mitochon-

dria-targeted antioxidants SkQ1 and SkQR1, as well as

LiCl significantly lowered ROS levels. The following

scheme of developing oxidative stress in RTECs was pro-

posed: primary ROS are generated  in leukocytes and

RTECs in response to bacterial stimulation, and further

ROS burst in the cells may be due to a self-amplified cas-

cade of ROS production (so-called ROS-induced ROS

release [18]). It should be noted that apart from increased

ROS caused by added bacterial product, elevated levels of

reactive nitrogen species occurred as well, and they were

lowered also after using the same protective agents

(antioxidants and LiCl). A remarkable death of both

RTECs and leukocytes was noted in parallel with upregu-

lated production of reactive oxygen and nitrogen species.

We assumed that activation of pro-inflammatory signal-

ing in response to bacterial invasion in the kidneys is an

important pathogenic factor eventually responsible for

death of renal cells.

MATERIALS AND METHODS

Primary rat renal tubular epithelial cell culture.

Kidneys from 1-3-day-old rats were excised aseptically,

chopped with scissors, and treated with 0.5% collagenase

solution in PBS for 30 min, 37°C. After the cell suspen-

sion was centrifuged at 500g for 5 min, the pellet was

resuspended in ∼10 ml DMEM/F12 medium supple-

mented with 10% fetal bovine serum, and the cell suspen-

sion was left to sit for 2 min while bulk non-dissociated

pieces sedimented, and the supernatant was transferred

into another test tube. Then, 10 min later supernatant

containing dissociated cells was decanted, and the pellet

with renal tubules was resuspended in DMEM/F12 medi-

um supplemented with 10% FBS to be seeded into 24-

well plates or on cover slips placed into 35-mm Petri dish-

es. The renal epithelial cells were characterized by expres-

sion of Tamm–Horsfall protein (>90% positive cultured

cells).

Bacterial culture and preparation of bacterial lysate.

Escherichia coli (commensal strain 85 obtained from the

bacterial collection of Lomonosov Moscow State

University, Faculty of Biology, Department of Micro-

biology) bacteria were grown overnight in liquid culture

medium containing 1% tryptone, 0.5% yeast extract,

and 1% sodium chloride, pH 7.5. Culture medium con-

taining ~109 CFU/ml was centrifuged at 2000g for

10 min to sediment the bacteria. Bacterial lysate was pre-
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pared by using 30 ml overnight bacterial culture diluted in

3 ml 0.9% NaCl solution. The final cell suspension was

autoclaved for 1.5 h at 120°C for further use in RTEC cul-

ture.

Preparation of mononuclear leukocytes from periph-

eral blood. Peripheral blood was collected from the jugu-

lar vein of adult male rats into tubes containing 1000 U of

heparin. Then, 5 ml of the heparinized blood was slowly

layered onto 5 ml Ficoll-Urografin (density 1.077 g/cm3)

followed by centrifugation for 30 min at 500g. This result-

ed in sedimentation of red blood cells, whereas the

mononuclear cell fraction of ring-shaped peripheral

blood leukocytes occupied the interphase on the Ficoll

surface. Mononuclear leukocytes were transferred into

another tube and centrifuged for 5 min at 500g. The

remaining red blood cells were lysed by resuspending the

cell pellet in 10 ml of cooled 0.88% NH4Cl solution and

incubated for 10 min at 4°C, followed by centrifugation

for 5 min at 500g. The final leukocyte pellet was resus-

pended in 5 ml DMEM/F12 culture medium followed by

counting cells in a hemocytometer and diluting in

DMEM/F12 medium at concentration ∼105 cells/ml.

Cell coculture and treatment with protective sub-

stances. Two days after isolation of RTECs, the culture

medium was exchanged for fresh DMEM/F12 medium

supplemented with LiCl (9 mM), SkQ1 (10 nM), Trolox

(100 µM), or SkQR1 (10 nM) and incubated for 2 h fol-

lowed by adding ∼105 mononuclear leukocytes/ml in

DMEM/F12 medium together with bacterial lysate. All

cells together with bacterial lysate were cocultured for 24

or 48 h. In control wells, DMEM/F12 medium was added

instead of leukocytes and bacterial lysate.

Treatment with TLR4 antagonists and agonists and

with TLR2 agonists. Instead of bacterial lysate, in some

experiments RTECs were supplemented with 5 µg/ml

lipopolysaccharide derived from E. coli (Sigma, USA),

100 µg/ml zymosan (Sigma), 10 µg/ml PAM3CSK4

(Sigma), or bacterial lysate at varying dilution degree (in

phosphate buffer), per 100 µl/well and 400 µl/dish. To

inhibit TLR4-mediated signaling, DMEM/F12 medium

was partially replaced by a solution containing TLR4

antagonists in DMEM/F12 medium: 1 mg/ml polymyx-

in B (Sigma), 5 µg/ml LPS-RS (Sigma), per 100 µl/well

and 400 µl/dish.

Measurement of ROS production. ROS production

in the cells was estimated using the fluorescent probe

DCF diacetate dissolved in bicarbonate-free DMEM/

F12 medium to concentration 10 µM, supplemented to

RTECs and incubated for 15 min at 37°C. The dye was

washed out, followed by analysis of ROS production using

a confocal laser scanning microscope (LSM510; Carl

Zeiss Jena, Germany) through measuring DCF fluores-

cence intensity (excitation at 488 nm, emission at 505-

530 nm), which is proportional to intracellular ROS lev-

els [19]. In each experiment, the cells were used at the

same seeding concentration. Mean DCF fluorescence

intensity was calculated using confocal images for quanti-

tative analysis. Randomly selected single confocal images

revealing the highest number of cells in the focus were

used for estimation (confocal slice thickness 1.5 µm, pin-

hole 150 µm, oil immersion objective Plan-Neofluar

63×/1.25 Oil). On average, 10 fields of view in three inde-

pendent experiments were taken.

Measurement of TNF. Supernatant collected from

24-h cell cultures was centrifuged for 5 min at 1500g. The

TNF concentration in the supernatant was estimated

using a TNFα ELISA Ready-SET-Go! kit (eBioscience,

USA).

RTECs immunocytochemistry staining. RTECs were

fixed using 4% formalin solution in PBS for 30 min at

4°C, washed with PBS, permeabilized with 0.2% Triton

X-100 in PBS for 60 min at 4°C, washed with PBS, and

incubated in blocking solution containing 1% bovine

serum albumin (BSA) in PBS for 60 min at 25°C. Then,

the RTECs were incubated with primary antibodies for

2 h at 25°C at the following dilutions: 1 : 100 anti-

Tamm–Horsfall protein (Millipore, USA); 1 : 200 anti-

TLR2 (Abcam, Great Britain); 1 : 100 anti-IL-6

(Abcam); 1 : 100 anti-IL-1α (Thermo Fisher Scientific,

USA), and 1 : 200 anti-acetyl lysine (Cell Signaling,

USA). Then cells were washed with 1% BSA solution in

PBS three times. The cells were then incubated with sec-

ondary antibodies for 1 h at 25°C (dilution 1 : 100), fol-

lowed by three washouts in 1% BSA solution in PBS.

Finally, the RTECs in plate wells were supplemented with

1% BSA in PBS, embedded in 50% glycerol solution in

PBS, and mounted on microscopic slides.

Statistical analysis. Mean fluorescence intensity

normalized per area covered by cells was calculated to

estimate fluorescence intensity after immunocytochemi-

cal staining or experiments with DCF probe. The data

was processed using STATISTICA 6.0 (StatSoft Inc.,

USA) and BioStat 4.03 (McGraw-Hill, USA) software

and presented as mean ± SEM. Groups were compared

using Student’s t-test.

RESULTS AND DISCUSSION

Interaction of bacterial ligands with Toll-like receptors

on RTECs and mononuclear leukocytes. Using our in vitro

pyelonephritis model, we pursue a goal to demonstrate the

potential incidence of inflammatory response in the pres-

ence of bacterial products. It has been known that Toll-

like receptors are responsible for recognition of various

structurally conserved molecular patterns derived from

both  fragments of bacterial cell wall and proteins (coined

as PAMPs – pathogen associated molecular patterns [20])

and host mitochondrial structures (coined as DAMPs –

damage associated molecular patterns [21]). Since Toll-

like receptors are known to be expressed on the surface of

various renal cells [22] as well as leukocytes, it might hap-
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pen that such receptors are also involved in our model dur-

ing recognition primarily of bacterial ligands.

TLR4 as one of the crucial Toll-like receptors is

involved in recognition of LPS residing in bacterial cell

wall. The fact that in our model LPS induced oxidative

stress [5] points to a potential role for TLR4 in this

process. To test this, polymyxin B (an antibiotic that

binds to LPS, thereby preventing its attachment to cog-

nate receptor) known to inhibit signaling from TLR4 was

used. In contrast, polymyxin B usage upregulated rather

than lowered the intensity of oxidative stress (Fig. 1a).

This effect may be due to its nephrotoxicity [23], as many

nephrotoxic antibiotics provoke oxidative stress in

RTECs. On the other hand, polymyxin successfully

inhibited TNF production (Fig. 1b) in both the case of

bacterial lysate as well as LPS. This suggests that LPS is

the major active compound in the bacterial lysate, despite

the other components contained. However, in the case of

using bacterial lysate rather than pure LPS, the level of

detected TNF was still higher than in control, as the other

components in the bacterial lysate seemed to activate

some receptors that were not affected by polymyxin. By

hindering TLR4 activation, polymyxin reduces the acti-

vation of mononuclear leukocytes and RTECs, which is

indicated by decreased TNF production. Due to this,

oxidative stress in RTECs might decline as well, but it was

not observed, perhaps due to polymyxin side effects such

as toxicity to RTECs, although another yet unknown

mechanism of ROS generation related to this agent might

be involved. Since bacterial lysate is able to induce oxida-

tive stress in RTECs, even without leukocytes (data not

shown), most probably Toll-like receptors expressed by

RTECs alone might be involved.

Indeed, adding LPS also results in oxidative stress

inside RTECs (Fig. 1). However, like bacterial lysate,

nephrotoxic activity of polymyxin results in even greater

increase in ROS generation in RTECs.

Usage of another TLR4 antagonist such as

lipopolysaccharide derived from the nonpathogenic bac-

terium Rhodobacter sphaeroides (LPS_RS) decreases both

TNF synthesis and level of oxidative stress (Fig. 2). This

suggests an important role for TLR4 activation in

mononuclear leukocytes and RTECs for developing

inflammatory response.

TLR2 is another well-characterized Toll-like recep-

tor expressed in RTECs. Using specific agonists such as

PAM3CSK4 (a peptide containing a fatty acid moiety)

and zymosan (a component from yeast cell wall), it was

found that the magnitude of oxidative stress in RTECs was

increased with or without mononuclear leukocytes

(Fig. 3a). Thus, when leukocytes were supplemented in

the system a higher increase in ROS production in RTECs

was observed compared to PAM3CSK4 or zymosan alone

(PAM3CSK4 vs. zymosan: ROS production was signifi-

cantly increased or tended to elevate, respectively). On the

other hand, this may be explained by the fact that a greater

cell number responds to receptor agonist because the

receptor is expressed both in RTECs and in leukocytes. In

addition, leukocytes might be activated more strongly,

which is confirmed by a markedly higher TNF production

(Fig. 3b). These data point to the involvement of RTEC’s

TLR2 in recognizing cognate ligand, thereby allowing

Fig. 1. Changes in fluorescence intensity of ROS-specific probe (a) and TNF production (b) in RTECs cocultured with mononuclear leuko-

cytes (LC) supplemented with bacterial products (bacterial lysate, lipopolysaccharide (LPS)) with/without polymyxin inhibiting TLR4-medi-

ated signal transduction. RTECs cocultured with leukocytes supplemented with bacterial products results in increased oxidative stress inside

the cells (a) and simultaneously upregulates TNF production (b), whereas polymyxin lowers release of TNF into the medium, although oxida-

tive stress was even increased. * p < 0.01; NS, not significant.
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them to produce proinflammatory cytokine independent-

ly and taking part in the inflammatory response.

In our model, TLR2 expression in RTECs was

upregulated in the presence of leukocytes activated by

bacterial lysate (Fig. 4a), which occurred unevenly in

different cells (Fig. 4c). This might be another explana-

tion for enhanced inflammatory response observed in

the presence of leukocytes. Apparently, interaction with

leukocytes causes stronger involvement of RTECs in

inflammatory response. Previously, emergence of sur-

face TLR2 on nonimmune cells after exposure to an

inflammatory milieu (cytokines, LPS) was demonstrated

in endothelial cells [24], which were also shown to

upregulate TLR2 expression in response to NADPH

oxidase activation in LPS-primed neutrophils [25]. It

seems that such interaction between various cell types

Fig. 2. Changes in fluorescence intensity of ROS-specific probe in cells (a) and TNF concentration in the medium (b) after RTECs were

cocultured with mononuclear leukocytes (LC) supplemented with lipopolysaccharide (LPS) with or without TLR4 antagonist LPS_RS. Both

parameters characterizing magnitude of inflammatory response were decreased upon inhibiting binding of LPS to TLR4. * p < 0.01.
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incubating RTECs with TLR2 agonists, which were further increased by adding leukocytes into the system. * p < 0.01, ** p < 0.05; NS, not

significant.
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may result in organization of a more efficient anti-bacte-

rial defense.

Thus, we conclude that in the proposed cellular

model of pyelonephritis Toll-like receptors in leukocytes

and RTECs are extensively involved in a developed

inflammatory response. Activation of TLRs in leukocytes

results in subsequently upregulated production of proin-

flammatory cytokines, but in the case of RTECs, their

expression level becomes increased after exposure to the

inflammatory milieu. Because RTECs contact foreign

ligands prior to leukocytes after bacteria invade renal tis-

sues, it was assumed [26] that it was RTECs that were

responsible for the onset of developing renal inflamma-

tion upon bacterial invasion. Later, to develop peak

inflammatory response both cell populations are required

and must interact with each other.

Proinflammatory cytokines in the pyelonephritis

model. There is a reason to believe that the two cell types

interact with each other in the proposed model, and in

the setting of inflammatory reaction, it may be mediated

by release of proinflammatory cytokines. Damage of

RTECs was detected after adding supernatant collected

from mononuclear leukocytes after 24 h culture with bac-

terial lysate, and probably containing such cytokines.

When RTECs were treated for 24 h with the supernatant,

increase in ROS level from 4.5 ± 0.8 to 7.0 ± 0.8 arbitrary

units (n = 5, p < 0.05) was observed.

In our model, we found that the level of TNF as one

of the most examined proinflammatory cytokine was

increased. Culture with bacterial lysate may let both

leukocytes and RTECs synthesize and release TNF (con-

trol RTECs: TNF not detected, 24-h culture with bacte-

rial lysate: concentration of TNF reached 6.3 ± 0.8 pg/

ml; leukocytes cultured with bacterial lysate: 5.3 ± 0.7 pg/

ml). A comparable amount of the cytokine detected in

RTECs and leukocyte culture might be explained by

longer survival of RTECs vs. leukocytes as well as their

higher seeding concentration (leukocytes, 4·104; RTECs,

4·105). Thus, the overall TNF concentration measured

24 h after co-culturing RTECs and mononuclear leuko-

cytes together with bacterial lysate was much higher than

it was in individual cell cultures (co-culture RTECs +

leukocytes added with bacterial lysate: 27 ± 1 pg/ml).

This is consistent with the earlier assumption that the two

cell populations should interact with each other to devel-

op the most efficient inflammatory response.

By adding antioxidants or inhibitors of NO synthesis

(Trolox, SkQR1, L-NAME, LiCl), there was virtually no

effect on TNF production, thus suggesting that neither

oxidative nor nitrosative stress were involved in this

process. We demonstrate that its activation is caused by

interaction of ligands with Toll-like receptors, while

blocking relevant signaling pathways results in both low-

ered TNF production and decreased level of oxidative

stress. Thus, the proinflammatory cytokine TNF may be

one of causes, rather than a consequence, for developing

oxidative and nitrosative stresses, so named above protec-

tive substances were unable to downregulate TNF con-

centration.

In addition, in our model a large amount of the

proinflammatory cytokine IL-6 was found both inside

RTECs (Fig. 5, a-c) and in the culture medium (Fig. 5, d

and e), and polymyxin was able to lower IL-6 synthesis,

thereby confirming the assumption that proinflammatory

cytokines are produced in RTECs and mononuclear

leukocytes resulting from activation of Toll-like recep-

tors, primarily TLR4. Indeed, while culturing human

renal epithelial cells with uropathogenic E. coli bacteria,

a 20-fold increase in IL-6 production occurred [27].

Moreover, similar activation was observed by adding an

Fig. 4. Upregulated TLR2 expression in RTECs cocultured with mononuclear leukocytes (LC) supplemented with bacterial lysate (a). TLR2

expression was measured as fluorescence intensity of cells immunocytochemically stained with FITC-labeled anti-TLR2 antibody (b, c: rep-

resentative staining for TLR2 in control and experimental group, respectively); ** p < 0.05.
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NO donor. Because in our model RTECs are exposed to

both bacterial substances and nitrosative stress, we

assume that IL-6 is produced by both RTECs and leuko-

cytes due to TLR activation, and possibly due to effects of

NO.

Immunocytochemical staining showed that after the

modeling of inflammation, the signal of IL-1α was main-

ly within the nuclei of RTECs (not shown). In particular,

IL-1α-positive nuclei were detected after RTECs were

cocultured with leukocytes supplemented with bacterial

lysate, whereas polymyxin decreased the percentage of

IL-1-positive cells (Fig. 6a). In addition, TLR2 agonists

also increased the amount of IL-1α within RTEC nuclei,

which was even higher after co-culture with leukocytes.

Thus, activation of Toll-like receptor 2 and 4 leads to

upregulated synthesis of IL-1α and its accumulation in

the cell nuclei.

The number of positively stained nuclei correlates

with increased intensity of IL-1α-specific signal and

points to generally elevated IL-1α synthesis (Fig. 6b).

Perhaps, IL-1α found in the cytosol might then be trans-

ported into the nuclei or secreted into the culture medi-

um. The former seems more plausible, as no significant

increase in IL-1α concentration was detected in the

medium. It is known that under stressed conditions full-

size IL-1α is accumulated inside the cell nuclei, which is

different from the excreted form by the N-terminal pep-

tide containing the nuclear localization signal. One of the

proposed functions for nuclear IL-1α is that it might

interact with histone acetyltransferases resulting in his-

Fig. 5. Upregulated IL-6 production in RTECs co-cultured with mononuclear leukocytes (LC) supplemented with bacterial lysate. a) Control

group; b) RTECs co-cultured with mononuclear leukocytes supplemented with bacterial lysate for 24 h. Confocal microscopy after immuno-

cytochemistry staining for IL-6; scale, 50 µm; c) amount of IL-6 in RTECs is increased after co-culture with leukocytes supplemented with

bacterial lysate; polymyxin decreases the amount of IL-6 to the levels less than observed in the control group; * p < 0.01; d) cell culture

immunoblot; e) densitometric analysis of immunoblot.
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tone acetylation and potentially activation of mRNA syn-

thesis [28]. The support comes from the data showing that

upon bacterial infection, including infection of renal

tubular cells, nuclear IL-1α is involved in IL-8 produc-

tion [29], and that the amount of acetylated proteins dur-

ing oxidative stress and exposure to TNF elevates simul-

taneously with upregulated IL-8 production [30]. It is

likely that increased synthesis and nuclear translocation

Fig. 6. Detection of nuclear (a) and total (b) IL-1α in RTECs cocultured with mononuclear leukocytes (LC) and bacterial products (bacter-

ial lysate, PAM3CSK4, zymosan) as well as with TLR4 antagonist polymyxin. TLR4 activation by bacterial lysate results in increased num-

ber of cells positively stained for nuclear IL-1α, whereas supplementation with the TLR4 antagonist polymyxin decreased the percentage of

positive cells. Activation of TLR2 by its agonists also results in upregulated IL-1α synthesis, but to a lower extent. * p < 0.01, ** p < 0.05; NS,

not significant.
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of full-size IL-1α causing upregulation of histone acetyl-

transferase in the cells’ nucleus results in elevating the

acetyltransferase activity, which in turn may lead to his-

tone acetylation and transcription activation.

In support of this suggestion, in our inflammatory

model we succeeded  in detection of an increased amount

of acetylated proteins in the RTECs nuclei (Fig. 7, a and

b) as well as in finding a positive effect of protective com-

Fig. 7. Upregulated acetylation in RTECs nuclei. Immunocytochemical staining of RTECs with antibodies against acetylated proteins is

shown: a) control group; b) RTECs cocultured with mononuclear leukocytes supplemented with bacterial lysate for 24 h; scale, 20 µm.

Nuclear proteins, presumably histones, were mainly acetylated; c) mean fluorescence intensity of nuclei. RTECs cocultured with mononu-

clear leukocytes (LC) supplemented with bacterial lysate for 24 h were found to increase markedly the fluorescence intensity. Preincubation

with protective compounds (Trolox, SkQR1, LiCl) or polymyxin decreased the level of fluorescence intensity to the control range. * p < 0.01,

** p < 0.05; NS, not significant.
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pounds, which reduced the levels of histone acetylation

(Fig. 7c). This effect might be mediated by downregulat-

ed production of nuclear IL-1α, as its level was also

reduced after using such compounds (not shown).

Polymyxin, which lowers the level of IL-1α, rather than

oxidative stress, also reduces the intensity of histone

acetylation. This implies that the presence of IL-1α in the

nucleus can upregulate acetylation of nuclear proteins

(possibly via increasing activity of histone acetyltrans-

ferase), and the level of oxidative stress per se plays no

crucial role in this process. Protective compounds may

also decrease the level of histone acetylation, perhaps by

downregulation of the rate of IL-1α synthesis. It is likely

that this effect is mediated by a suppressed activity of sig-

naling ROS. Similar to hydrogen peroxide resulting in

activated IL-8 production (likely via intracellular IL-1α)

[30], ROS produced by cells in response to bacterial sub-

stances might also trigger IL-1α synthesis inside the

RTECs. It can be assumed that both activation of Toll-

like receptors and mere ROS may result in upregulation

of proinflammatory cytokines produced in our model.
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