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environment were large enough to cause a transition to another equilibrium state where a new mechani-
cal balance within the stress fiber is needed to keep the structure, the cells may adapt to the environment
by modulating their molecular compositions just as is done by the recruitment of a-smooth muscle
actin. Stress fibers under isometric contraction are actually accompanied by rapid molecular exchanges
of a-actinin and myosin with the ones in the surrounding cytoplasm [49]. Mechanical stimuli-induced
deviations from an equilibrium state (or a homeostatic state) associated with the apparently static but ac-
tually dynamic isometric conditions (such as alterations in stress) may thus cause the mechanosensitive
responses of stress fibers.

Why, then, is stress or strain kept constant instead of force? Actin filaments are bundled in parallel
by «-actinin and myosin to form stress fibers, and the bundling is strengthened at the periphery of
stress fibers where the cross-linking (with structural proteins talin and vinculin [3,15]) is rich in quantity
and quality [49,61]. Focal adhesions as a mechanosensitive element [15,25,53] might be thus affected
by stress having an interaction surface (because all of the paralleled actin filaments probably deform
the focal adhesions together) rather than by force unrelated to cross-sectional area. Meanwhile, stress
and strain are a concept of continuum mechanics to be exact. Considering the individual molecules,
stress fibers having higher-order structures are not uniform materials. Each mechanosensitive element
within stress fibers, such as a-smooth muscle actin [16] might sense tensional force or elongation (or
force-induced conformational change that exposes cryptic binding or phosphorylation sites) in respective
actin filaments or their associated proteins rather than the stress or strain detected at the whole stress fiber
scale. As for mechanosensitive elements responsible for the stress fiber disassembly, one of the potential
candidates is cofilin, which colocalizes with actin and conducts severing and possibly depolymerization
[46,54]. These actin-associated proteins might be regulated by tensions in each actin filament as well.

4. Biomechanical properties in the eytoplasm

Soft substrates made by microfabrication have allowed quantification of the magnitude of isomet-
ric tension in stress fibers [57]. These measurements have demonstrated that tensions of the order of
~1-40 nN in magnitude, depending on the size of large focal adhesions, are exerted on the substrate
in smooth muscle cells. Single actin filaments in vitro are able to bear ~600 pN at the maximum [58].
Forces generated by single myosin heads along actin filaments are on the order of ~1-10 pN [32].
However, it remains unclear how tensions are borne and transmitted within stress fibers under isomet-
ric contraction. From modeling approach, force balances in one sarcomeric unit in stress fibers have
recently been discussed by considering another structural protein, titin, similar to the titin or connectin
that works as an elastic element in striated muscle {4,55]. Force balances on a scale that includes inter-
actions between stress fibers and focal adhesions were also reported, focusing on Rho-kinase-mediated
spatially different contractions of actomyosin [2]. Force balance in stress fibers and its role in various
macroscopic mechanical behaviors were also discussed from a tensegrity approach [41].

The lack of our knowledge about the force balance and transmission within stress fibers is partly
because the mechanical properties of stress fibers were unclear. Recently, however, there have been
increasing data on them. Kumar et al. [35] evaluated viscoelastic properties of stress fibers in living
endothelial cells from their retraction behavior seen after being severed by laser cutting. The retraction
was slowed or virtually abolished by inhibition of Rho-kinase or calmodulin/MLCK, respectively. Lu
et al. [40] measured transverse (perpendicular to the longitudinal length) elastic modulus of individual
stress fibers in living endothelial cells by indentation using an atomic force microscope. They revealed
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that the elastic modulus of stress fibers, in which the contractile level was decreased with blebbistatin,
was smaller than those in which the contractile level was increased with calyculin A. The elastic modulus
was in the range of ~10 kPa, whereas the smallest values reported by Deguchi et al. [8,10] on stress fibers
isolated from cells was ~300 kPa. One major difference between Lu’s and Deguchi’s experiments is that
the former measured a transverse elastic modulus based on a small indentation depth of 200 nm while
the cells were subjected to unidirectional stretch of ~8%; meanwhile, the latter measured a longitudinal
elastic modulus based on ~20% axial stretch. As the stress fiber is undoubtedly an anisotropic material
in which filamentous structures are bundled more or less in parallel, it seems reasonable to have elastic
modulus of such different magnitudes depending on the loading direction.

Focusing on the same stress fibers inside cells, Lu’s data demonstrated that the elastic modulus after
the contractile level was increased was larger in the peripheral regions than that in the central regions
[40]. This heterogeneous distribution of the elastic modulus along the long axis of individual stress fibers
may be comparable to the non-uniform deformation of stress fibers, reported by Peterson et al. [49] after
enhancement of contraction by calyculin A. They demonstrated that peripheral stress fibers shortened
in length, whereas central ones were elongated probably due to passive stretching caused by stronger
peripheral contraction. We touch on this topic more in detail in the following section.

5. Non-uniform contraction behavior

Why is the non-uniform deformation generated in the same stress fibers, even though they have peri-
odic and hence regular sarcomeric structures along the long axis in non-motile cells? This still remains
unclear; however, the origin has been discussed from various modeling approaches. Besser and Schwarz
[2] assumed that Rho-kinase that phosphorylates MLC is rich in concentration around the cell periph-
ery, thereby leading to higher stress fiber contraction at the periphery compared to the central region.
This assumption came from ideas that the guanine nucleotide exchange factor for RhoA is activated at
focal adhesions; and then activated GTP-bound Rho, the upstream signal of Rho-kinase, becomes richer
in concentration near the focal adhesions rather than the central region. The spatial difference in Rho-
kinase concentration is, however, still controversial as RhoA and Rho-kinase were reported to exist along
the stress fibers [28]. Moreover, the myosin-binding subunit of myosin phosphatase (phosphorylated by
Rho-kinase to inhibit the activity of this enzyme and to activate MLC accordingly) was also associated
with stress fibers [24,42]. To account for the non-uniform deformation, other modeling studies [41,55]
assumed a parameter by which the contractile force becomes stronger near the periphery than the central
region. The phosphorylation level of MLC is indeed higher around the periphery than the central region
{49,611, which may support this assumption.

Nevertheless, no mechanism has yet appeared that describes why MLC should be higher in concentra-
tion and be activated more at the peripheral region of stress fibers than the central region. The stress fiber
assembly process (of motile cells) basically consists of mDia-based elongations and subsequent connec-
tions with different actin bundles followed by their actomyosin contraction [21,45]. Myosin movements
along actin filaments would also play a role in the stress fiber assembly [59]. However, these mecha-
nisms do not provide the reason for the non-uniform MLC concentration and activation. Interestingly,
structural mechanics-based considerations (Deguchi, unpublished data) indicate that a higher stretching
strain is produced in central than in peripheral regions because a certain frictional force should be present
at the interface between a stress fiber and surrounding cytoplasm when there is a relative displacement
to each other {9,35,47]. Such non-uniform deformations can appear even without the assumptions on
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non-uniform signal concentrations or non-uniform contractile/mechanical properties depending on the
positions in the stress fiber, as were postulated in previous reports [2,41,55]. Thus, tension in stress fibers
may not be distributed uniformly along the axial length. This theoretical consideration could also explain
the mechanism of the spatially non-uniform molecular exchange activities of myosin and «-actinin in
non-motile cells where molecular exchanges are more frequent in central regions [49], because a high
(but physiological) stretching strain seems to induce frequent molecular turnovers [16,63,64].

6. Biomechanical properties characterized in vitro

Though stress fibers are highly dynamic in the cytoplasm as mentioned earlier, Katoh et al. [29]
demonstrated that stress fibers isolated from fibroblasts, by low ionic strength solution and detergent
extractions, are stable and are not disassembled even without tension. The use of isolated stress fibers
thus helps understand the component composition and characterization of the mechanical properties ex-
cluding effects of the surrounding cytoplasm and turnovers. The isolated stress fiber showed contractile
behavior whose magnitude was dependent on the concentration of Mg?+-ATP. Detergent extraction us-
ing Triton X-100 readily dissolved both RhoA and Rho-kinase; hence, as mentioned earlier, such stress
fibers showed only Ca**-dependent contractions. Meanwhile, fibers subjected to detergent extraction
using glycerol were capable of contracting both in the presence and absence of Ca’* since the Rho-
kinase-mediated contraction, independent of Ca?*, remained unchanged.

Surprisingly, the isolated stress fiber shortened to 20% of the original length, without molecular
turnover or exchanges with cytoplasmic constituents [28,29]. Sarcomeres in striated muscles cannot
shorten to that extent because of the existence of A-bands consisting mostly of myosin thick filaments
(Fig. 4). Stress fibers in non-motile cells have a sarcomeric structure (Figs 2 and 3); yet, they may be
less organized compared to the muscle sarcomere [12]. As for the difference between the stress fibers
in non-motile cells and in muscle sarcomere, Peterson et al. [49] have proposed that c-actinin in stress
fibers is not confined to a relatively narrow Z-line structure, but extends into an equivalent of the muscle
I-band while binding to actin regions that do not overlap with myosin (Fig. 2).

In addition to the tension caused by isometric contraction, stress fibers in vascular endothelial and
smooth muscle cells are subjected to cyclic stretching in vivo due to pulsatile blood pressure. Tensile
propetrties of stress fibers are thus important to assess the resistance to the stretching and the ability of
tension transmission that may directly activate remote mechanosensitive sites [17,22,43,60]. Using a
pair of cantilevers as a micromanipulation tool, Deguchi et al. [8-10] evaluated a longitudinal elastic
modulus of single stress fibers isolated from endothelial cells (~300 kPa) and smooth muscle cells
(~1.45 MPa) assuming that stress fibers are a uniform structure having a certain cross-sectional area
(~0.05 um?) estimated based on electron microscopy (Fig. 5). These values, even in the absence of
Mg?*-ATP that unties myosin from actin filaments, are much smaller in magnitade compared to single
actin filaments having a longitudinal elastic modulus of ~1 GPa [33]. Tensional loadings of ~10-nN
order of magnitude were required for stretching single stress fibers, whereas ~100-pN tensions were
enough for individual actin filaments to obtain their force—strain curves [37]. Since the slope of the
force-strain curve (corresponding to elastic modulus) in Deguchi’s data increases as stretch proceeds,
stress fibers may have a loose structure in which dominant stress-bearing components vary with strain.
Lu et al. [40] also reported a transverse elastic modulus of stress fibers in living cells that nonlinearly
increased depending on the magnitude of substrate stretch.

The single proteins (i.e., actin filaments) and composite structures (i.e., siress fibers) thus differ in
elastic modulus and force transmission ability. Cramer et al. [7] found that stress fibers in motile cells
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Fig. 5. Measurements on isolated stress fibers. () A smooth muscle cells expressing GFP-actin and RFP-local adhesion kinase.
(b) The same cell alter cytoplasmic constituents are removed by chemical treatments except lor the remaining stress fibers
and focal adhesions. (¢) Tensile test of a single stress fiber. Arrows indicate the initial positions of the cantilevers used for
micromanipulation. (d) Superimposed images of smooth muscle cells before (green) and after (red) the cytoplasm except for
ventral stress fibers and focal adhesions that were removed by chemical treatments, Some stress fibers (open arrowheads) were
removed after the treatment, and thick stress fibers (closed arrowheads) pivoted outward. The positions of focal adhesions
located at the terminal of stress fibers remained unchanged as shown by the yellow color, This result indicates that before the
removal of the cytoplasm stress fibers had tensional prestress, and that they deform to reduce strain energy after some constraints
are removed. Scale bars: 20 pm. Reproduced with permission of the copyright holder (Tech Science Press). (The colors are
visible in the online version of the article.)

contain ~10-30 actin filaments. However, as far as the authors know, quantification of the number of as-
sociated filaments inside stress fibers of non-motile cells has not yet been achieved, although the amounts
of respective molecular compositions within stress fibers were investigated [29]. As detailed mechanical
structure (including boundary conditions between structural molecules) and force transmission inside
stress fibers are largely unknown [1], qualitative and quantitative understating of such mechanical hier-
archies will be a subject of future investigations.

7. Concluding remarks
In this review, starting from the clarification of which actin bundles are the subject of interest here,

we discussed the biomechanical properties of stress fibers of non-motile cells, including isometric con-
traction, prestrain/prestress, elastic properties, and the relationships between those properties and the
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dynamic exchanges of associated molecules occurring frequently in the cytoplasm. By keeping an intra-
cellular mechanical homeostasis through the maintenance of the isometric contraction or remodeling of
focal adhesions and stress fibers, cells seem to adapt to the surrounding mechanical environment.
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Functional and morphological responses of endothelial cells (ECs) to fluid shear stress are thought to be
mediated by several mechanosensitive molecules. However, how the force due to fluid shear stress
applied to the apical surface of ECs is transmitted to the mechanosensors is poorly understood. In the
present paper, we performed an analysis of an intracellular mechanical field by observation of the defor-
mation behaviors of living ECs exposed to shear stress with a novel experimental method. Lateral images
of human umbilical vein ECs before and after the onset of flow were obtained by confocal microscopy,
and image correlation and finite element analysis were performed for quantitative analyses of subceltular
strain due to shear stress. The shear strain of the cells changed from 1.06 + 1.09% (mean £SD) to
4.67 £ 1.79% as the magnitude of the shear stress increased from 2 to 10 Pa. The nuclei of ECs also exhib-
ited shear deformation, which was similar to that observed in cytoplasm, suggesting that nuclei transmit
forces from apical to intracellular components, as well as cytoskeletons. The obtained strain-stress rela-
tion resulted in a mean shear modulus of 213 Pa for adherent ECs. These results provide a mechanical
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perspective on the investigation of flow-sensing mechanisms of ECs.
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1. Introduction

Hemodynamic fluid shear stress (FSS) acting on vascular endo-
thelial cells (ECs) evokes a variety of cellular responses, including
proliferation [1}, expression of adhesive molecules {2], cytoskeletal
structures and morphology [3], and mechanical properties [4] that
may be relevant to both the physiology and pathology of blood ves-
sels. Thus, numerous previous studies have attempted to deter-
mine the mechanism by which ECs sense FSS and adapt to
mechanical environments. Recently, FSS-induced activation of sev-
eral of the candidate mechanosensitive molecules, such as G pro-
teins {5] and PECAM-1 [6], has been demonstrated. However, as
of yet, there is no primary evidence as to whether these molecules
are activated directly by mechanical loading or by intracellular sig-
naling interactions that were cued by another mechanosensor. This
is thought to be due to the difficulties in precisely describing the
intracellular mechanical conditions, i.e., how FSS acting on the api-
cal surface of ECs is transmitted and generates an intracellular
mechanical field. As such, it is necessary to investigate the degree
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to which forces are exerted on the intercellular junction, focal
adhesions, and other candidates for mechanotransducers.

Helmke et al. [7,8] reported the flow-induced displacement of
intermediate filaments downstream of the flow and calculated
the intracellular strain field from movements of cytoskeletal net-
works. However, they could not clearly distinguish the passive
deformation of cells from the active response of cells via biochem-
ical responses. This may be one of the difficulties in experimentally
revealing the mechanism of FSS-sensing by ECs. Numerical ap-
proaches are efficient methods by which to overcome the difficulty
of separating passive deformation from active cell movements.
Some previous reports have used computational analysis to evalu-
ate the mechanical environment of ECs exposed to FSS [9,10]. Ferko
et al. [10] reported a method for analyzing the intracellular strain
fields of ECs exposed to shear flow using a cell-specific finite ele-
ment model, in which the subcellular structures of the nucleus
and focal adhesions were incorporated. However, these computa-
tional studies could not reveal the actual intracellular mechanical
environment at the subcellular level because living cells have more
complicated internal structures, such as cytoskeletons, which may
contribute to intercellular force transmission and mechanical
properties [11,12]. In addition, the actual shear modulus of cells,
which is a critical determinant of the shear-induced deformation
of cells, is thought to be different from the theoretical value
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computed from Young’s modulus with the assumptions of isotropy
and incompressibility, while the modulus has been used in almost
all computational studies.

In an attempt to solve this problem, in the present study, we re-
port a novel experimental technique that enables direct observa-
tion of the passive deformation of living ECs exposed to the
physiological range of FSS by confocal microscopy and the mea-
surement of the intracellular strain field together with the applica-
tion of image processing and the finite element method (FEM). To
reveal the role of actin filaments in force bearing in ECs exposed to
FSS, the deformation behavior of ECs treated with cytochalasin D is
also analyzed. In addition, we calculate the shear modulus of ECs
and measure the shear strain of ECs exposed to FSS controlled to
physiological magnitudes.

2. Materials and methods
2.1. Cell culture and fluorescent labeling

Human umbilical vein endothelial cells (HUVECs) isolated from
umbilical veins by trypsin treatment, as described in a previous
study [13], were grown in Medium 199 (Invitrogen) containing
20% fetal bovine serum (JRH Biosciences), 10 ngfml basic fibroblast
growth factor (Austral Biologicals), and penicillin~streptomycin
(Invitrogen). For the experiment, cells were seeded on a ¢35-min
glass-bottom dish (with a $12-mm hole on the bottom and cov-
ered with a ¢$27-mm cover glass, AGC Techno Glass) pre-coated
with 0.1% bovine gelatin (Sigma-Aldrich). The following experi-
ments were conducted after the cells achieved confluence.

Two hours before the experiment, the cytoplasmic domain and
nuclei of living HUVECs were stained with 10 uM Cell Tracker Red
CMTPX (Invitrogen) and 5 pM SYTO13 (Invitrogen), respectively.
These fluorescent dyes induced speckled patterns of labeling,
which are suitable for the image correlation described later herein.

In order to evaluate the role of actin cytoskeletons in FSS-in-
duced deformations, HUVECs were treated with 0.2 or 2 uM cyto-
chalasin D (CytoD, Enzo Life Sciences), which is a commonly used
regent for the inhibition of actin polymerization, for 30 min prior
to the experiments.

2.2. Experimental setup and procedure

The flow-exposure system consisting of a paralle]l plate flow
chamber, a syringe pump (KDS210, KD Scientific), a tube heater
(MATS-TH, Tokai hit), and polyethylene tubes (Imamura) was used
in the present study (Fig. 1). The flow chamber was composed of a
cell culture dish, a polycarbonate 1/O unit, and a silicone gasket,
which determines the geometry of the flow section of 0.2 mm in
height and 2 mm in width. The mean shear stress acting on the HU-
VEC monolayer is expressed as

T = 6uQ/bh?, 1)

where p is the viscosity of the culture medium, which was 0.74
mPas (at 37 °C) as measured with a sine wave vibro-viscometer
(SV10, A&D), Q is the flow rate, and h and b are the flow channel
height and width, respectively. The flow rate driven by the pump
was controlled to expose the HUVEC monolayer to-FSS of desired
magnitudes. To maintain the appropriate pH during the experi-
ments in a low CO; atmosphere {room atmosphere), the medium
was replaced into M199 with Hanks’ salts (Invitrogen). For the Cy-
toD-treated experiment, the same concentration of CytoD used to
pre-treat the HUVECs was added to the medium. The chamber
was mounted on a stage equipped with a thermo-control system
(MI-IBC, Olympus) of an inverted confocal laser scanning micro-
scope (CLSM, FV1000, Olympus). The temperature of the medium
was maintained at between 35 and 37 °C by means of the tube

heater and the thermo-control system. Lateral images of HUVECs
were obtained using a 100x objective lens (UplanApo, NA = 1.35,
Olympus) in line scanning mode at a pixel resolution of 124 nm/
pixel and a vertical spacing of 120 nm/pixel. Based on the Rayleigh
criterion, the optical horizontal resolution was 226 nm at a wave-
length of 500 nm. The image size was approximately 1000 pixels
(horizontal) x 150 pixels (vertical), and the time required for scan-
ning was 3-4 s/frame. The scanning line was set to be parallel to the
direction of flow crossing the vicinity of the center of the nucleus
and containing two to four HUVECs in one frame. A personal com-
puter (NJ2150, Epson Direct) with a custom Labview 8.6 (National
Instruments) program was used to synchronize the pushing motion
of the syringe pump and the trigger signal for image acquisition by
CLSM for a temporally well-coordinated measurement.

Fig. 1B shows the experimental regime for measurements of cell
deformation. Based on the intracellular stress tomography
reported by Hu et al. [11], we used intermittent patterns of FSS
exposure and image acquisition, which was phase-locked to the
periodic FSS exposure, for precise measurement of the intracellular
mechanical field. The square-wave form pattern of FSS with a fre-
quency of 0.05 Hz, which corresponds to the alternating repetition
of a 10 5 FSS exposure and a 10 s pause of FSS, were applied to ECs.
Trigger signals for image acquisition were input to the CLSM at 55
after onset and offset of flow. This 20 s cycle of flow pattern and
image acquisition was repeated five times at the same FSS level.
Therefore, we obtained five “deformed" and five "undeformed” lat-
eral images of HUVECs. This procedure facilitated the reduction of
the effect of random movement of intracellular structures and ac-
tive deformation of cells due to cell migration. This five-cycle rep-
etition was performed sequentially while varying the maximum
FSS as 2, 4, 6, and 10 Pa, so that the deformation of identical cells
could be measured under various shear stress levels.

2.3. Image correlation

To obtain the intracellular displacement field, an image correla-
tion analysis was carried out between the undeformed and de-
formed images. Prior to the analysis, the following image
processing was performed using Image] 1.40b software {National
Institutes of Health). First, the parallel displacement in the vertical
direction of the cells in the lateral images were corrected because
the change in internal pressure of the chamber due to flow induced
the deflection of the glass bottom, resulting in a vertical shift of the
images. The center-of-mass of the cross section of the cells was de-
tected with the “Analyze particle” function of Image]. Based on
these obtained drift data, the vertical positions of the images were
corrected using the "“Translate” function of Image] with sub-pixel
interpolation. Then, the aspect ratio of the images was corrected
from 0.124:0.120 (horizontal:vertical) to 1:1. Finally, the averaged
images were generated from “deforrned” and “undeformed”
images, respectively, using the image calculation function of Ima-
ge] in order to reduce the noise,

Displacement vectors of each pixel in lateral images were ob-
tained from a pair of averaged “deformed” and “undeformed”
images with an image correlation method using Flow-vec 2.8 soft-
ware (Library). A small region of 13 x 13 pixels surrounding the
object pixel was set as the sample window. The displacement of
each window was detected with a spatial resolution of approxi-
mately 1/10 pixel, corresponding to approximately 12 nin.

2.4, FEM analysis

FEM analysis was performed to calculate the strain field from
the displacement field using ANSYS 11.0 multipurpose FEM analy-
sis software (ANSYS). Conversion of image data to the finite
element model was performed as follows. All pixels in an image
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Fig. 1. Experimental setup and procedure. {A) Schematic diagram of the experimental setup for visualization of FSS-induced deformation of ECs. A parailel plate flow chamber
is illustrated in a cross-sectional view. (B) Diagram of the experimental regime. A HUVEC monolayer was exposed to square-wave form FSS with a frequency of 0.05 Hz, a duty

cycle of 50%, and amplitudes of 2, 4, 6, and 10 Pa.

were converted into nodes of four-node shell elements in FEM, and
the vectors obtained from image correlation were allocated to
nodes as constraint displacements. After the obtaining the solu-
tion, we obtained the shear strain in each pixel as nodal solutions.

2.5. Calculation of shear modulus

To calculate the shear modulus of adherent HUVECs, the mean
shear strain of a cell was calculated by averaging the shear strains
of all pixels on the cells. Therefore, the shear modulus (G) can be
calculated using following simple equation, which is the definition
of shear modulus:

T =Gy, (2)

where 7 is the applied FSS and y is the mean shear strain.
3. Results and discussion
3.1. FSS-induced deformation of ECs

In the present study, we observed the deformation of ECs
exposed to FSS by confocal microscopy. As shown in Movie S1 (in
Supplementary material), we successively observed the deforma-
tion behavior of ECs under a shear stress of 2-10 Pa. Fig. 2 shows
representative lateral views of fluorescent images of ECs
(Fig. 2A-H), displacement fields (Fig. 2I-L), and shear strain fields

(Fig. 2M-P). As shown in Fig. 21-L (particularly clearly in Fig. 2K
and L), large displacements (of up to 600 nm) were observed at
the apical side of the cells, whereas the displacements of the bot-
tom sides were small compared to the apical side. The difference
in displacement between the apical and basal sides provides a di-
rect indication of the shear deformation of cells. To our knowledge,
this is the first report of the direct measurement of shear deforma-
tion of adherent ECs exposed to FSS. Helimke et al. [7,8] observed
the FSS-induced deformation of ECs using an experimental proce-
dure similar to that of the present study. They analyzed the total
passive and active cell deformation that occurred 3 min after flow
onset. On the other hand, in the present study, from the total defor-
mation, we extracted only the displacements due to passive defor-
mation that occurred 10s after flow onset. Therefore, to our
knowledge, the observation of the present study is the first to dis-
tinguish passive deformation from the active responses of ECs ex-
posed to FSS.

As shown in Fig. 2A through, the greater part of the lateral
images of the HUVECs was occupied by nuclei, and the shear defor-
mation of the cell was accompanied by deformation of the nucleus
(Fig. 2E-H, Movie S1). The shear strain mappings shown in
Fig. 2M-P had scattered distributions, and no difference in the
magnitude of shear strain between the cytoplasm and the nuclei
was observed. According to previous reports {14,15], the nucleus
is approximately 2.5~16 times stiffer than the cytoplasm. These re-
sults suggest the existence of mechanical connections between the
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Fig. 2. Lateral images of HUVECs exposed to FSSs of 2 Pa (A, E, I, and M), 4 Pa (B, F, ], and N}, 6 Pa{C, G, K, and 0), and 10 Pa (D, H, L, and P). (A-D) Fluorescent images of nuclei
(green) and cytoplasm (red) of HUVECs under given FSS. (E-H) Merged images of HUVECs under static (red) and flow {green) conditions. Disagreement of green and red colors
indicates the displacement due to the flow. (I-L) Contour mappings of displacement in the flow direction. (M-P) Contour mappings of shear strain analyzed using FEM. The
dextral and sinistral shear strains are indicated by warin and cold colors, respectively. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this paper.)

apical surface and the basal side via the nucleus transmitting
forces. Crisp et al. [16] reported a structural linkage between the
actin cytoskeleton and the nuclei via nesprin molecules, and Wang
et al. [17] suggested that this connection contributes to the force
transmission from the extracellular matrix to the nuclei, Taken to-
gether, the nucleus can act not only as a mechanosensor but also as
a force transimitter as well as a cytoskeletal structure {11}, which is
known to transmit forces on the apical surface to focal adhesions
containing several candidate mechanosensitive molecules,

3.2. Shear modulus of HUVECs
The mean shear strain level in each cell was increased propor-

tional to the magnitude of FSS applied, as indicated in Fig. 3. The
shear strain was 1.03 £1.09% (mean * SD) at 2 Pa and increased

of 0.59° and 2.67°, respectively. From the linear relationship be-
tween the applied FSS () and the shear strain (y), we obtained fol-
lowing relationship:

y %] =1/G-100 -7 = 0.469 - T [Pa]. (3)
Then, the shear modulus (G) of HUVECs is expressed as follows:
G=1/0469-100 = 213 [Pa]. (4)

We can also obtain the shear modulus of the cell from Young's
modulus (E) from the following equation under the assumptions of
incompressibility and isotropy, as follows:

G = E/2(1+ ), 5)

where v is Poisson’s ratio. Under the assumption of incompressibil-
ity (v =0.5), we obtain:

to 4.67 £1.79% at 10 Pa. These values correspond to shear angles G=E/3. (6)
20.0
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Fig. 3. Relationship between the applied FSS and the shear strain of HUVECs. Control cells (closed circles), 0.2 pM CytoD treated cells (open squares), and 2 pM CytoD treated

cells {closed triangles).
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Kataoka et al. [ 18] and Mathur et al. [14] measured the Young's
modulus of HUVECs by indentation measurement using atomic
force microscope (AFM) and reported the Young's modulus to be
in the range of 3-6 kPa, which, based on Eq. (6), yields a shear
modulus in the range of from 1 to 2 kPa. Therefore, the shear mod-
ulus obtained in the present study is considered to be smaller than
the value calculated from the previously reported Young's modulus
under the assumptions of incompressibility and isotropy. Although
the reason for this difference is unclear, a number of possibilities
have been suggested. First, the limitation of the assumption of isot-
ropy has been suggested to induce the difference in the values. Hu
et al. [19] reported that the anisotropic mechanical property of
adherent cells depends on actin cytoskeletons. Second, we calcu-
lated the shear modulus under the assumption that the average
shear stresses of 2, 4, 6, and 10 Pa induced shear strain in the
ECs. However, it has been reported that shear stresses acting on
the EC surface are nonuniformly distributed, depending on the sur-
face topography of ECs, and that a maximum shear stress greater
than mean is exerted at the apex of ECs [10,20). In the present
study, we averaged the shear strain in each pixel of a cell in calcu-
lating the mean shear strain in a cell. If FSS increases at the apex
region of ECs, the mean shear strain may have been overestimated
because the local strain beneath the apex region, which occupies a
large part of the vertical section of the ECs, would be much larger
than the other part of the ECs and would have a significant effect
on the mean value. Furthermore, the heterogeneity of the cell is
thought to be the reason for this difference. Previous studies
reporting the Young's modulus of HUVECs have used AFM. The
Young's modulus obtained by AFM may be affected by the local
stiffness of the cell surface, which contains a stiff cortical layer con-
sisting primarily of actin filaments. On the other hand, the shear
modulus presented in the present study is calculated from the
strain over the entire area of the HUVEC.

3.3. Role of actin filaments in FSS-induced deformation
Fig. 4G-L and M-R shows the displacement fields and shear

strain fields, respectively, of HUVECs treated with CytoD. Both
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displacement and shear strain increased with the increase in CytoD
concentration. The maximum displacement was more than 2 pm,
and the maximal shear strain exceeded 50% (both indicated in gray
in the contour images) in the HUVECs treated using 2 uM CytoD
exposed to 10 Pa. As shown in Fig. 3, the shear strain caused by
FSS of the ECs increased significantly upon CytoD treatment. The
shear moduli of HUVECs treated with 0.2 and 2 pM CytoD were
90.6 and 55.3 Pa, respectively. Wakatsuki et al, [21] reported the
relationship between the normal stiffness of cells measured by
indentation testing and the concentration of treated CytoD.
According to their report, the normal stiffness decreased to approx-
imately 40% and 15% when cells were treated with 0.2 M CyteD
and 2 uM CytoD, respectively. In the present study, treatment with
CytoD of the same concentrations reduced the shear moduli to 42%
and 25%, respectively. This result suggests that actin cytoskeleton
contributes to the shear force bearing as well as the normal force,

Some previous studies have reported polarized biochemical re-
sponses in ECs exposed to FSS {22,23]. For example, Zaidel-Bar
et al. [22] reported that FSS induces phosphorylation of paxillin
at the downstream edge and inactivation of small GTPase Rac1 at
the upstream side of ECs. In addition, we previously suggested that
the directional remodeling of ECs are mediated by activation of
mechanosensors in the localized region of a cell [24]. Taken to-
gether, locally concentrated forces are considered to be exerted
on mechanosensors to induce the localized activation of the signal
transduction leading to the directional remodeling of cells. Recent
reports have suggested that the locally applied force transmitted
through cytoskeletons induces rapid activation of Rac1 at the distal
point from the point of application of the force {25], which sug-
gests that force transmission via cytoskeletons may play an impor-
tant role in the polarized activation of mechanosensors, However,
in the present study, we did not investigate force transmission to
an extracellular matrix or to adjacent cells. According to these find-
ings and considerations, further investigations should include
quantitative evaluations of force transmission to the candidates
for mechanosensors, such as focal adhesions or intercellular junc-
tions, and localized biological responses such as the activation of
RhoGTPases {22,23,25] in order to demonstrate the correlation be-
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Fig. 4. Lateral images of HUVECs exposed to FSSs of 2 Pa (A, G, M, C,1,0,E,H,and Q) and 10Pa (B, H,N, D, J, P, F, L, and R). (C, D, 1, ], O, and P) HUVECs treated with 0.2 uM
CytoD, and (E, F, KK, L, Q, and R) HUVECs treated with 2 uM CytoD. (A-F) Fluorescent images of nucleus (green) and cytoplasm (red) of HUVECs under a given FSS. (G-L)
Contour mapping of the displacement to the flow direction (left to right). (M~R) Contour mapping of the shear strain. The dextral and sinistral shear, strains are indicated by
wann and cold colors, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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tween mechanical fields and mechanotransduction in ECs exposed
to FSS.

4. Conclusion

In the present study, we proposed a novel but simple technique
to observe the passive shear deformation of living ECs exposed to
FSS of physiological levels. Using image correlation and FEM anal-
ysis, we analyzed the subcellular strain field of ECs quantitatively
and calculated the shear modulus of adherent ECs without any
contacting probes. As a result, ECs and their nuclei were demon-
strated to exhibit shear strain proportional to the applied FSS
and the shear modulus of ECs was found to be 213 Pa,
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ABSTRACT

Hypertension in patients with chronic kidney disease (CKD) strongly associates with cardiovascular events.
Among patients with CKD, reducing the accumulation of uremic toxins may protect against the development
of hypertension and progression of renal damage, but there are no established therapies to accomplish this.
Here, overexpression of human Kidney-specific organic anion transporter SLCO4C1 in rat kidney reduced
hypertension, cardiomegaly, and inflammation in the setting of renal failure. In addition, SLCO4C1 overex-
pression decreased plasma levels of the uremic toxins guanidino succinate, asyrmietric dimethylarginine, and
the newly identified trans-aconitate. We found that xenobiotic responsive element core motifs regulate
SLCOA4C1 transcription, and various statins, which act as inducers of nuclear aryl hydrocarbon receptors,
upregulate SLCO4C1 transcription. Pravastatin, which is cardioprotective, increased the clearance of asym-
metric dimethylarginine and trans-aconitate in renal failure. These data suggest that drugs that upregulate
SLCO4CT may have therapeutic potential for patients with CKD.
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All individuals with an estimated GFR (eGFR) * 60 mi/min per
1.73 m?are defined as having chronic kidney disease (CKD).? The
prevalence of CKD is now estimated at approximatefy 10% of the
population and will progress to ESRD. in patients with CKD, the
accumulation of uremnic toxins causes difficulty in controlling BP,
impairs renal function, and worsens prognosis.23 So far, more
than 110 organic compounds have been identified as uremic tox-
ins.# Among these, guanidino compounds, including guanidino
succinate (GSA) and asymmetric dimethylarginine (ADMA), are
increased in patients with CKD and correlate with prognosis.3* in
particular, ADMA, an inhibitor of nitric oxide synthase, is impli-
cated in hypertension, renal damage, cardiac hypertrophy, and
cardiovascular events,57 Currently, administration of the oral ad-
sorbent AST-120 is the only therapy to remove uremic toxins in
patients with CKD and diabetic nephropathy.® Although AST-
120 removes indoxyl sulfate, other compounds are not eliminat-
ed.? Thus, a new approach that addresses this problem is urgently
needed.

Recently, we isolated a human kidney-specific organic an-
ion transporting polypeptide (OATP), termed SLCO4C1, and
functionally characterized it as a digoxin transporter.’® The
OATP family is involved in the membrane transport of bile
acids, conjugated steroids, thyroid hormone, eicosanoids, pep-
tides, cardiac glycosides (digoxin, digitoxin, and ouabain), and
numerous drugs.’® Among these, in the kidney, SLCO4C1
might be a first step of transport pathway of digoxin and vari-
ous compounds into urine® in renal failure, basolateral
SLCO4C1 expression was decreased; however, the expression
level of MDR1, a member of the ATP-binding cassette trans-
porter family that mediates the tubular secretion of digoxin at
the apical membrane of the proximal tubule cell, was not
changed.® This reduction of SLCOA4CT in the proximal tu-
bules may be one of the mechanisms of impaired urinary ex-
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cretion of digoxin and drugs in renal failure.’® In humans,
SLCO4C1 is the only organic anion transporter in the kidney,
whereas, in rodent kidney, several oatps exist at the basolateral
and apical membrane of the proximal.* This species diversity
of the OATP family subtypes and the multiple locations in
proximal tubules make it difficult to extrapolate from experi-
mental studies of rodents to humans. To overcome this issues,
here, we generated a transgenic (TG) rat harboring human
SLCOA4CT in rat kidney and clarified physiologic and patho-
physiologic roles of human SLCO4C1.

RESULTS

Generation of TG Rat Harboring Human SLCO4C1 in
the Kidney

TG rat harboring human SLCO4C1 in the kidney was gener-
ated using the proximal tubule-specific promoter” (Figure 1,
A and B). In addition, to avoid unusuatl mRNA splicing during
overexpression, we mutated three atypical splicing donor-
adaptor sites in the coding region of SLCO4C1 without chang-
ing the amino acids (Figure 1A). As a result, the human
SLCO4CT mRNA was exclusively expressed in the kidney, es-
pecially in the proximal tubules of TG rats (Figure 1C). Immu-
nohistochemical analysis also revealed that human SLCO4C1
protein was strongly detected at the basolateral side of the
proximal tubules (Figure 1D).

When renal mass was reduced by five-sixths nephrectomy
(Nx), BP was significantly decreased in TG(* )Nx rats com-
pared with non-TG littermate [TG(« )Nx]rats (Figure 2A).
This BP reduction was seen in two independently generated
fines. In TG(* )Nx rats, cardiac hypertrophy was also signifi-
cantly reduced (Figure 2B).
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The survival rate of TG(+ )Nx rats was slightly increased
from that of TG(* )Nx rats, but the resuits did not reach sta-
tistical significance (Supplemental Figure 1C). In patients with
CKD, renal inflammation is also a risk factor of renal damage
and morbidity and mortality.*2 Immunochistochemically,
mononuclear cell infiltration stained with the macrophage
marker CD68 was strongly detected in TG(+ )Nx rat kidneys
(Figure 2C}). Conversely, TG(* )Nx kidneys demonstrated less
infiltration of macrophage (Figure 2C). These data indicate
thatexpression of human SLCO4C1 inrat kidneys ameliorated
not only hypertension but also inflammation in renal failure.

Elimination of Uremic Toxins in TG(- } Rats

To understand the mechanism by which SLCO4C1 exerted anti-
hypertensive and anti-inflammation effects, we performed com-
prehensive quantitative metabolome analysis.'® Blood and urine
specimens were measured by capillary electrophoresis mass spec-
trometry (CE-MS) and HPLC, and 188 anions and 298 cations
were identified (Supplemental Tables 1 through 4). Among these,
we focused on 21 compounds for which concentration was signif-
icantly changed after Nx (Supplemental Figure 2). Asaresult, the
plasma levels of creatinine and indoxy! sulfate were increased 3 wk
after Nx as previously reported,* but the concentrations of these
compounds were not differentbetween TG(* )Nxand TG(+ }Nx
rats 3 wk after Nx (Figure 3, A and B). Conversely, although the
plasma concentration of ADMA, GSA, and trans-aconitate were
significantly increased 3 wk after Nx, the increments were signif-
icantly decreased in TG(+ )Nxratscompared with TG(* )Nxrats
(Figure 3, C through E). These data suggest the facilitation of the
excretion of uremic toxins in TG(e ) rats,

2548 Journal of the American Society of Nephrology

Figure 2. Phenotype of human
SLCO4C1 TG rats. {A) BP and heart
rate of TG(+ )Nx and TG(s )Nx rats.
*Pe 0.05 versus TG(s )Nxrats (n
4 to 6 per group). (B) Thickness of
the interventricular septum (IVSTd)
and left ventricular posterior wall at
end-diastole (LVPWTd) were mea-
sured by echocardiogram before
and 3 wk after five-sixths Nx. *P «
0.05; P+ 0.01(n+ 410 9 per
group). (C) CD68 staining in the rat
kidney before and 3 wk after five-
sixths Nx. CD68" cell number
counts were performed before and
3 wk after five-sixths Nx. *P » 0.05
versus TG(+ }rats (n » 6 to 9 per
group). Bars « 100 »m.

To exclude the possibility of the compensative or nonspe-
cific effects by overexpression of SLCO4C1in the kidney, we
performed microarray analysis. As a result, there was NS dif-
ference in the expression levels of other rat transporters
(slcodc, oatp1, oatp3, oatp5, abcb11, mrp2, mdr1, and mic1).

The serum ADMA level is controlled by two pathways: (1)
Enzymatic degradation by dimethylarginine dimethylamin-
ohydrolase (DDAH) and (2) urinaryexcretion,'s In TG(s )Nx
rats, the DDAHT mRNA level was not different between
TG(* )Nxand TG(* )Nxrats, and the DDAH2 mRNA level in
TG(* )Nx rats was decreased compared with TG(+ )Nx rats
(Figure 3F), suggesting that the decreae of ADMA in
TG(» )Nx rats was not dependent on facilitating enzymatic
degradation. In addition, neither the plasmalevel of citrulline
(Figure 3G), produced from ADMA by DDAHs, nor the
mRNA Jevel of protein arginine N-methyltransferase that gen-
erates ADMA from arginine was different between TG(s JNx
and TG(+ )Nx rats. Because GSA excretion had not completely
correlated with creatinine clearance,'s thesedata further sug-
gest that the overexpression of SLCO4C1 atthe proximal tu-
bule facilitates guanidino compound excretion in renal failure.

Trans-aconitate is a competitive inhibitor of aconitase.’s
Aconitase is a key enzyme in catalyzing citrate to isocitrate via
cis-aconitate in the TCA cycle, and the accumulation of trans-
aconitate inhibits TCA cycle and respiration in tissues.'s The
retention compounds that are biologically/biochemically ac-
tive and responsive for the uremic syndromeare called uremic
toxins. It is widely known that he accurmulation of guanidino
compounds {including ADMA and GSA) and several uremic
toxins generate oxidative stress, and it causes further renal
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Figure 3. Metabolome analysis and characterization of uremic toxins are shown. (A through E
and G) The plasma concentration of creatinine (A), indoxyl sulfate (B), ADMA (C), GSA (D),
trans-aconitate (E), and citrulline (G) before and 3 wk after five-sixths Nx (n + 4 to 5 per group).
{F) The mRNA expression level of DDAH1 and DDAH2 in the kidney 3 wk after five-sixths Nx (n
5 per group). {H) BP after intraperitoneal injection of trans-aconitate {400 mg/kg; n » 5 per
group}. (I} Trans-aconitate-induced superoxide production in HK-2 cells. *P - 0.05.

damage in patients with CKD'7; however, the existence in
mammals, biologic effects, and the precise role of trans-aconi-
tate inrenal failure have not been clarified. When trans-aconi-
tate was administered to rats intraperitoneally, the BP of in-
Jjected rats was immediately elevated compared with controls
(Figure 3H). This increase of BP was cancelled when trans-
aconitate was injected into TG(* ) rats compared with TG(* )
rats, further suggesting the excretion through SLCO4C1 (Sup-
plemental Figure 1D). In addition, trans-aconitate signifi-
cantly induced superoxide production in human kidney prox-
imal tubule cells (Figure 31).

To confirm further that not only ADMA and GSA but
also trans-aconitate exists in humans and the concentration

J Am Soc Nephrol 20: 2546-2555, 2009
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is increased in accordance with
CKD progression, we performed
CE-MS analysis of 41 patients
with CKD at various stage. The
plasma level of trans-aconitate
was significantly correlated with
the increase of plasma creati-
nine, and that inversely corre-
lated with the eGFR similar to
ADMA and GSA (Figure 4). Be-
cause the plasma level of trans-
aconitate in patients without
e CKD is low, these data suggest
that trans-aconitate can be a new
uremic toxin, and a newly iden-
tified biomarker for predicting
the onset of renal damage and,
thus, the elimination of trans-ac-
onitate plays a beneficial role in
CKD.
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Ddah1 Ddah2  Functional Analysis of
SLCOA4C1 Promoter and Its
I R Modulation by Statins
[CJwanse oo =« We assumed that enhancement of

SLCO4C1 in thekidney may facil-
itate the excretion of uremic tox-
ins and thereby ameliorate the
symptoms of CKD. In this
scenario, drugs that upregulate
SLCOA4CT inthekidney may facil-
itate excretion of uremic toxins
and reduce renal inflammation,
decelerating progression of renal
damage and entry of hemodialysis.
Toaddress this, we isolated the pro-
moter region of human SLCO4C1.
Hurnan SLCOAC! promoter region
has a predominant transcription
start site located 164 bp upstream
of the ATG codon (Figure 5A).
Potential cis-acting motifs for
GATA-1, hepatocyte nuclear factor (HNF)-3+, CCAAT/en-
hancer-binding protein (C/EBP)+, C/EBP+, cAMP response
element-binding protein (CREB), and peroxisome prolifera-
tor-activated receptor « were found. We also identified tan-
dem xenobiotic-responsive element (XRE) motifs containing
thesubstitution-intolerant core sequence 5+-CACGC-3¢ at po-
sition » 126 (GGCACGCCCACGCCG). That sequence is gen-
erally recognized by AhR and AhR nuclear translocator hetero-
dimer,'® although the flanking sequences are not typical
compared with cyplal XRE motifs'®-20 {Supplemental Figure
3D). AhR binds “classical” ligands such as the environmental
pollutants halogenated aromatic hydrocarbors (e.g., dioxin,
benzo{a]pyrene, 3-methyicholanthrene [3-MC}).2"
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Human SLCO4C1 promoter A

rs=-0.353
activity was increased 1.49-fold 0.7+ P=0.024
(+ 2064) and 1.68-fold (- 129) gl e
by 3-MC compared with con- S gg5{ &¥ s .
trols (Figure 5B). The» 129con- Sp4d ¢, 2%

struct exhibited the highest ac-

tivity, and this segment 202
contained XRE core motifs. Be- 0.11
cause AhR can also bind to a 0

structurally divergent range of
chemicals,? we next screened
various compounds. The hepatic
hydroxymethyl glutaryl-CoA re-
ductase inhibitor (statin) fluva-
statin (2.3-fold at 10 « M) and
pravastatin (1.3-fold at 30 « M)
and atypical AhR ligand flut-
amide (1.4-fold at 10 « M) up-
regulated the SLCO4C1 pro-
moter activity (Figure 5C).
Because of the comparable mag- 0
nitude to 3-MC and its clinical
availability, we further focused
on statins. Deletion experiments
showed that all constructs ex-
erted potent promoter activa-
tion, but removal of the XRE
core segment or mutation in the
XRE core motifs abolished the response to fluvastatin (Fig-
ure 5D). Because there are various clinical reports on reno-
protective effects of statins,2? we further examined various
statins on human SLCO4C1 transcription. Simvastatin, lo-
vastatin, cerivastatin, itavastatin, mevastatin, atorvastatin,
rosuvastatin, and pitavastatin upregulated SLCO4C1 tran-
scription (Figure 5F).

Next, we determined the ligand-dependent recruitment
of the AhR-XRE system by chromatin immunoprecipitation
(ChiP) assay. Application of the antibody against AhR re-
sulted in a positive band for both 3-MC and fluvastatin
(Figure 5E, top). In addition, the nuclear recruitment of
AhR protein was further confirmed by Western blotting
with a strong band in the nuclear extract by 3-MC and flu-
vastatin (Figure 5E, bottom). These data suggested that st-
atins regulate SLCO4C1 transcription through the AhR-
ARE system.

rs=0.293
P=0.063

5
Cr(mg/dl)

Statins Increase Tubular Uremic Toxin Excretion

On the basis of our results, we next examined the effect of statins
in renal failure. In human kidney proximat cells, application of
fluvastatin and pravastatin significantly potentiated the SLCO4C1
mRNA by 1.72- and 1.73-fold, respectively (Figure 6A). The up-
take of thyroid hormone T3, arepresentativeligand of SLCO4C1,
was also significantly potentiated by fluvastatin and pravastatin by
1.3-and 1.4-fold, respectively (Figure 6B}, suggesting the poten-
tiation of SLCO4C1 function in the proximal tubules.

2550 Journal of the American Society of Nephrology
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Figure 4. Relation between uremic toxins and eGFR as well as plasma creatinine in 41 patients
with CKD is shown. (A through C) Correlations between eGFR and the plasma ADMA (A), GSA
(B), and trans-aconitate (C) in patients with CKD. (D through F) Concentrations between plasma
creatinine (Cr) and plasma ADMA (D), GSA (E), and trans-aconitate (F).

We next examined the effects of pravastatin in vivo. We
and other groups reported that pravastatin reduced BP.23.24
In addition, pravastatin has been reported to modulate
DDAH activity and modulate ADMA concentration.s To
avoid the effect on BP and to eliminate other pleiotropic
effects of pravastatin, we administered low-dosage prava-
statin to Nx Wistar rats and examined renal tubular func-
tion. After administration of pravastatin, BP was not
changed but the mRNA level of rat sico4c1 was significantly
increased in the kidney (Figure 7, A and B). Under this
condition, the ADMA and trans-aconitate clearance were
significantly increased in pravastatin-treated Nx rats with-
out changing creatinine clearance, although the GSA clear-
ance was not statisticatly significant {Figure 7, C through F).
Furthermore, the mRNA level of DDAHSs, protein arginine
N-methyltransferases, or other transporters was not
changed (data not shown). These data strongly suggested
that pravastatin increased ADMA and trans-aconitate ex-
cretion in the proximal tubules. In addition, cardiac hyper-
trophy was decreased in the pravastatin-treated group (Fig-
ure 7G).

DISCUSSION

Here, we found that the plasma concentration of uremic toxins
ADMA, GSA, and trans-aconitate were significantly reduced in

J Am Soc Nephrol 20: 2546-2555, 2009
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Figure 5. Transcriptional analysis and ligand screening are shown. (A) The 5+ region of human SLCO4C1. Potential cis-acting sequences are
indicated. Met, first methionine. {B) Promoter activity of human SLCO4C1. Deletion constructs of the human SLCOAC1 promoter region were
analyzed with 3-MC (6 - M). *P » 0.05 (n + 3 to 4 per group). {C) Enhancement of promoter activity of human SLCOAC1 with various
compounds {concentration as indicated, » M). Quer, quercetin; t-BHQ, tert-butylhydroquinone; 13C, indole-3-carbinole; IS, indoxyl sulfate;
Tauro, taurocholic acid; Prava, pravastatin; Fluva, fluvastatin. *P - 0.05 versus DMSO; #P+ 0.05 versus H,O (n« 3 to 4 per group). (D) Effect
of fluvastatin (10 « M) on human SLCOA4C1 transcription. Deletion constructs and loss-of-function mutation construct in XRE motifs of human
SLCO4CT were examined. *P+ 0.05 (n+ 3 to 4 per group). (E) ChIP assay and Westem biotting of 3-MC or fluvastatinreated cells. (Top)
After application of 3-MC (1 « M) or fluvastatin (10 » M), fixed cell extract was analyzed by mouse cyp1al XRE or human SLCO4C1 XRE PCR,
(Bottom) Western blotting of nuclear and cytoplasmic fractions from HEK293T cells were stained with antibodies against AhR, Lamin B, or
«-tubulin antibodies. Cy, cytosolic fraction; Nu, nuclear fraction. (F) Enhancement of human SLCOA4C1 promoter activity with various statins

(10 « M) using the minimal promoter region (+ 129). *P « 0.05; *P+ 0.01 (n+ 3 to 4 per group).

TG(+ )Nx rats. The guanidino compounds are a large group of
structural metabolites of arginine, and the concentrations of
GSA and ADMA are markedly increased in renal failure.2?
GSA accumulation causes various harmful effects, such as in-
hibition of platelet aggregation hemolysis and convulsions.2
Likewise, ADMA is the most specific endogenous compound
with inhibitory effects on NO synthesis, and it has also been
implicated in the development of hypertension and adverse
cardiovascular events.s? Trans-aconitate, known as anti-feed-
ant in brown plant hoppers,?” is an inhibitor of aconitase and
inhibits the TCA cycle's; however, its existence in mammals,
especially in renal failure, was not previously known. Com-
pounds that inhibit the TCA cycle are “poison.” Itisalso widely
known that fluoroacetate is a “suicide” substrate for aconitase.

J Am Soc Nephro! 20: 2546-2555, 2009

Acute fluoroacetate poisoning in humans mainly affects the
central nervous system, cardiovascular system, and kidney,
and the biochemical effects include TCA cycle blockade, respi-
ratory failure, and metabolic acidosis and lactate accumula-
tion.28 Trans-aconitate administration also increased BP and
generated oxidative stresses inrats. These data suggest that the
overexpression of SLCO4C1 in the renal proximal tubules in
TG(+ ) rats causes the beneficial effect of excretion of harmful
uremic toxins such as ADMA, GSA, and trans-aconitate and
proposes a new approach to decrease uremic toxins and to
reduce the exacerbation of renal function in patients with CKD
(Figure 8).

Here we show that statins function as a nuclear receptor ligand
recruitingthe AhR-XRE system and upregulating SLCO4C1 tran-

SLCO4C1 Ameliorates Hypertension 2551

— 205 —



| BASIC RESEARCH | www jasn.org

A

!.”—- *

: * v._l

T e e o

=) I S

D‘on—

<

(Pou—

Q

T o 00

O

&)

— . T T T

m ® oo esne ¢ e * o0 0
tcpc oooIJo

B *

$ oo ’ * j

: l I T

e 1 e

$ ..

s .

:oo:

Figure 6. Effects of statins on SLCO4C1 expression and function
in vitro. (A) Real-time PCR of SLCO4C1 in ACHN cells with fluva-
statin (10 « M} or pravastatin (100 - M; n + 3 per group). (B) The
uptake of T by ACHN cells treated with fluvastatin (10 » M) and
pravastatin (100 *M). *P« 0.05(n+ 3),

scription to facilitate the excretion of uremic toxins like a trans-
gene phenotype. In patients with CKD, therapy with statins has
the potential not only to lower cardiovascular morbidity and
mortality but also to slow the progression of renal disease.22 The
effects are thought to be dependent on such mechanisms as a
reduction of endothelial dysfunction, inhibition of inflammatory
responses, and reduction of oxidative stress.2228 Recently, the re-
lationship between statin administration and ADMA was exarm-
ined in humans. The serum level of ADMA in metabolic syn-
drome was reduced by fluvastatin.*® Thus, our data provide new
scientific bases for renal protection to facilitate the excretion of
uremic toxins in patients with CKD by drugs including statins as
“transporter potentiators” (Figure 8). Because the significantly
increased levels of GSA and ADMA were reported in patients with
autosomnal dominant polycystic kidney disease (ADPKD),$ our
data also support the clinical study and will be a new clue for
further protection of renal damage in patients with ADPKD.
Cytochrome P-450 (CYP) comprises asuperfamily of enzymes
that catalyze oxidation of numerous xencbiotic chemicals, in-
cludingdrugs, toxic chemicals, and carcinogens, as well asendobi-
otic chemnicals.3* Among these CYP enzymes, cyplal isimportant
in the metabolism of carcinogens such as dioxin and halogenated

2552 Journal of the American Society of Nephrology

aromatic hydrocarbons.® Because of the prominently catalyzing
role, it has been believed that compounds that induice cypTal ac-
tivation are detrimental to humans and animals; however, itisalso
reported that induction of cyplal is a sensitive but nonspecific
indicator of ARR binding and activity, and the induction of
cyplal and activation of AhR are not synonymous with dioxin-
like toxicity, including carcinogenesis.32 Clinically, various weak
ARR ligands, such as flutamide, omeprazole, and atorvastatin,
were identified® but the Food and Drug Administration approves
usage of these compounds, and in fact, they donot produce diox-
in-tike toxicities, including carcinogenesis in humans, Because st-
atins have been used for a long time with a high safety and toler-
ability profile, induction of SLCO4C1 by statins in the kidney in
patients with CKD and ADPKD may be a safeand new therapeu-
tic tool toexcrete uremic toxins and for reduction of renal inflam-
mation.

We also found that the activation potency of the AnR-XRE
systern differs between cyptal and slcodc in the kidney. Inthe rat
liver, cyplal was significantly induced by flutamide (329-fold)
and omeprazole (79-fold), although renal cyplal was weakly up-
regulated by flutamide (three- fold) and omeprazole (15-fold;
Supplemental Figure 3, A and B). It is also reported that some
statins significantly induced cyp1at in kidney butrather weakly in
the liver, suggesting that statins act as AhR ligands mainly in the
kidney.32 Conversely, the renal activation of sicodc1 by flutamide
and omeprazole was quite weak (Supplemental Figure 3C), Thus,
further exploring for drugs that upregulate human SLCO4C1
only in the kidney much more potently than statins should be a
new clinical tool for patients with CKD and ADPKD to decelerate
renal damage and to delay initiating hemodialysis.

Metabolomics is an emerging tool that can be used to gain
insights into cellular and physiologic responses. By CE-MS, we
identified various renal failure-related compounds (Supple-
mental Figure 2, Supplemental Tables 1 through 4). In renal
failure, indoxyl sulfate, creatinine, GSA, andguanidinoacetate
were reported as uremic toxins.# Increase of citrulline and tri-
methyl N-oxide,* 3-methylhistidine** N,N-dimethylgly-
cine.® and allantoin®¢ and decrease of carnitine,” Trp, and
Tyr38 were also reported in renal failure.

On the other hand, increase of trans-aconitate, 4-acetylbu-
tyrate, hexanoate, argininosuccinate, °-aminoadipate, and
pipecolate and decrease of desethylatrazine and methionine
sulfoxide so far have not been reported in renal failure (Sup-
plemental Figure 2). Thus, our data will be useful for clarifying
the metabolic pathway of renal failure.

CONCISE METHODS

Materials
Pravastatin was provided by Daiichi-Sankyo (Tokyo, Japan). Other

statins were purchased from Sequoia Sciences (St. Louis, MO).
Construction of Kidney-Specific TG Rats

The mutated coding region of human SLCO4C1¢was inserted into the
PGEM-sglt2-5pr-mut plasmid containing kidney-specific sqit2 pro-
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