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early event in the progression of
many renal diseases. The main infiltrating cells are monocytederived macrophages, and their accumulation in the tubular
interstitium is well correlated with the progression of nephropathies (17). Monocyte recruitment in damaged tissue requires
the contribution of the vascular endothelium, which synthesizes chemokines and adhesion molecules in response to inflammatory cytokines (47, 51). Subsequently, these recruited
monocytes undergo differentiation toward macrophages that
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adopt various states of functional activation: 1) classically
activated (M1) macrophages that display mainly proinflammatory activities and 2) alternatively activated (M2) with antiinflammatory and tissue remodeling activities (34, 47, 51, 62).
Tubular cells in the kidney are continuously exposed to
urinary fluid shear stress (FSS) generated by luminal urine
flow. Over the last years, a number of reports have shown
urinary FSS as a mechanical signal regulating renal tubule
function (7, 16, 27, 64). Chronic variations in urinary FSS take
place in most nephropathies (43, 50), and recently, we demonstrated in vitro that tubular FSS stimulated both tubular and
endothelial TNF-␣ secretion, thereby facilitating monocyte
adhesion to endothelial cells (43). Thus, modification of urinary FSS may potentially contribute to the inflammatory state
involved in initiation/perpetuation of renal diseases.
Given the important role of the monocyte-derived macrophage activation state in the progression of inflammation, we
studied the effect of tubular FSS on the monocyte phenotype.
In addition, as tubular cells are first in line in many inflammatory renal diseases, we also evaluated the effect of FSS on
expression of early biomarkers of tubular injury. For this
purpose, we exposed human proximal tubular (HK-2) cells to
low-intensity FSS (0.01 Pa), as to mimic the acute reperfusion
phase in transplanted kidneys (43). We observed that FSSstimulated tubular cells displayed increased kidney injury molecule 1 (KIM1) and neutrophil gelatinase associated lipocalin
(NGAL) mRNA and protein levels, suggesting tubular cell
damage. In addition, FSS-exposed HK-2 cells released factors,
including increased TGF-␤ and reduced C-C chemokine ligand
2 (CCL2), which induced the differentiation of human monocytes into inflammatory macrophages. Thus, these results confirm the concept of urinary FSS as an early tubular aggressor
that promotes the inflammatory process in renal pathologies.
MATERIALS AND METHODS

Reagents. Human neutralizing TNF-␣ and TGF-␤ antibodies were
from R&D Systems (Minneapolis, MN). Recombinant CCL2 was
from PeproTech (Neuilly-Sur-Seine, France).
Cells. HK-2 (immortalized human proximal tubular cells) and
THP-1 cells (human leukemia cells with monocytic characteristics)
were cultured at 37°C in 5% CO2 atmosphere in DMEM (cat. no.
31966; InVitrogen, Rockville, MD) containing 10% FCS (InVitrogen). Peripheral blood mononuclear cells (PBMC) were isolated from
the cytapheresis residues obtained from healthy donors by density
gradient on Lymphoprep (AbCys, Paris, France) according to the
manufacturer’s instructions.
HK-2 cell exposure to shear stress. Confluent HK-2 cells grown on
gelatin-coated plastic slides were placed in 5% FCS-DMEM for 18 h
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Physiol 302: F1409 –F1417, 2012. First published March 9, 2012;
doi:10.1152/ajprenal.00409.2011.—Modified urinary fluid shear
stress (FSS) induced by variations of urinary fluid flow and composition is observed in early phases of most kidney diseases. Recently,
we reported that renal tubular FSS promotes endothelial cell activation and subsequent adhesion of human monocytes, thereby suggesting that changes in urinary FSS can induce the development of
inflammation (Miravète M, Klein J, Besse-Patin A, Gonzalez J,
Pecher C, Bascands JL, Mercier-Bonin M, Schanstra JP, BuffinMeyer B, BBRC 407: 813– 817, 2011). Here, we evaluated the
influence of tubular FSS on monocytes as they play an important role
in the progression of inflammation in nephropathies. Human renal
tubular cells (HK-2) were exposed to FSS 0.01 Pa for 30 min or 5 h.
Treatment of human THP-1 monocytes with the resulting conditioned
medium (FSS-CM) modified the expression of macrophage differentiation markers, suggesting differentiation toward the inflammatory
M1-type macrophage. The effect was confirmed in freshly isolated
human monocytes. In contrast to endothelial cells, the activation of
monocytes by FSS-CM did not require TNF-␣. Cytokine array analysis of FSS-CM showed that FSS modified secretion of cytokines by
HK-2 cells, particularly by increasing secretion of TGF-␤ and by
decreasing secretion of C-C chemokine ligand 2 (CCL2). Neutralization of TGF-␤ or CCL2 supplementation attenuated the effect of
FSS-CM on macrophage differentiation. Finally, FSS-injured HK-2
cells expressed and secreted early biomarkers of tubular damage such
as kidney injury molecule 1 and neutrophil gelatinase-associated
lipocalin. In conclusion, changes in urinary FSS should now also be
considered as potential insults for tubular cells that initiate/perpetuate
interstitial inflammation.
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(Lonza, Rockville, MD). In addition, FSS did not change the pH
value of the culture medium (data not shown).
Analysis of mRNA expression. Total RNAs from cells were isolated
using the RNeasy plus Mini kit (Qiagen) and analyzed by real-time
PCR with SYBRGreen (Eurogentec, Liège, Belgium) and using ABIPRISM 7900HT, as previously described (8). The mRNA copy
number was calculated using the cycle threshold value and was
normalized to 18S RNA.
Treatment of PBMC. PBMC were treated for 2 h (37°C in 5% CO2
atmosphere) with supernatant from HK-2 cells exposed or not to FSS
(1.25 ml of FSS-CM and static-CM, respectively). The nonadherent
cells were removed by three PBS washes (Eurobio, Les Ulis, France),
and the adherent cells, predominantly monocytes, were incubated for
24 h [which has been shown sufficient for LPS (M1 macrophage
promoter) to induce TNF-␣ production by these cells (22, 40)] with
static-CM or FSS-CM (1.25 ml). The viability of monocytes treated
with static-CM or FSS-CM, assessed by adenylate kinase release
(Lonza), was similar (data not shown).

Fig. 1. Differentiation of THP-1 monocytes into M1 macrophages after treatment with conditioned medium from HK-2 renal tubular cells subjected to fluid shear
stress (FSS). Confluent monolayers of HK-2 cells were submitted to FSS 0 (static) or FSS 0.01 Pa for 30 min, and conditioned medium (static-CM and FSS-CM,
respectively) was collected to treat THP-1 cells for 48 h. A: monocyte/macrophage differentiation. B: macrophage polarization. The level of mRNA encoding
for monocyte C-C chemokine receptor 2 (CCR2) or macrophage [CD68, matrix metalloproteinase 9 (MMP9)] markers and for M1 (TNF-␣, IL-1␤, CD80) or
M2 [TGF-␤, IL-10, connective TGF (CTGF) and macrophage scavenger receptor-1 (MSR-1)] polarization signatures were analyzed in THP-1 cells by real-time
PCR. Results are expressed as the fold induction compared with static-CM. Data represent means ⫾ SE of 4 –7 experiments. *P ⬍ 0.05, **P ⬍ 0.01, ***P ⬍
0.001 vs. static-CM.
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before stimulation. Then slides were assembled into a homemade
parallel plate flow chamber. The input of the chamber was connected
to a flask containing 5% FCS-DMEM. Flow of medium culture was
controlled by peristaltic pump for 30 min or 5 h, and the resulting
supernatant was collected (2.7 ml or 27 ml, according to flow rate).
The flow system was kept at 37°C in 5% CO2. FSS (0.01 Pa) was
based on the formula 6 Q/h2l where  is the fluid dynamic viscosity
(0.7 ⫻ 10⫺3 Pa/s), Q is the flow rate (90 l/min), h and l are,
respectively, the flow channel thickness (0.205 mm) and width (10
mm). For the control condition, HK-2 cells were handled similarly
but maintained in static conditions: in experiments where the
effects of 30 min of FSS were evaluated, control HK-2 cells were
maintained in static conditions for 30 min with 2.7 ml of 5%
FCS-DMEM (e.g., the same volume of medium used in 30 min FSS
experiments); to obtain controls for the 5 h FSS experiments, cells
were incubated under static conditions for 5 h in 27 ml of culture
medium. FSS did not modify the viability of HK-2 cells (data not
shown), as evaluated by measuring adenylate kinase release
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RESULTS AND DISCUSSION

Conditioned medium of FSS subjected-tubular cells increases monocyte activation. In vivo, injured tubular cells
secrete inflammatory cytokines/chemokines that facilitate recruitment of circulating monocytes in the interstitium and,
subsequently, their differentiation into macrophages (23, 47).
Therefore, we examined whether the molecules released by
tubular cells subjected to FSS activate differentiation of monocytes into macrophages. For this, HK-2 cells were submitted to
FSS 0 (static) or FSS 0.01 Pa for 30 min. This condition
mimics in vitro the increase of urinary FSS that takes place
during the reperfusion phase after the ischemia period in
transplanted kidney (43). Indeed, during the ischemia period,
urinary shear stress is absent since the nonirrigated nephrons
do not filter plasma. However, when renal blood supply returns,
glomerular filtration and subsequently urinary tubular fluid flow
are restored, leading to abrupt induction of urinary shear stress.
Urinary FSS does not reach physiological FSS [0.1 Pa (4, 15)]
because animals subjected to ischemia-reperfusion (I/R) do not
completely recover normal glomerular filtration rate (GFR) in the
first hours following reperfusion (9, 10, 12, 67).

Fig. 2. M1 polarization of freshly isolated human monocyte macrophages in response to FSS-CM. Confluent monolayers of HK-2 cells were submitted to FSS
0 (static) or FSS 0.01 Pa for 30 min, and conditioned medium (static-CM and FSS-CM, respectively) was collected to treat peripheral blood mononuclear cells
(PBMC) for 24 h. A: monocyte and macrophage mRNA expression levels. B: TNF-␣ protein secretion. The level of mRNA encoding for monocyte (CCR2), M1
macrophage (TNF-␣, IL-1␤, CD80) or M2 macrophage (TGF-␤, CTGF, MSR-1) markers was analyzed in PBMC, as described in Fig 1. For TNF-␣ protein
content analysis, a 20 l aliquot of monocyte supernatant was collected every 2 h and frozen at ⫺20°C. At the end of the experiment, aliquots were pooled and
analyzed by ELISA. TNF-␣ released by PBMC was calculated as TNF-␣ present in pooled aliquots minus TNF-␣ measured at time 0 of incubation. Data
represent means ⫾ SE of 3– 4 experiments. *P ⬍ 0.05, **P ⬍ 0.001 vs. static-CM.
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Release of TNF-␣ by isolated human monocytes. To measure
TNF-␣ secreted by PBMC-derived-monocytes, fractions (20 l) of
supernatant, were collected every 2 h and immediately frozen to avoid
potential degradation of secreted TNF-␣ over the entire time span of
the experiment. At the end of the experiment, all fractions were
pooled and TNF-␣ quantities were determined by ELISA (PeproTech), as described by the manufacturer.
Antibody cytokine array. The cytokine expression profile in the
supernatant of FSS activated-HK-2 cells was analyzed using the
RayBiotech cytokine array VI (Raybiotech, Norcross, GA), as described by the manufacturer. Enhanced chemiluminescence (ECL)
signals were captured on X-OMATBlue XBfilm (Kodak Scientific
Imaging Film), and ECL signal intensity was determined by densitometry using ImageJ1.43u software. For each spot, the mean intensity of blank spots was subtracted, and the resulting difference was
normalized to the mean intensity of positive spots.
KIM1 and NGAL protein release. To measure KIM1 and NGAL
protein release by HK-2 cells subjected to FSS, medium was collected
at the end of FSS exposure. NGAL or KIM1 protein was analyzed by
ELISA (R&D Systems), as described by the manufacturer.
Statistical analysis. Data are expressed means ⫾ SE. A Student’s
t-test and an ANOVA analysis with the post hoc Bonferroni test were
performed to compare two groups or more, respectively. P ⬍ 0.05 was
considered as statistically significant.
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Table 1. HK-2 cells exposed to prolonged fluid shear stress
(FSS) continue to activate monocytes
CCR2
MMP9
M1 markers
TNF-␣
IL-1␤
M2 markers
CTGF
MSR-1

Static-lateCM

FSS-lateCM

1.03 ⫾ 0.14
1.03 ⫾ 0.15

0.23 ⫾ 0.11**
4.55 ⫾ 1.27*

1.00 ⫾ 0.01
1.05 ⫾ 0.20

2.56 ⫾ 1.00
3.06 ⫾ 0.92

1.00 ⫾ 0.01
1.05 ⫾ 0.18

0.46 ⫾ 0.07***
0.43 ⫾ 0.11*

Conditioned medium from static- or FSS HK-2 cells (static-CM and FSS-CM, respectively) was collected and used,
without dilution or supplementation, to treat THP-1 monocytes
for 48 h [time required for phorbol myristate acetate (PMA,
reference compound) to induce monocyte differentiation (11,
25, 48, 68)]. Monocyte/macrophage differentiation was evaluated by quantifying mRNA expression of C-C chemokine
receptor 2 (CCR2) as a marker for monocytes, and CD68 and
matrix metalloproteinase 9 (MMP9) as markers for differentiation toward macrophages (5, 13, 19, 32, 53). Interestingly,
FSS-CM decreased CCR2 and increased CD68 and MMP9
mRNA expression (Fig. 1A), suggesting that THP-1 cells
acquired a macrophage-like phenotype.
Monocyte-derived macrophages undergo specialization into
either inflammatory and pathogenic M1 macrophages or antiinflammatory and protective M2 macrophages (47). We therefore studied the effect of FSS-CM on M1/M2 polarization of
THP-1 cells by measuring cytokine and surface receptor expression. We chose TNF-␣, IL-1␤, and CD80 as markers for
the M1 phenotype and TGF-␤, IL-10, connective TGF (CTGF)
and macrophage scavenger receptor-1 (MSR-1) as markers for
the M2 phenotype (5, 39, 47). FSS-CM induced upregulation
of inflammatory cytokines TNF-␣ and IL-1␤ without changing
expression of CD80. FSS-CM also downregulated CTGF and
MSR-1 mRNA levels but did not modify TGF-␤ and IL-10
expression (Fig. 1B). These results suggest that tubular cells
exposed to FSS promote differentiation of monocytes into,
mainly, M1 macrophages.
The effect of tubular FSS on macrophage polarization was
also evaluated using freshly isolated human monocytes. For
this, PBMC were incubated for 2 h with conditioned medium
from HK-2 cells, to select monocytes on their ability to adhere
on plastic. Compared with static-CM, FSS-CM did not modify
the number of adherent monocytes (data not shown). However,
adherent monocytes treated for 24 h with FSS-CM displayed
increased TNF-␣, IL-1␤, and CD80 (M1 macrophage) and
decreased CCR2 (monocyte marker), TGF-␤, CTGF, and
MSR-1 (M2 macrophage) mRNA levels (Fig. 2A). In addition,
this effect was associated with increased secretion of TNF-␣
protein (Fig. 2B), thereby confirming the role of tubular FSS in
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Confluent monolayers of HK-2 renal tubular cells were submitted to FSS 0
(static) or FSS 0.01 Pa for 5 h, and culture medium (static-lateCM and
FSS-lateCM, respectively) was collected for the last 30 min to treat THP-1
cells (48 h). mRNA levels of monocyte (CCR2, MMP9) and macrophage
markers (TNF-␣, IL-1␤, CTGF and MSR-1) were evaluated by real-time PCR,
and results are the fold induction compared with static-CM. CCR2, C-C
chemokine receptor 2; MMP9, matrix metalloproteinase 9; CTGF, connective
TGF; MSR-1, macrophage scavenger receptor-1. Data represent means ⫾ SE
of 4 experiments. *P ⬍ 0.05, **P ⬍ 0.01, ***P ⬍ 0.001 vs. static-CM.

Fig. 3. Cytokine antibody-array profiling of FSS-exposed HK-2 supernatant.
Confluent monolayers of HK-2 cells were submitted to FSS 0 (static) or FSS
0.01 Pa for 30 min, and the level of cytokine protein was analyzed using a
cytokine antibody array. For each membrane, results are the signal intensity
mean of 2 duplicate spots. Data represent means ⫾ SE of 4 experiments. *P ⬍
0.05 vs. FSS 0.
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dative stress and inflammation leading to additional tissue
lesions (18, 63). Present results suggest that urinary FSS
induces tubular secretion of inflammatory molecules, leading
to stimulation of monocytes/macrophages and subsequent inflammation. In this manner, increased urinary FSS may participate in related damage observed after renal reperfusion.
Other pathophysiological situations associate increased urinary FSS and renal lesions. For example, after reduction of
renal mass (during subtotal nephrectomy in animal models or
following cancers or trauma in human), residual nephrons
compensate renal ablation by increased GFR (26). This adaptation is considered beneficial at the level of renal function
since it minimizes the reduction on total GFR. However,
elevated GFR also leads to damage of the remnant nephrons (6,
26) involving inflammation, with coordinated regulation of
CCL2, TGF-␤, TNF-␣, and IL-1␤, macrophage recruitment
(54), and fibrosis (1, 6). Although the in vitro comparison of
static versus FSS cannot be extrapolated to the situation of
nephrectomy, it is tempting to speculate that part of tubular
lesions induced by glomerular hyperfiltration in this situation
may be caused by increased urinary FSS and its ability to
trigger inflammation. Further experiments comparing physiological versus increased FSS should be performed to validate
this hypothesis.

Fig. 4. TGF-␤ blockade and CCL2 addition attenuate FSS-CM-induced monocyte activation. Confluent monolayers of HK-2 cells were exposed to FSS 0.01 Pa
for 30 min. Culture medium (FSS-CM) was collected and preincubated for 1 h with a TGF-␤ antibody (5 g/ml, TGFAb) or recombinant CCL2 (40 ng/ml,
CCL2). PBMC were then treated for 24 h with FSS-CM ⫾ TGFAb or CCL2. A: monocyte and macrophage mRNA expression levels. B: TNF-␣ protein secretion.
The level of mRNA encoding for monocyte (CCR2), M1 macrophage (TNF-␣, IL-1␤, CD80), or M2 macrophage (TGF-␤, CTGF, MSR-1) markers and the
TNF-␣ protein content analysis were analyzed in PBMC, as described in Fig 2. Results are expressed as the fold induction compared with FSS-CM alone, and
data represent means ⫾ SE of 3– 4 experiments. *P ⬍ 0.05, **P ⬍ 0.01, ***P ⬍ 0.001, $P ⫽ 0.057 vs. FSS-CM alone.
AJP-Renal Physiol • doi:10.1152/ajprenal.00409.2011 • www.ajprenal.org
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the orientation of monocyte-derived macrophages toward the
M1-type in freshly isolated human monocytes.
Finally, to verify whether prolonged tubular FSS exposure
continues to activate monocytes, HK-2 cells were submitted to
0.01 Pa FSS for 5 h and the effects of conditioned medium
(static-lateCM and FSS-lateCM, respectively) on THP-1 cells
were studied. FSS-CM continued to promote monocyte/macrophage differentiation, as shown by reduced CCR2 and increased MMP9 mRNA expression in THP-1 cells (Table 1). In
addition, the preferential macrophage orientation toward the
M1 phenotype was maintained after longer periods of exposure
to FSS since FSS-CM induced decreased CTGF and MSR-1
mRNA expression. TNF-␣ and IL-1␤ expression, however,
was not significantly increased (Table 1). In the context of in
vivo transplantation, renal grafts undergo temporary blood
deprivation followed by the return of blood supply. In parallel,
modifications of glomerular filtration and subsequently of
urinary fluid circulation in tubules occur, leading to transitory
changes in FSS (halted, followed by abruptly induced FSS) on
tubular cells. I/R injury is associated with delayed graft function, which affects long-term transplant evolution (45), and
interstitial macrophage infiltration contributes to persistent
inflammation in both acute lesions and long-term development
of fibrosis (28, 35). Although ischemia in I/R is a critical factor
in organ transplantation, reperfusion causes severe local oxi-
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and soluble enzyme angiogenin, while it concomitantly increased the release of EGF and TGF-␤ (Fig. 3). Thus, FSS
rearranges the chemokine/cytokine secretion pattern, and this
effect could be associated (see below) with increased monocyte
activation toward M1 macrophages.
Usually, M1 polarization is induced in vitro by IFN-␥
supplemented with inflammatory cytokines (e.g., TNF-␣, IL-1)
(21, 47, 65), and M2 polarization is obtained in response to
IL-4 and IL-13 (M2a) or IL-10 and TGF-␤ (M2c) (21). These
usual stimuli are probably not involved in polarization of
monocyte-derived macrophages in our experiments since no
significant variation of IFN-␥, TNF-␣, IL-1␤, or IL-4, IL-10,
and IL-13 release from HK-2 cells was observed after FSS.
However, FSS modified the expression of other cytokines,
which could explain the shift toward the M1 phenotype.
Indeed, CCL2 and IL-6 can induce blood monocyte activation
into M2 macrophages (49, 52, 56), while CCL17/TARC inhibits their activation in M1 macrophages (31) and the expression
of these three cytokines is decreased in response to FSS. In
addition, we also observed an increase in TGF-␤ release. Yet,
although considered as a powerful inflammation suppressor,
TGF-␤ is equally recognized for its proinflammatory properties

Fig. 5. HK-2 cells subjected to FSS express biomarkers of
kidney injury. Confluent monolayers of HK-2 cells were
exposed to FSS 0 (static) or FSS 0.01 Pa for 30 min or 5 h,
and tubular kidney injury molecule 1 (KIM1) and neutrophil
gelatinase-associated lipocalin (NGAL) mRNA and protein
secretion were evaluated. mRNA expression was analyzed
by real-time PCR, and results are expressed as the fold
induction compared with static. To quantify protein released
by HK-2 cells, ELISA was performed either in culture
medium (CM) collected after 30 min of FSS, or in a pool of
CM aliquots (50 l), collected every 30 min and frozen at
⫺20°C. Data represent means ⫾ SE of 4 experiments. *P ⬍
0.05, **P ⬍ 0.001 vs. FSS 0.
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Profiling of inflammation-related factors in FSS-CM. We
subsequently investigated the molecular mechanisms involved
in FSS-CM-mediated monocyte activation. We first evaluated
the contribution on TNF-␣ since 1) we previously demonstrated that TNF-␣ mediates endothelial cell activation induced
by tubular FSS (43) and 2) TNF-␣ is known to promote
monocyte differentiation toward inflammatory M1 macrophages (38, 39, 47). However, TNF-␣ neutralization by a
specific antibody did not modify the monocyte response to
FSS-CM since neither CCR2 nor CD68, MMP9, TNF-␣, and
IL-1␤ mRNA expression were changed (data not shown).
These results indicate that, in contrast to endothelial cell
activation (43), FSS-CM-induced monocyte stimulation does
not require TNF-␣.
In the next step, we aimed to identify new molecules
involved in the effects of FSS-activated HK-2 cells. For this,
we analyzed FSS-CM of HK-2 cells using cytokine antibody
arrays. We confirmed our previous result showing that FSS did
not modify TNF-␣ secretion by HK-2 cells (43) (Fig. 3).
However, FSS significantly reduced tubular release of chemokines (MCP-1/CCL2, TARC/CCL17, MIP-3␣/CCL20, and eotaxin-2/CCL24), growth factors (FGF and PDGF-BB), IL-6,
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tubular expression of KIM1 and NGAL, two well-established
markers of renal tubular damage that are markedly upregulated
in proximal tubules of most renal diseases including renal
transplants (44, 57, 59, 60). Very interestingly, HK-2 cells both
exhibited enhanced mRNA expression and protein secretion of
KIM1 and NGAL after treatment with both short and long FSS
(Fig. 5), thereby confirming the contribution of FSS to tubular
injury.
The literature points to several candidates that can be involved in the primary induction of the tubular lesions, such as
1) increased intratubular protein and growth factors during
persistent proteinuria (24), 2) tubular hypoxia induced by
postglomerular microvasculature dysfunction (20), 3) pressureinduced compression or stretching of tubular cells in obstructive pathologies (33), 4) high glucose environment as a result
from diabetes (58), or 5) toxic substances (e.g., drugs, metals)
exposure (2, 30). Our study suggests that FSS should now also
be considered as a potential insult for tubular cells and, consequently, as a new actor in the progression of renal pathologies.
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in certain conditions (46). In particular, in vitro treatment of
monocytes with TGF-␤ stimulated TNF-␣, IL-1␤, and MMP9
release and decreased MSR-1 expression (14, 41, 55, 61, 66),
thus promoting their maturation into M1 macrophages (3).
Taken together, a decreased release of CCL2, IL-6, and CCL17
associated with an increased secretion of TGF-␤ may explain
the preferential differentiation of THP-1 cells into inflammatory macrophages in response to FSS stimulated-HK-2 cells.
TGF-␤ and CCL2 are cytokines involved in the effects of
FSS-CM. The array data identified a number of cytokines/
chemokines as candidates for the FSS-CM-induced monocyte
differentiation. We analyzed the role of TGF-␤ and CCL2 in
the effects of FSS-CM on monocyte differentiation. For this,
fresh monocytes were treated for 24 h with FSS-CM alone or
with FSS-CM supplemented with either a neutralizing antibody
directed against TGF-␤ or a recombinant CCL2. The two
compounds did not change the viability of FSS-CM-treated
monocytes (data not shown). As shown in Fig. 4, TGF-␤
neutralization attenuated the monocyte response to FSS-CM.
Indeed, compared with FSS-CM alone, TGF-␤ antibody tended
to increase CCR2 (P ⫽ 0.10) and decreased TNF-␣ and IL-1␤
mRNA levels (Fig. 4A). It also reduced TNF-␣ secretion (Fig.
4B), but it did not modify CD80, TGF-␤, CTGF, and MSR-1
expression (Fig. 4B). CCL2 supplementation also reduced
FSS-CM-induced monocyte activation since rCCL2 reduced
IL-1␤ and increased MSR-1 mRNA expression without modifying CCR2, TNF-␣, CD80, TGF-␤, and CTGF expression
(Fig. 4A).
Together, these results suggest that both upregulated secretion of TGF-␤ and downregulated release of CCL2 could play
a role in the activation of monocytes into M1 macrophages by
FSS-exposed HK-2 cells. The fact that the expression of not all
macrophage markers was modified by TGF-␤ blockade or
CCL2 supplementation strongly indicates that other mediators,
in addition to TGF-␤ and CCL2, released by FSS-treated HK-2
contribute to monocyte activation.
In an in vivo context, monocyte migration toward injured
sites and subsequent inflammation require a tissue environment
rich in chemokines (38). On one hand, chemokines are produced by endothelial cells (47, 51); we have previously demonstrated that tubular cells exposed to FSS secrete mediators
(not identified) that activate endothelial cells, increasing release of chemokine CCL2 and facilitating monocyte adhesion
(43). Thus, elevated urinary FSS in nephropathies could induce
basolateral tubular secretion of molecules that enter the interstitium and signal to endothelial cells to present chemokines to
circulating monocytes (29, 38, 51). On the other hand, chemotactic molecules can also originate from other sources (47,
51); we observed that FSS applied in vitro to HK-2 (e.g.,
tubular) cells stimulated release of EGF and TGF-␤, two
cytokines known to exhibit monocyte chemotactic activity (37,
61, 66). It is therefore possible in vivo, upon changes in FSS,
that these secreted chemotactic molecules are internalized at
the abluminal surface of endothelial cells and by transcytosis
are presented at the luminal side to circulating monocytes, as
previously hypothesized (36, 42, 47, 51).
Tubular cells exposed to FSS express biomarkers of kidney
injury. The fact that tubular cells secrete inflammatory mediators in response to FSS suggests that increased FSS represents
an aggression for the renal tubule. So as a last step in this study,
we evaluated the effect of FSS 0.01 Pa (30 min and 5 h) on

F1415

F1416

URINARY SHEAR STRESS INDUCES INFLAMMATION

28.

29.
30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.
48.

49.

tion of actin cytoskeleton in renal tubular epithelial cells. Integr Biol
(Camb) 3: 134 –141, 2011.
Jo SK, Sung SA, Cho WY, Go KJ, Kim HK. Macrophages contribute to
the initiation of ischaemic acute renal failure in rats. Nephrol Dial
Transplant 21: 1231–1239, 2006.
Kamei M, Carman CV. New observations on the trafficking and diapedesis of monocytes. Curr Opin Hematol 17: 43–52, 2010.
Karie S, Launay-Vacher V, Deray G, Isnard-Bagnis C. [Drugs renal
toxicity]. Nephrol Ther 6: 58 –74, 2010.
Katakura T, Miyazaki M, Kobayashi M, Herndon DN, Suzuki F.
CCL17 and IL-10 as effectors that enable alternatively activated macrophages to inhibit the generation of classically activated macrophages. J
Immunol 172: 1407–1413, 2004.
Kaufmann A, Salentin R, Gemsa D, Sprenger H. Increase of CCR1 and
CCR5 expression and enhanced functional response to MIP-1␣ during
differentiation of human monocytes to macrophages. J Leukoc Biol 69:
248 –252, 2001.
Klein J, Gonzalez J, Miravete M, Caubet C, Chaaya R, Decramer S,
Bandin F, Bascands JL, Buffin-Meyer B, Schanstra JP. Congenital
ureteropelvic junction obstruction: human disease and animal models. Int
J Exp Pathol 92: 168 –192, 2011.
Klein J, Miravete M, Buffin-Meyer B, Schanstra JP, Bascands JL.
[Tubulo-interstitial fibrosis: an emerging major health problem.]. Med Sci
(Paris) 27: 55–61, 2011.
Ko GJ, Boo CS, Jo SK, Cho WY, Kim HK. Macrophages contribute to
the development of renal fibrosis following ischaemia/reperfusion-induced
acute kidney injury. Nephrol Dial Transplant 23: 842–852, 2008.
Kozu A, Kato Y, Shitara Y, Hanano M, Sugiyama Y. Kinetic analysis
of transcytosis of epidermal growth factor in Madin-Darby canine kidney
epithelial cells. Pharm Res 14: 1228 –1235, 1997.
Lamb DJ, Modjtahedi H, Plant NJ, Ferns GA. EGF mediates monocyte
chemotaxis and macrophage proliferation and EGF receptor is expressed
in atherosclerotic plaques. Atherosclerosis 176: 21–26, 2004.
Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting to the site of
inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol
7: 678 –689, 2007.
Mantovani A, Garlanda C, Locati M. Macrophage diversity and polarization in atherosclerosis: a question of balance. Arterioscler Thromb Vasc
Biol 29: 1419 –1423, 2009.
Martin-Blondel G, Gales A, Bernad J, Cuzin L, Delobel P, Barange K,
Izopet J, Pipy B, Alric L. Low interleukin-10 production by monocytes
of patients with a self-limiting hepatitis C virus infection. J Viral Hepat
16: 485–491, 2009.
McCartney-Francis N, Mizel D, Wong H, Wahl L, Wahl S. TGF-␤
regulates production of growth factors and TGF-␤ by human peripheral
blood monocytes. Growth Factors 4: 27–35, 1990.
Middleton J, Patterson AM, Gardner L, Schmutz C, Ashton BA.
Leukocyte extravasation: chemokine transport and presentation by the
endothelium. Blood 100: 3853–3860, 2002.
Miravete M, Klein J, Besse-Patin A, Gonzalez J, Pecher C, Bascands
JL, Mercier-Bonin M, Schanstra JP, Buffin-Meyer B. Renal tubular
fluid shear stress promotes endothelial cell activation. Biochem Biophys
Res Commun 407: 813–817, 2011.
Mishra J, Ma Q, Prada A, Mitsnefes M, Zahedi K, Yang J, Barasch
J, Devarajan P. Identification of neutrophil gelatinase-associated lipocalin as a novel early urinary biomarker for ischemic renal injury. J Am Soc
Nephrol 14: 2534 –2543, 2003.
Ojo AO, Wolfe RA, Held PJ, Port FK, Schmouder RL. Delayed graft
function: risk factors and implications for renal allograft survival. Transplantation 63: 968 –974, 1997.
Qian BF, Wahl SM. TGF-␤ can leave you breathless. Curr Opin Pharmacol 9: 454 –461, 2009.
Ricardo SD, van Goor H, Eddy AA. Macrophage diversity in renal
injury and repair. J Clin Invest 118: 3522–3530, 2008.
Ringseis R, Schulz N, Saal D, Eder K. Troglitazone but not conjugated
linoleic acid reduces gene expression and activity of matrix-metalloproteinases-2 and -9 in PMA-differentiated THP-1 macrophages. J Nutr
Biochem 19: 594 –603, 2008.
Roca H, Varsos ZS, Sud S, Craig MJ, Ying C, Pienta KJ. CCL2 and
interleukin-6 promote survival of human CD11b⫹ peripheral blood mononuclear cells and induce M2-type macrophage polarization. J Biol Chem
284: 34342–34354, 2009.

AJP-Renal Physiol • doi:10.1152/ajprenal.00409.2011 • www.ajprenal.org

Downloaded from http://ajprenal.physiology.org/ by 10.220.33.3 on April 1, 2017

5. Bourlier V, Zakaroff-Girard A, Miranville A, De Barros S, Maumus
M, Sengenes C, Galitzky J, Lafontan M, Karpe F, Frayn KN, Bouloumie A. Remodeling phenotype of human subcutaneous adipose tissue
macrophages. Circulation 117: 806 –815, 2008.
6. Brenner BM. Hemodynamically mediated glomerular injury and the
progressive nature of kidney disease. Kidney Int 23: 647–655, 1983.
7. Cabral PD, Garvin JL. Luminal flow regulates NO and O⫺
2 along the
nephron. Am J Physiol Renal Physiol 300: F1047–F1053, 2011.
8. Chaaya R, Alfarano C, Guilbeau-Frugier C, Coatrieux C, Kesteman
AS, Parini A, Fares N, Gue M, Schanstra JP, Bascands JL. Pargyline
reduces renal damage associated with ischaemia-reperfusion and cyclosporin. Nephrol Dial Transplant 26: 489 –498, 2010.
9. Chatterjee PK, Chatterjee BE, Pedersen H, Sivarajah A, McDonald
MC, Mota-Filipe H, Brown PA, Stewart KN, Cuzzocrea S, Threadgill
MD, Thiemermann C. 5-Aminoisoquinolinone reduces renal injury and
dysfunction caused by experimental ischemia/reperfusion. Kidney Int 65:
499 –509, 2004.
10. Chujo K, Ueno M, Asaga T, Sakamoto H, Shirakami G, Ueki M. Atrial
natriuretic peptide enhances recovery from ischemia/reperfusion-induced
renal injury in rats. J Biosci Bioeng 109: 526 –530, 2010.
11. Daigneault M, Preston JA, Marriott HM, Whyte MK, Dockrell DH.
The identification of markers of macrophage differentiation in PMAstimulated THP-1 cells and monocyte-derived macrophages. PLoS One 5:
e8668, 2010.
12. de Araujo M, Andrade L, Coimbra TM, Rodrigues AC Jr, Seguro
AC. Magnesium supplementation combined with N-acetylcysteine protects against postischemic acute renal failure. J Am Soc Nephrol 16:
3339 –3349, 2005.
13. Ding Q, Jin T, Wang Z, Chen Y. Catalase potentiates retinoic acidinduced THP-1 monocyte differentiation into macrophage through inhibition of peroxisome proliferator-activated receptor ␥. J Leukoc Biol 81:
1568 –1576, 2007.
14. Draude G, Lorenz RL. TGF-␤1 downregulates CD36 and scavenger
receptor A but upregulates LOX-1 in human macrophages. Am J Physiol
Heart Circ Physiol 278: H1042–H1048, 2000.
15. Duan Y, Gotoh N, Yan Q, Du Z, Weinstein AM, Wang T, Weinbaum
S. Shear-induced reorganization of renal proximal tubule cell actin cytoskeleton and apical junctional complexes. Proc Natl Acad Sci USA 105:
11418 –11423, 2008.
16. Duan Y, Weinstein AM, Weinbaum S, Wang T. Shear stress-induced
changes of membrane transporter localization and expression in mouse
proximal tubule cells. Proc Natl Acad Sci USA 107: 21860 –21865, 2010.
17. Eddy AA. Progression in chronic kidney disease. Adv Chronic Kidney Dis
12: 353–365, 2005.
18. Eltzschig HK, Collard CD. Vascular ischaemia and reperfusion injury.
Br Med Bull 70: 71–86, 2004.
19. Fantuzzi L, Borghi P, Ciolli V, Pavlakis G, Belardelli F, Gessani S.
Loss of CCR2 expression and functional response to monocyte chemotactic protein (MCP-1) during the differentiation of human monocytes: role
of secreted MCP-1 in the regulation of the chemotactic response. Blood
94: 875–883, 1999.
20. Fine LG, Norman JT. Chronic hypoxia as a mechanism of progression of
chronic kidney diseases: from hypothesis to novel therapeutics. Kidney Int
74: 867–872, 2008.
21. Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. Nat Rev
Immunol 5: 953–964, 2005.
22. Guo TL, Mudzinski SP, Lawrence DA. The heavy metal lead modulates
the expression of both TNF-␣ and TNF-␣ receptors in lipopolysaccharideactivated human peripheral blood mononuclear cells. J Leukoc Biol 59:
932–939, 1996.
23. Harris DC. Tubulointerstitial renal disease. Curr Opin Nephrol Hypertens
10: 303–313, 2001.
24. Hirschberg R, Wang S. Proteinuria and growth factors in the development of tubulointerstitial injury and scarring in kidney disease. Curr Opin
Nephrol Hypertens 14: 43–52, 2005.
25. Holness CL, Simmons DL. Molecular cloning of CD68, a human macrophage marker related to lysosomal glycoproteins. Blood 81: 1607–1613,
1993.
26. Hostetter TH, Olson JL, Rennke HG, Venkatachalam MA, Brenner
BM. Hyperfiltration in remnant nephrons: a potentially adverse response
to renal ablation. Am J Physiol Renal Fluid Electrolyte Physiol 241:
F85–F93, 1981.
27. Jang KJ, Cho HS, Kang do H, Bae WG, Kwon TH, Suh KY.
Fluid-shear-stress-induced translocation of aquaporin-2 and reorganiza-

URINARY SHEAR STRESS INDUCES INFLAMMATION

60.
61.

62.

63.
64.
65.
66.

67.

68.

High urinary excretion of kidney injury molecule-1 is an independent
predictor of graft loss in renal transplant recipients. Transplantation 84:
1625–1630, 2007.
van Timmeren MM, van den Heuvel MC, Bailly V, Bakker SJ, van
Goor H, Stegeman CA. Tubular kidney injury molecule-1 (KIM-1) in
human renal disease. J Pathol 212: 209 –217, 2007.
Wahl SM, Hunt DA, Wakefield LM, McCartney-Francis N, Wahl
LM, Roberts AB, Sporn MB. Transforming growth factor type ␤ induces
monocyte chemotaxis and growth factor production. Proc Natl Acad Sci
USA 84: 5788 –5792, 1987.
Wang Y, Wang YP, Zheng G, Lee VW, Ouyang L, Chang DH,
Mahajan D, Coombs J, Wang YM, Alexander SI, Harris DC. Ex vivo
programmed macrophages ameliorate experimental chronic inflammatory
renal disease. Kidney Int 72: 290 –299, 2007.
Weight SC, Bell PR, Nicholson ML. Renal ischaemia–reperfusion injury.
Br J Surg 83: 162–170, 1996.
Weinbaum S, Duan Y, Satlin LM, Wang T, Weinstein AM. Mechanotransduction in the renal tubule. Am J Physiol Renal Physiol 299: F1220 –
F1236, 2010.
Wilson HM, Walbaum D, Rees AJ. Macrophages and the kidney. Curr
Opin Nephrol Hypertens 13: 285–290, 2004.
Wiseman DM, Polverini PJ, Kamp DW, Leibovich SJ. Transforming
growth factor-␤ (TGF-␤) is chemotactic for human monocytes and induces their expression of angiogenic activity. Biochem Biophys Res
Commun 157: 793–800, 1988.
Yin M, Zhong Z, Connor HD, Bunzendahl H, Finn WF, Rusyn I, Li
X, Raleigh JA, Mason RP, Thurman RG. Protective effect of glycine on
renal injury induced by ischemia-reperfusion in vivo. Am J Physiol Renal
Physiol 282: F417–F423, 2002.
Zhou J, Zhu P, Jiang JL, Zhang Q, Wu ZB, Yao XY, Tang H, Lu N,
Yang Y, Chen ZN. Involvement of CD147 in overexpression of MMP-2
and MMP-9 and enhancement of invasive potential of PMA-differentiated
THP-1. BMC Cell Biol 6: 25, 2005.

AJP-Renal Physiol • doi:10.1152/ajprenal.00409.2011 • www.ajprenal.org

Downloaded from http://ajprenal.physiology.org/ by 10.220.33.3 on April 1, 2017

50. Rohatgi R, Flores D. Intratubular hydrodynamic forces influence tubulointerstitial fibrosis in the kidney. Curr Opin Nephrol Hypertens 19:
65–71, 2010.
51. Sean Eardley K, Cockwell P. Macrophages and progressive tubulointerstitial disease. Kidney Int 68: 437–455, 2005.
52. Shigematsu K, Asai A, Kobayashi M, Herndon DN, Suzuki F. Enterococcus faecalis translocation in mice with severe burn injury: a pathogenic
role of CCL2 and alternatively activated macrophages (M2aMphi and
M2cMphi). J Leukoc Biol 86: 999 –1005, 2009.
53. Smith MS, Bentz GL, Alexander JS, Yurochko AD. Human cytomegalovirus induces monocyte differentiation and migration as a strategy for
dissemination and persistence. J Virol 78: 4444 –4453, 2004.
54. Taal MW, Zandi-Nejad K, Weening B, Shahsafaei A, Kato S, Lee
KW, Ziai F, Jiang T, Brenner BM, MacKenzie HS. Proinflammatory
gene expression and macrophage recruitment in the rat remnant kidney.
Kidney Int 58: 1664 –1676, 2000.
55. Tajirian T, Dennis JW, Swallow CJ. Regulation of human monocyte
proMMP-9 production by fetuin, an endogenous TGF-␤ antagonist. J Cell
Physiol 185: 174 –183, 2000.
56. Tsuda Y, Takahashi H, Kobayashi M, Hanafusa T, Herndon DN,
Suzuki F. CCL2, a product of mice early after systemic inflammatory
response syndrome (SIRS), induces alternatively activated macrophages
capable of impairing antibacterial resistance of SIRS mice. J Leukoc Biol
76: 368 –373, 2004.
57. Vaidya VS, Ford GM, Waikar SS, Wang Y, Clement MB, Ramirez V,
Glaab WE, Troth SP, Sistare FD, Prozialeck WC, Edwards JR,
Bobadilla NA, Mefferd SC, Bonventre JV. A rapid urine test for early
detection of kidney injury. Kidney Int 76: 108 –114, 2009.
58. Vallon V. The proximal tubule in the pathophysiology of the diabetic
kidney. Am J Physiol Regul Integr Comp Physiol 300: R1009 –R1022,
2011.
59. van Timmeren MM, Vaidya VS, van Ree RM, Oterdoom LH, de Vries
AP, Gans RO, van Goor H, Stegeman CA, Bonventre JV, Bakker SJ.

F1417

