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Coseismic and Postseismic Fault
Slip for the 17 August 1999,
M = 7.5, Izmit, Turkey
Earthquake

R. E. Reilinger,'*t S. Ergintav,2} R. Biirgmann,3} S. McClusky,’
O. Lenk,* A. Barka,® O. Gurkan,® L. Hearn, K. L. Feigl,”
R. Cakmak,? B. Aktug,* H. Ozener,® M. N. Toksoz’

We use Global Positioning System (GPS) observations and elastic half-space
models to estimate the distribution of coseismic and postseismic slip along the
Izmit earthquake rupture. Our results indicate that large coseismic slip (reaching
5.7 meters) is confined to the upper 10 kilometers of the crust, correlates with
structurally distinct fault segments, and is relatively low near the hypocenter.
Continued surface deformation during the first 75 days after the earthquake
indicates an aseismic fault slip of as much as 0.43 meters on and below the
coseismic rupture. These observations are consistent with a transition from
unstable (episodic large earthquakes) to stable (fault creep) sliding at the base

of the seismogenic zone.

By measuring the displacement of Earth’s
surface during and after an earthquake (co-
seismic and postseismic, respectively), it is
possible to estimate the distribution of fault
slip along the rupture (/-3). Mapping the
spatial distribution of fault slip provides clues
about the mechanics of the earthquake pro-
cess and the mechanical behavior of the up-
per layers of Earth (4—6). Understanding the
distribution of coseismic and postseismic
fault slip also has implications for evaluating
the potential for neighboring faults to gener-
ate future earthquakes (7—10).

The mid- to lower-crustal structure and
rheology of major strike-slip faults may be
represented as a zone of broadly distributed
ductile flow (/1-14), a narrow shear zone
that extends through much of the crust and
possibly the upper mantle (4, 5, 15, 16), or a
combination of localized faulting and distrib-
uted ductile shear during different times in
the earthquake cycle (6, /7). Two-dimen-
sional model calculations show that predicted
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surface deformation due to aseismic slip or
viscoelastic flow below the brittle upper crust
are difficult to distinguish, both for steady
interseismic deformation and postseismic de-
formation transients along major strike-slip
faults (18, 19). However, both the temporal
pattern and spatial distribution of deforma-
tion transients in response to large earth-
quakes continue to shed light on earthquake
mechanics and fault zone rheology at depth
(20).

GPS evidence for coseismic and post-
seismic displacements. Here, we used GPS
observations made before and after the Izmit
earthquake to estimate the displacements that
accompanied (Fig. 1) and followed (first 75
days) (Fig. 2) the earthquake (2/). Because
the Marmara Sea region had been identified
as a seismic gap capable of generating large
earthquakes (8, 22, 23), a network of contin-
uous GPS stations and survey-mode GPS
sites had been established before the earth-
quake (24-27). Five of the continuous GPS
stations operating before the Izmit earthquake
were within the coseismic deformation field
(Fig. 1). Four more continuously recording
stations were installed within 48 hours of the
main shock to track postseismic deformation
(Fig. 2). Eight days following the main
shock, we began to remeasure the positions of
many of the survey sites displaced by the
earthquake. Of the 51 survey sites at which
we determined coseismic displacements for
the 17 August 1999 shock, 33 were occupied
at least twice and 18 at least three times in the
first 2 months after the event. Our postseis-
mic analysis includes data from 35 sites that
span sufficiently long time periods during
this time interval (Fig. 2).
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The GPS data were processed with standard
procedures using the GAMIT GPS processing
software (27). To estimate coseismic displace-
ments, we used a simple, linear-in-time model
for elastic strain accumulation to extrapolate the
station position measured before the earthquake
to the time immediately preceding the shock
(28). Similarly, we used the elastic model for
the postseismic after-slip reported here to ex-
trapolate positions measured after the earth-
quake back to the time immediately after the
main shock (29). Although the continuously
operating stations show that deformation rates
varied somewhat during the 75-day, postseis-
mic observation period (27), we estimated lin-
ear postseismic displacement rates from a
weighted least squares procedure using the sta-
tion coordinates and their covariances. The ob-
served postseismic displacements are corrected
for background secular motions using predicted
interseismic model velocities at each site (28).
This procedure allows us to produce a consis-
tent set of 75-day displacements from data
spanning different postseismic time periods.

Coseismic fault model. We used the
mapped coseismic surface rupture to deter-
mine the location of the fault used in our
model (30-32). Beneath Izmit Bay (the nar-
row E-W oriented bay extending east from
the Marmara Sea in Fig. 1) we used the
distribution of aftershocks (33) and fault
maps based on submarine and coastal mor-
phology (34) to locate the coseismic fault
model. The trace of the resulting modeled
fault follows the southern shoreline of Izmit
Bay to the east side of the Hersek Delta (on
southern shore of Izmit Bay, about 10 km SE
of station TUBI in Fig. 1). There, it steps
north and continues westward, coinciding
with the aftershocks. This geometry reflects
the lack of primary surface rupture at the
Delta and tests how the fault slip terminates
in the west. Our fault model includes five
segments (Fig. 1) that are further discretized
into 3 km by 3 km patches for the distributed
slip inversions (Fig. 3B).

The right-lateral, strike-slip focal mecha-
nism (35), the lack of a systematic dip-slip
offset along the surface rupture (30-32), and
the distribution of aftershock hypocenters in-
dicate that the earthquake primarily involved
right-lateral, strike-slip offsets on vertical
fault segments. The GPS data also provide
constraints on the location, strike, and dip of
the fault, as well as the orientation of coseis-
mic slip. A two-fault model determined from
the GPS coseismic displacements (36) corre-
sponds closely to the segmented fault model
based on surface mapping and aftershock lo-
cations (Fig. 4).

We used the discetized five-segment fault
model and rectangular dislocations in an elas-
tic half-space (/) to represent strike-slip off-
sets at the time of the Izmit earthquake. We
inverted the coseismic displacements for the
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optimal slip distribution and found models
that minimized the misfit while preserving
smoothness of the model slip distribution
(37). Synthetic checkerboard tests suggest
that we can resolve slip in shallow-crust
patches on the scale of tens of km, except
along the East Sapanca segment (21). Reso-
lution is good along the Yalova segment, but
some of the deeper slip patches are less well
resolved in the inversion test in other areas.
The mapped surface offsets show consider-
able scatter (Fig. 3A), but most are within the
“envelope” of the modeled near-surface off-
sets (upper 3 km). The geodetic coseismic
moment is M, = 1.7 X 10?° Nm (Newton-
meters), (M, = 7.5, where My, is the mo-
ment magnitude), consistent with the seismic
moment reported for the main shock (M, =
1.9 — 2.0 X 10%° Nm) (38, 39).

The weighted sum of the residuals of the
distributed coseismic slip model (WRSS,
weighted residual sum of squares) (Figs. 1
and 4) was reduced to 1577 (compared with
WRSS = 6929 in the two-fault geometry
inversion). The model accounts for the large
majority of the estimated site displacements.
However, residual displacements reach 10
cm for some stations, substantially larger
than our estimated uncertainties for these
sites. Many of these stations are located near
the surface rupture (Fig. 4). We suspect that
these residuals reflect inelastic deformation
including localized ground failure, heteroge-
neous properties of the crust, and/or small-
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scale complexities in fault geometry.

Coseismic fault slip falls off rapidly be-
low 12 to 15 km and concentrates along three
high-slip patches that roughly coincide with
the three structurally distinct central fault
segments (Golcuk, West Sapanca, and East
Sapanca) (Fig. 3B). The highest slip occurs
within the upper 10 km of the crust, and it
reaches 5.7 m on the western Golcuk segment
and 4.7 m on the West Sapanca segment east
of the epicenter. These two slip patches are
separated by a zone of lower slip (<2 m) that
includes the earthquake hypocenter. Along
the westernmost segment of the Izmit fault
break, the slip falls off rapidly west of the
Hersek Delta (i.e., on the Yalova fault seg-
ment), consistent with the absence of primary
surface faulting on the Delta. There is a slip
gap up to 10-km long between the eastern
East Sapanca segment and the more northeast
trending Karadere segment. Slip diminishes
to insignificance on the easternmost 10 km of
the modeled fault, where the Diizce segment
experienced small amounts of surface slip
during the 17 August 1999 event.

The western extent of the coseismic fault-
ing is important for estimating seismic haz-
ards along the Yalova fault segment as well
as in the Marmara Sea/Istanbul area (10, 40).
High rates of aftershock activity along this
segment (Fig. 2) suggest that it either slipped
in the event or experienced large increases in
Coulomb stress loading. The GPS data do not
allow slip in excess of about 0.6 m along the

Yalova segment past 10 to 15 km west of the
Hersek Delta. The absence of primary surface
faulting on the Delta and the preferred GPS
fault slip solution (Fig. 3B) suggest little
faulting along the Yalova segment, implying
a continued risk of earthquake failure.
Postseismic fault slip model. The rapid
deformation transients during the first two
months after the Izmit earthquake are not
consistent with deformation rates expected
from viscous relaxation of a broadly deform-
ing lower crust (41). We modeled the ob-
served postseismic displacements by tran-
sient strike-slip faulting after the [zmit earth-
quake with the same procedure as we used to
model coseismic displacements. The model
fault geometry is identical to that for the
coseismic model, but it extends to a depth of
40 km. We also included an additional seg-
ment along the trace of the 12 November
Diizce rupture (Figs. 2 and 3C). The Izmit
rupture plane and its downdip extension is
discretized into 550 patches of 4 km by 4 km.
Maximum afterslip occurred below the
coseismic rupture reaching a total of 43 cm
during the first 75 days after the main shock
(Fig. 3C). The cumulative geodetic moment
during the 75-day period (17 August to 3
November) was M, = 2.91 X 10'° Nm, the
equivalent of a M,,, = 7 earthquake. This is
about an order of magnitude more than the
moment released in the aftershocks of the
event (42), indicating that afterslip occurred
aseismically. The model fits the observed
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Fig. 1. (left) Map of Izmit region showing GPS sites and observed
(including 95% confidence ellipses) and modeled (yellow arrows,
using the slip distribution in Fig. 3B) horizontal coseismic displace-
ments relative to a station in Ankara, Turkey (ANKR, located at
39.89°N, 32.76°E). Named sites (four-character ID) are continuous
stations operating before and after the main shock; two additional
continuous stations used in this study are located off the map at
40.61°N, 27.59°E, and 40.97°N, 27.96°E. Comparisons between ob-
served and modeled vertical displacements and residual horizontal
displacements are given in Fig. 4. The five-segment fault model used
to investigate slip distribution (dotted blue lines, also see Fig. 3), the
Izmit earthquake epicenter and focal mechanism (35), and pre-earth-
quake seismicity (49) are also shown. Light lines are mapped or
inferred faults (34). Izmit Bay is the E-W elongated bay on the east
side of the Marmara Sea. The Hersek Delta is located on the
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south shore of lzmit Bay about 10 km SE of station TUBI. MV,

Mudurnu Valley fault. Fig. 2. (right) Map of observed postseismic
GPS station displacements (black arrows) relative to ANKR (located at
39.89°N, 32.76°E) during the first 75 days following the earthquake.
Error ellipses indicate 95% confidence intervals. Modeled station
displacements (yellow arrows) were computed with the slip distrib-
uted dislocation model shown in Fig. 3C. Station names (four-char-
acter ID) indicate continuously operating sites installed within 48
hours following the main shock. Red dots indicate aftershocks of the
first 30 days (33). The blue dotted line indicates the fault geometry
used in the postseismic model inversions (note that the fault is
extended to the east of the coseismic fault model to include the
Duzce segment). The “beach ball” shows the location and focal
Ene;hanism of the M,, 7.2, 12 November 1999, Diizce earthquake
35).
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displacements, except for some sites along
the easternmost Karadere segment (Fig. 2).

InSAR data. We have also examined the
deformation field recorded by InSAR (inter-
ferometric synthetic aperture radar) (43). In this
case, one 28-mm fringe in the interference pat-
tern implies 75 mm of horizontal east-west
displacement (44). The best coseismic inter-
ferograms (45) (Fig. 5, A and B) show more
fringes and a higher fringe gradient than pre-
dicted from the slip distribution derived from
GPS alone. The difference between the ERS-1
interferogram and the fringe pattern predicted
from the GPS slip distribution (Fig. 6) shows at
least 10 residual fringes, indicating that the
east-west displacements inferred from ERS-1
are at least 70 cm larger than predicted by our
GPS-derived coseismic fault model. Only a few
tens of mm of this discrepancy can be attributed
to postseismic deformation (Fig. 2). The large
majority of the discrepancy reflects oversimpli-
fications in the GPS-derived coseismic fault
model and artifacts in the ERS-1 observations.

Near the Black Sea coast, the fringes in
the interferograms follow the curves of the
topographic relief, jogging sharply into two
river valleys (Fig. 5B). Interpreted as coseis-
mic strain, these fringe gradients are larger
than expected in the far field 25 km north of
the main fault trace. They are more likely a
consequence of the radar signal’s propagating
through the heterogeneous troposphere.
These artifacts can be as large as 3 cm in
range over length scales as short as 10 km, as
is apparent in the difference of the two best
coseismic interferograms (Fig. 7). The bull’s-
eye pattern centered on Izmit indicates that
the range increase is at least two fringes (6
cm) larger for the ERS-2 interferogram than
for the ERS-1 interferogram.

The GPS measurements acquired at sta-
tions TUBI, KANT, and DUMT (Fig. 1) pro-
vide some support for the hypothesis of tro-
pospheric perturbations. The bi-hourly esti-
mates of tropospheric delay at zenith indicate
between 4 and 10 cm of tropospheric thinning
between the acquisition dates of the ERS-1
and ERS-2 images (46). These values are
large enough to explain the artifacts in the
fringe pattern. Yet their sign is opposite the
tropospheric thickening suggested by the re-
sidual range increase in Fig. 6, perhaps be-
cause of short-scale variations between the
interferogram and the three available GPS
stations lying outside it.

The difference between the interfero-
grams and our coseismic GPS estimates is 30
mm and 42 mm along the radar line of sight
for the ERS-1 and ERS-2 interferograms,
respectively. The discrepancies between the
range changes estimated by InSAR and GPS
do not show any obvious correlation with
topographic elevation (47). They appear to be
caused by tropospheric variations over dis-
tances shorter than the ~10-km spacing be-

www.sciencemag.org SCIENCE

RESEARCH ARTICLES

tween GPS stations.

These results show that both the ERS-1
and ERS-2 interferograms are significantly
contaminated by tropospheric artifacts. Ac-
cordingly, we have chosen not to include
these InSAR results in our estimate of coseis-
mic slip. The inversion procedure is particu-
larly sensitive to gradients in the displace-
ment field, which are, in turn, sensitive to
errors in range along the steep radar line of
sight. In the far field, at 50 km from the fault,
an error of one 28-mm fringe in range can
alter the estimate of slip on the fault by
several meters. This may explain why models
based on these InNSAR observations tend to
find more slip on the fault, and thus a higher
total moment, than does our GPS-only solu-

Fig. 3. (A) Cross section A

tion. Using these interferograms to estimate
the slip distribution and subtracting the post-
seismic GPS moment of 2.91 X 10'° Nm
gives moments of 3.35 X 10?° Nm and
3.88 X 10%° Nm, for ERS-1 and ERS-2,
respectively. This difference of 14% in mo-
ment is due mostly to the tropospheric vari-
ations over the single day that ERS-2 lags
behind ERS-1. It also confirms that the
ERS-2 interferogram contains a larger tropo-
spheric contribution than does the ERS-1 re-
sult. In this case, it appears that tropospheric
effects led to an overestimation of seismic
moment. The slip distribution we estimated
from the InSAR results yields a coseismic
moment magnitude of about M= 7.7,
which is substantially larger than the value of
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M,,= 7.5 we estimated from the GPS mea-
surements alone.

Fault mechanics and the earthquake
cycle. The distribution of coseismic slip in-
dicates that the Izmit earthquake nucleated on
a relatively low-slip patch of the fault and
propagated east and west, producing higher
coseismic slip on adjacent fault patches (Fig.
3B). This slip distribution is supported by
teleseismic waveform inversions that indicate
an emergent P wave with long duration and a

E29° 30’ E30° 00’

E30° 30
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fault rupture that propagated to the east, fol-
lowed by an impulsive subevent west of the
hypocenter (38, 48). We interpret the GPS-
coseismic slip distribution to imply that the
earthquake initiated on a patch of the fault
that failed in part due to prior aseismic slip
that impeded dynamic slip. This interpreta-
tion is supported by the occurrence of en-
hanced pre-earthquake microseismicity in the
epicentral area (49, 50) (Fig. 1).

The hypothesis that the Izmit hypocentral
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fault region may fail in part aseismically is
further supported by the distribution of post-
seismic afterslip. Rapid afterslip is concen-
trated on fault segments that experienced rel-
atively little slip during the event and on
segments below the coseismic rupture (Fig.
3). We interpret this to imply that these parts
of the fault plane, including the hypocentral
area, fail in part by creep. The shallow after-
slip appears localized in velocity-strengthen-
ing (i.e., creeping) regions where dynamic
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Fig. 5. (A) (upper left) Interferogram composed of two ERS-1 images
acquired on 12 August 1999 and 16 September 1999. White arrows show
minor displacements on secondary faults. (B) (upper right) Interfero-
gram composed of two ERS-2 images acquired on 13 August 1999 and 17
September 1999. White arrows show anomalous jogs where the fringes
follow the topographic relief indicating tropospheric artifacts. One fringe
represents 28 mm of change in radar range along the radar line of sight.
The surface projection of the radar line of sight (black arrow), CMT
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epicenter (white star), GPS stations (triangles), coastlines (thin white
lines), traces of modeled fault (thick white segments), and registration
marks at multiples of 1/2 degree in latitude and longitude (black crosses)
are also shown (45).  Fig. 6. (lower left) Residual interferogram
calculated by subtracting the fringe pattern simulated using the GPS-
derived coseismic slip distribution (Fig. 3B) from the interferogram
observed by ERS-1.  Fig. 7. (lower right) Difference between ERS-1
and ERS-2 interferograms.
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slip was impeded (5). Postseismic slip appar-
ently extended to near the base of the crust, at
30 to 36 km deep (57). A finite element
model simulation of the response of a narrow,
vertical viscoelastic fault zone below the co-
seismic rupture produces a comparable offset
pattern (Fig. 3D) (52).

We hypothesize that the distribution of
coseismic and postseismic slip on the Izmit
rupture reflects (i) geometric segmentation of
the Izmit rupture represented by step-overs
and bends and (ii) variations in the mechan-
ical properties of the fault zone consisting of
velocity-weakening patches of high seismic
moment release and velocity-strengthening
patches that fail in part by creep and experi-
ence reduced dynamic slip. The abrupt drop
in coseismic slip on the west end of the
rupture and the absence of significant after-
slip on the Yalova segment (in contrast to
large afterslip below and to the east of the
high slip patch) are likely due to an exten-
sional, right step in the fault near the Hersek
Delta (34). In contrast to this behavior at the
west end of the Izmit coseismic rupture, af-
terslip apparently extended east of the eastern
end of the rupture (Karadere segment), which
possibly helped to trigger the 12 November
1999, My, = 7.2, Diizce earthquake that ex-
tended the Izmit rupture about 40 km further
east (30, 53) (Fig. 2). The history of multiple
and sequential earthquakes on the North Ana-
tolian fault (54) suggests that triggered
events are typical of the fault as a whole. If
this mechanical behavior is also characteristic
of the earthquake generation and nucleation
process on fault segments to the west of the
Izmit rupture, we would expect that evidence
of deep aseismic slip might indicate future
earthquake nucleation points and that creep
transients could precede future ruptures.

As the zone of postseismic afterslip over-
laps with the inferred locking depth in the
years before the earthquake, our observations
support an earthquake cycle model in which
(i) steady interseismic deformation occurs in
the upper mantle and lower crust accommo-
dated by localized shear and distributed duc-
tile flow; (ii) aseismic faulting, which is high-
ly accelerated following the sudden stress
pulse from a large earthquake, occurs at mid-
to lower crustal levels; and (iii) brittle seismic
rupture occurs in the upper crust, followed by
afterslip along some portions of the fault.
Continued observations of postseismic defor-
mation in the next several years will further
elucidate the possible contribution of accel-
erated viscous flow in the lower crust to the
active deformation and loading of neighbor-
ing faults (55).

References and Notes
1. Y. Okada, Bull. Seismol. Soc. Am. 75, 1135 (1985).
2. T. Arnadottir and P. Segall, /. Geophys. Res. 99, 21835
(1994).

www.sciencemag.org SCIENCE VOL 289 1 SEPTEMBER 2000

w

w

22,

23.

24,

25.

26.

27.
28.

29.

30.

32.

34.

35.

36.

RESEARCH ARTICLES

. ). Freymuller, N. E. King, P. Segall, Bull. Seismol. Soc.
Am. 84, 646 (1994).

. S. T. Tse and J. R. Rice, J. Geophys. Res. 91, 9452
(1986).

. C. H. Scholz, Geol. Rdsch. 77, 319 (1988).

. F. F. Pollitz, G. Peltzer, R. Biirgmann, J. Geophys. Res.
105, 8035 (2000).

. G. C.P.King, R. S. Stein, J. Lin, Bull. Seismol. Soc. Am.
84, 935 (1994).

. R.S. Stein, A. A. Barka, J. H. Dieterich, Geophys. J. Int.
128, 594 (1997).

. R. A. Harris, J. Geophys. Res. 103, 24347 (1998).

. A. Hubert-Ferrari et al., Nature 404, 269 (2000).

. A. Nur and G. Mavko, Science 183, 204 (1974).

. F. F. Pollitz, Bull. Seismol. Soc. Am. 82, 422 (1992).

. P. Molnar et al., Science 286, 516 (1999).

. S. J. Bourne, P. C. England, B. Parsons, Nature 391,
655 (1998).

. R. H. Sibson, Annu. Rev. Earth Planet. Sci. 14, 149
(1986).

. L. E. Gilbert, C. H. Scholz, J. Beavan, J. Geophys. Res.
99, 23975 (1994).

. J. Deng, M. Gurnis, H. Kanamori, E. Hauksson, Science
282, 1689 (1998).

. W. Thatcher, J. Geophys. Res. 88, 5893 (1983).

. ). C. Savage, J. Geophys. Res. 95, 4873 (1990).

. W. Thatcher, J. Geophys. Res. 100, 3885 (1995).

. Web figs. 1 through 4 and Web tables 1 and 2 are

available at Science Online at www.sciencemag.org/

feature/data/1050250.shl.

M. N. Toksoz, A. F. Shakal, A. ). Michael, Pageoph 117,

1258 (1979).

S. S. Nalbant, A. Hubert, G. C. P. King, J. Geophys. Res.

103, 24469 (1998).

C. Straub, H.-G. Kahle, C. Schindler, J. Geophys. Res.

102, 27587 (1997).

M. E. Ayhan et al., paper presented at the 1999

International Union of Geodesy and Geophysics An-

nual Meeting, Birmingham, UK, 18 to 30 July 1999.

N. Yalcin et al., paper presented at the 1999 Inter-

national Union of Geodesy and Geophysics Annual

Meeting, Birmingham, UK, 18 to 30 July, 1999.

S. McClusky et al., J. Geophys. Res. 105, 5695 (2000).

At sites for which a well-constrained preseismic velocity

estimate exists, the expected displacement and associ-

ated uncertainty were extrapolated from the last pre-

earthquake measurement to the time of the earth-

quake. We invert the observed preseismic velocity field

(27) for slip on a dislocation buried from 20 to 3000 km

below the Izmit earthquake rupture zone and extending

sufficiently to the east and west to eliminate fault end

effects. This simple model with a deep slip rate of 27 =

1 mm/year below the lzmit region fits the GPS veloci-

ties within their uncertainties with a standard deviation
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Regulation of Absorption and
ABC1-Mediated Efflux of
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Several nuclear hormone receptors involved in lipid metabolism form obligate
heterodimers with retinoid X receptors (RXRs) and are activated by RXR ago-
nists such as rexinoids. Animals treated with rexinoids exhibited marked chang-
es in cholesterol balance, including inhibition of cholesterol absorption and
repressed bile acid synthesis. Studies with receptor-selective agonists revealed
that oxysterol receptors (LXRs) and the bile acid receptor (FXR) are the RXR
heterodimeric partners that mediate these effects by regulating expression of
the reverse cholesterol transporter, ABC1, and the rate-limiting enzyme of bile
acid synthesis, CYP7A1, respectively. Thus, these RXR heterodimers serve as key
regulators of cholesterol homeostasis by governing reverse cholesterol trans-
port from peripheral tissues, bile acid synthesis in liver, and cholesterol ab-

sorption in intestine.

Several orphan nuclear hormone receptors reg-
ulate cholesterol homeostasis. The liver X re-
ceptors (LXRa/NR1H3 and LXRB/NR1H2)
and farnesoid X receptor (FXR/NR1H4) (/) are
bound and activated by oxysterols and bile
acids, respectively, and regulate the expression
of genes involved in cholesterol metabolism
[reviewed in (2-4)]. The LXRs mediate oxy-
sterol-regulated transcriptional induction of cho-
lesterol 7a-hydroxylase (CYP7Al), the rate-
limiting enzyme of the classic bile acid biosyn-
thetic pathway. Lxra-knockout mice fed a high
cholesterol diet fail to up-regulate CYP7A1 ex-
pression and bile acid production, thereby accu-
mulating cholesterol ester in their livers (5). This
phenotype is exacerbated in Lxro/f3 double-
knockout mouse strains (6). Additional LXR
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target genes involved in lipid metabolism in-
clude the human cholesterol ester transfer pro-
tein (CETP), which translocates cholesterol es-
ter between lipoprotein fractions (7), and the
murine adenosine triphosphate—binding cassette
transporter 8 (ABCS), which has been implicat-
ed in macrophage lipid flux (8). FXR medi-
ates bile acid—dependent repression of the
CYP7AL1 gene (9, 10) by inducing the tran-
scription of small heterodimer partner (SHP)
(11), an orphan receptor that is a transcrip-
tional repressor of CYP7A1 expression (12).
In a similar manner, FXR also regulates ex-
pression of several proteins involved in bile
acid metabolism, including sterol 12a-hy-
droxylase (CYP8B1), which controls the rel-
ative production of the primary bile acids, the
intestinal bile acid binding protein, and the
phospholipid transfer protein (9, 13, 14).
LXRs and FXR form obligate heterodimers
with retinoid X receptors (RXRs) and belong to
a subclass of nuclear hormone receptors that are
activated by RXR agonists. We exploited this
characteristic in animal studies by administer-
ing rexinoid LG268, a highly specific RXR
ligand (15), to identify nuclear receptor-medi-
ated changes in cholesterol balance and the
receptor-regulated genes responsible for those
changes. This approach had several advantages:
It allowed a more global analysis of nuclear
receptor-mediated events by allowing simulta-
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neous assessment of several permissive recep-
tors including LXRs, FXR, and the peroxisome
proliferator-activated receptors (PPARs); it
avoided complications that would arise from
the use of oxysterols to activate LXR, because
these compounds also affect the SREBP signal-
ing pathway (/6); and the effective doses and
pharmacokinetics of LG268 had been estab-
lished previously (17). Here, we show that
rexinoids affect cholesterol absorption, trans-
port, and catabolism in rodents through at least
two pathways that regulate the transcription of
key target genes. In one pathway, activation of
the RXR/FXR heterodimer repressed CYP7A1
expression, resulting in decreased bile acid syn-
thesis and cholesterol absorption. In the second
pathway, activation of the RXR/LXR het-
erodimer by either a rexinoid or LXR agonist
effectively blocked cholesterol absorption and
induced reverse cholesterol transport in periph-
eral tissues. This effect was coincident with the
increased expression in intestine and macro-
phages of ABC1, a gene product responsible for
efflux of cellular free cholesterol (/8-20).
Rexinoid effects on cholesterol homeosta-
sis. Administration of the rexinoid LG268 to
mice resulted in dose-dependent inhibition of
cholesterol absorption (Fig. 1A). A fecal dual-
isotope method was used to monitor cholesterol
absorption (27), which measures the ratio of
fecal excretion of [*H]sitostanol (which is not
absorbed) to ['“C]cholesterol (which is variably
absorbed). LG268 at a dose of 1.4 mpk (equiv-
alent to 0.0007% of the diet) resulted in a 50%
reduction in cholesterol absorption, and a dose
of 14 mpk resulted in complete inhibition. In
addition, rexinoid treatment prevented the ap-
pearance of ['“C]cholesterol in the serum, con-
firming that no dietary cholesterol was trans-
ported across the enterocyte into the circulation
(22). LG268 also inhibited cholesterol absorp-
tion in the Golden Syrian hamster, with a re-
duction of 37% at 3 mpk LG268 and 76% at 30
mpk LG268. Thus, the effect of rexinoid on
cholesterol absorption was not species specific.
At all doses tested, decreased absorption
elicited by rexinoid prevented accumulation of
liver cholesterol, even when mice were fed a
high (0.2%) cholesterol diet (Fig. 1B). In addi-
tion, total serum cholesterol levels were not
elevated by rexinoid administration, but the rel-
ative level of high-density lipoprotein (HDL)
cholesterol increased (Fig. 1C). The effect of
LG268 was specific for cholesterol and had no
consequence on general lipid absorption, most-
ly triacylglycerol (Fig. 1D). Decrease in lipid
absorption observed at higher doses of rexinoid
can be accounted for by the contribution of
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