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Seventy years after the discovery of their anti-inflammatory proper-
ties, glucocorticoids (GCs) remain the mainstay treatment for major
allergic and inflammatory disorders, such as atopic dermatitis,
asthma, rheumatoid arthritis, colitis, and conjunctivitis, among
others. However, their long-term therapeutical administration is
limited by major debilitating side effects, e.g., skin atrophy, osteo-
porosis, Addison-like adrenal insufficiency, fatty liver, and type
2 diabetes syndrome, as well as growth inhibition in children. These
undesirable side effects are mostly related to GC-induced activation
of both the direct transactivation and the direct transrepression
functions of the GC receptor (GR), whereas the activation of its GC-
induced indirect tethered transrepression function results in beneficial
anti-inflammatory effects. We have reported in the accompanying
paper that the nonsteroidal compound CpdX as well as its deuter-
ated form CpdX-D3 selectively activate the GR indirect transrepres-
sion function and are as effective as synthetic GCs at repressing
inflammations generated in several mouse models of major pathol-
ogies. We now demonstrate that these CpdX compounds are bona
fide selective GC receptor agonistic modulators (SEGRAMs) as none
of the known GC-induced debilitating side effects were observed in
the mouse upon 3-mo CpdX treatments. We notably report that,
unlike that of GCs, the administration of CpdX to ovariectomized
(OVX) mice does not induce a fatty liver nor type 2 diabetes, which
indicates that CpdX could be used in postmenopausal women as an
efficient “harmless” GC substitute.

CpdX | glucocorticoid | selective glucocorticoid receptor agonistic
modulators | undesirable side effects | type 2 diabetes

espite several adverse effects, glucocorticoids (GCs) have

been extensively used since the late 1940s of the past cen-
tury to treat patients with allergic and inflammatory disorders
(1). GC functions are transduced by a single receptor, the GR,
which, upon GC binding, exerts one of its three main functions
by regulating the transcription of target genes through: (i) (+)
GC-responsive element (GRE)-mediated direct transactivation
(2), (i) IR nGRE-mediated direct transrepression (3-5), and
(i) tethered transrepression of transcriptional activators, such
as NFkB, AP1, and STAT3 (5-8). The GC-associated beneficial
anti-inflammatory activity of the GR has been mostly ascribed to
tethered transrepression, whereas GC-associated undesirable
debilitating side effects appear to result from both direct trans-
activation (1) and direct transrepression (3, 4). Consequently,
selective GC receptor agonistic modulators (SEGRAMs) that
would preferentially induce tethered transrepression, whereas
being devoid of both direct transactivation and direct trans-
repression activities, have been actively sought during the past
two decades. Several synthetic nonsteroidal putative SEGRAMs,
such as mapracorat/ZK 245186 (9, 10), CpdA (11), ZK 216348
(12), AL-438 (13), Org 214007-0 (14), and AZD9567 (15),
among others, have been identified and claimed to exhibit some
GC-like anti-inflammatory activities, whereas exhibiting less GC-
induced undesirable effects than synthetic GCs.
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We previously identified a possible SEGRAM candidate that we
named CpdX, which selectively induces the GR indirect trans-
repression activity (8) and are now reporting in the accompanying
paper that CpdX and its racemic deuterated form CpdX-D3 as well
as their respective enantiomers selectively and efficiently induce
the anti-inflammatory and antiallergic activities of synthetic GCs
[e.g., dexamethasone (Dex)] in several mouse inflammatory models
(16). We report here that, in marked contrast to a treatment with a
synthetic GC (e.g., Dex), a 3-mo treatment with CpdX, CpdX-D3,
or one of their enantiomers does not induce any of the “classical”
long-term GC-induced undesirable side effects.

Results

Unlike Dex, a Topical Treatment of Mouse Skin with CpdX, CpdX-D3,
or One of Their Enantiomers Does Not Induce a Skin Epidermal
Atrophy. Skin atrophy is a severe limitation to topical GC treat-
ments (17). To investigate whether, similar to Dex, a CpdX topical
administration could induce a skin atrophy, ethanol (vehicle), Dex,
CpdX, its deuterated form CpdX-D3, or one of their enantiomers
CpdX(eA), CpdX(eB), CpdX-D3(eA), or CpdX-D3(eB) were
topically applied daily for 8 d to the shaved dorsal skin of Balb/C
mice. Mice were killed, and histological analyses were performed.
Hematoxylin—eosin (H-E) staining revealed that a Dex application
severely induces an epidermal atrophy (down to a single-cell
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thickness) in marked contrast to an application of CpdX, its deu-
terated form CpdX-D3, or of any of their enantiomers (Fig. 14).
Morphometric analyses showed that the epidermal thickness de-
creases by 70% upon a Dex treatment, whereas it was not decreased
upon CpdX, CpdX(eA), CpdX(eB), CpdX-D3, CpdX-D3(eA), or
CpdX-D3(eB) administration (Fig. 1B). Note that similar data were
obtained upon 3-wk topical treatments and that a 3-mo s.c. ad-
ministration of either Dex or CpdX did not induce a skin atrophy.

It is known that a “genetic” loss of the kindlin-1 protein results
in an epidermal skin atrophy (18), whereas the loss of the
Reddl protein prevents a GC-induced skin atrophy (19, 20). RNA
transcripts were extracted from dorsal skin samples, and transcripts
of kindlin-1 and REDD1 genes were analyzed by q-RT-PCR. The
transcription of the kindlin-1 gene, which contains putative nGREs
located at positions —9884 bp (CTCCcaGGAGg), —6414 bp
(CTCCTGAGa), and —-5964 bp (CTCCtTGAG) from the
transcription start site, was strongly decreased by a Dex topical
treatment but not by CpdX, CpdX(eA), CpdX(eB), CpdX-D3,
CpdX-D3(eA), or CpdX-D3(eB) treatments (Fig. 1 C, Left).
Conversely, the transcription of the REDD1 gene that contains
a +GRE (19) was significantly increased upon administration
of Dex but not of CpdX, CpdX(eA), CpdX(eB), CpdX-D3,
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CpdX-D3(eA), or CpdX-D3(eB) (Fig. 1 C, Right). Similar
data were obtained upon 3-wk topical treatments. Taken alto-
gether, the above data demonstrate that our CpdX compounds
behave as bona fidle SEGRAMS in vivo.

It has been reported that the synthetic nonsteroidal ligand
mapracorat (also known as ZK245186 or BOL-303242-X) could
be a promising anti-inflammatory drug for skin diseases (10, 21).
However, we found that a short 8-d topical treatment with map-
racorat induced a significant atrophy of dorsal skin epidermis (Fig.
1A4), whereas the transcription of the kindlin-1 gene was actually
decreased by mapracorat, whereas that of the REDD1 gene was
increased (Fig. 1C). Our present results demonstrate that, in
marked contrast to a Dex or a mapracorat topical treatment, a
topical skin treatment with CpdX, its deuterated form CpdX-D3,
or with one of their enantiomers [CpdX(eA), CpdX(eB), CpdX-
D3(eA), or CpdX-D3(eB)] did not result in an epidermal skin
atrophy, indicating that CpdX and CpdX-D3 as well as their en-
antiomers can be “safely” used in skin treatments.

Unlike Dex, a 3-Mo Mouse Treatment with CpdX or CpdX-D3 and
with One of Their Enantiomers Does Not Affect Bone Formation.
Osteoporosis is a common undesirable side effect of long-term
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Unlike Dex, a topical treatment of mouse skin with CpdX, CpdX-D3, or one of their enantiomers does not induce a skin epidermal atrophy. (A) H-E

staining (Left) and DAPI staining for nuclei (Right) of sections of mouse ears treated as indicated (Scale bar represents 20 um). (B) Morphometric analysis of the
epidermal thickness (in pm) from H-E stained ear sections as under (A). (C) Q-RT-PCR for transcripts of kindlin-1 and REDD1 genes in mouse ears treated as
indicated. Data are represented as mean + SEM of, at least, three independent experiments with, at least, three mice per treatment.
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clinical treatments with GCs (22). To study whether a long-term
CpdX treatment could induce osteoporosis, 8-wk-old B6 male
mice were subjected daily for 3 mo to a s.c. injection of vehicle (NaCl
0.9%), Dex, CpdX, CpdX(eA), CpdX(eB), CpdX-D3, CpdX-
D3(eA), or CpdX-D3(eB) (1 mgkg body weight, diluted in NaCl
0.9%). One femur and the ipsilateral tibia were dissected from each
mouse and preserved in 70% ethanol for further microcomputed

tomography (micro-CT) bone microstructure analysis. Following a 3-
mo Dex treatment, osteoporosislike phenotypes were observed in
the tibia cortical bone: The bone volume was significantly decreased
compared with the total volume (Fig. 24), the cortical thickness was
drastically decreased (Fig. 2B), whereas the bone area but not the
marrow area was also reduced (Fig. 2 C and D). Surprisingly, but in
agreement with a previous report (23), a Dex treatment increased
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Fig. 2. Unlike Dex, a 3-mo mouse treatment with CpdX, CpdX-D3, or their enantiomers does not affect bone formation. Five cortical bone parameters were
measured by micro-CT: (A) bone volume/total volume (%); (B) cortical thickness (mm); (C) bone area (mm?), (D) marrow area (mm?) and () total area (mm?);
the data correspond to the mean + SEM for, at least, six mice per treatment. The statistical significance compared with vehicle treatment was calculated
through a one-way ANOVA test followed by Dunnett’s multiple comparison test (*) P < 0.05; (**) P < 0.01; (***) P < 0.001; (****) P < 0.0001; (ns): not
significant. (F) Q-RT-PCR for transcripts of the WNT16 gene in tibia from mice treated as indicated. Data are represented as mean + SEM with, at least, six mice
per treatment. The statistical significance was calculated by Student t test; (***) P < 0.001.
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the mouse trabecular bone volume due to a higher number of tra-
beculae and to a decrease in the trabecular spacing, whereas the
trabecular thickness was not affected. Importantly, in marked con-
trast to a Dex treatment, a 3-mo administration of CpdX or CpdX-
D3 as well as of one of their enantiomers CpdX(eA), CpdX(eB),
CpdX-D3(eA), or CpdX-D3(eB) did not affect the formation of
cortical and trabecular bones (Fig. 2 A-E).

A decrease in the expression of the WNT16 gene is known to
affect the bone mineral density, the cortical bone thickness, and the
bone strength and to increase the risk of osteoporotic fractures
(24). Q-RT-PCR analyses of transcripts of the WNT16 gene,
which contains several putative nGREs at positions —5225 bp
(CTCCcgGGAGc), —4732 bp (CTCCtgGGCGa), —3839 bp
(CTCCaGGATg), and —65 bp (CTCCaGGCGec), demonstrated
that the transcription of the WNT16 gene was decreased by 50%
in mouse tibia samples upon a Dex treatment but not upon
CpdX, CpdX(eA), CpdX(eB), CpdX-D3, CpdX-D3(eA), or
CpdX-D3(eB) administration (Fig. 2F).

Taken altogether, the above data indicate that, unlike syn-
thetic GCs (e.g., Dex), CpdX and CpdX-D3 as well as any of
their enantiomers [CpdX(eA), CpdX(eB), CpdX-D3(eA), or
CpdX-D3(eB)] could be safely used for clinical treatments of
inflammatory diseases as they do not affect bone formation.

Unlike Dex, a 3-Mo Treatment with CpdX, CpdX-D3, or Any of Their
Enantiomers Does Not Lead to a Loss of Body Weight, a Change in
Body Composition, nor Undesirable Tissue-Specific “Toxic” Side
Effects. A dual-energy X-ray absorptiometry machine (25) was
used to determine both the mouse lean and the mouse fat masses

after 3-mo treatments (as described above). All mice treated with
vehicle, CpdX, CpdX-D3, or any of their enantiomers, exhibited
similar increases in body weight (Fig. 34) as well as commen-
surate increases in fat mass (Fig. 3B) and lean percentage (Fig.
3C). In contrast, mice treated with Dex exhibited a net loss in
total body weight (Fig. 34) together with a disproportional in-
crease in fat (Fig. 3B) and a decrease in lean mass (Fig. 3C).

GCs are well known to induce a drastic thymus apoptosis (26).
Accordingly, after a 3-mo treatment, no thymus was found in
16 out of 19 Dex-treated mice. In marked contrast, treatments
with CpdX, its deuterated form CpdX-D3, or their enantiomers
[CpdX(eA), CpdX(eB), CpdX-D3(eA), or CpdX-D3(eB)] did
not result in any significant thymus apoptosis (Fig. 3D). The
spleen weight was decreased by more than 50% in Dex-treated
mice but not in CpdX-, CpdX(eA)-, CpdX(eB)-, CpdX-D3-,
CpdX-D3(eA)-, or CpdX-D3(eB)-treated mice (Fig. 3E). A
weak but significant loss of kidney weight was also selectively
observed in mice treated with Dex (Fig. 3F). Interestingly, the
weight of the adrenal gland in which corticosterone synthesis
takes place was decreased by a Dex treatment but significantly
increased by CpdX, CpdX(eA), CpdX(eB), CpdX-D3, CpdX-
D3(eA), or CpdX-D3(eB) treatments (Fig. 3G).

A Long-Term Daily s.c. Injection of Dex Inhibits Corticosterone Synthesis
Which, in Marked Contrast, Is Increased upon a Similar Treatment with
CpdX, CpdX(eA), CpdX(eB), CpdX-D3, CpdX-D3(eA), or CpdX-D3(eB).
Corticosterone is known to be synthesized in the fasciculata zone
of the cortex layer of the adrenal gland. Histological sections
showed that, upon a 3-mo treatment with Dex, the thickness of the
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Fig. 3. Unlike Dex, a 3-mo treatment with CpdX, CpdX-D3, or any of their enantiomers does not lead to a loss of body weight, a change in body composition,
or undesirable tissue-specific toxic side effects. (A) Change in body weight after a 3-mo treatment. (B) Fat percentage and (C) lean mass percentage for mice
treated for 3 mo. The data correspond to the mean (as pointed out by arrow heads) + SEM for, at least, nine mice per treatment. The statistical significance was
calculated through the Krustal-Walis test followed by Dunn’s multiple comparison test; (*) P < 0.05; (**) P < 0.01; (***) P < 0.001; (ns): not significant. Weight (in
grams) of thymus (D), spleen (E), kidney (F), and adrenal gland (G) in mice treated for 3 mo as indicated. Data are represented as mean + SEM for, at least, nine
mice per treatment. The statistical significance of the data, compared with vehicle treatment was calculated by Student t test; (*) P < 0.05; (***) P < 0.001.
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cortex layers (see double-headed arrows in the upper panels), most  tiomers CpdX(eA), CpdX(eB), CpdX-D3(eA), or CpdX-D3(eB)
notably the fasciculata zone (see bold double-headed arrows in the  (Fig. 4A4). Transcriptional analyses from mouse adrenal gland
lower panels), were drastically decreased (Fig. 44), whereas, in  samples demonstrated that the transcripts of the Cyplla, Cypl1bl,
marked contrast, they were increased upon the administration of and HSD3p genes, which are all involved in corticosterone bio-
CpdX, of its deuterated form CpdX-D3, or of one of their enan-  synthesis (27), were significantly repressed by Dex treatment [due to
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Fig. 4. A long-term daily s.c. injection of Dex inhibits corticosterone synthesis which, in marked contrast, is increased upon a similar treatment with CpdX, CpdX(eA),
CpdX(eB), CpdX-D3, CpdX-D3(eA), or CpdX-D3(eB). (A) H-E staining of adrenal gland sections. The cortex layer of the adrenal gland is indicated in Left by double-headed thin
arrows, whereas the fasciculata and the glomerulosa zones of the cortex are indicated by long bold double-headed arrows and small empty double-headed arrows in Right,
respectively (Scale bar represents 50 and 25 pm, respectively). (B) Locations of nGREs present in the promoter regions of Cyp11a, Cyp11b, HSD3p, and Cyp11b2 genes. (C) Q-RT-
PCR for transcripts of Cyp11a, Cyp11b1, HSD3p, and Cyp11b2 genes in adrenal glands of mice treated for 3 mo as indicated. Data are represented as mean + SEM for, at least,
nine mice per treatment. The statistical significance of the data compared with vehicle treatment was calculated by Student t test; (*) P < 0.05; (**) P < 0.01; (***) P < 0.001.
(D) Plasmatic corticosterone levels at 10 AM and 6 PM in mice treated for 3 mo as indicated. Data are represented as mean + SEM with, at least, nine mice per treatment.
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the presence of nGREs in these genes (Fig. 4B)], whereas being
derepressed upon treatment with CpdX, CpdX(eA), CpdX(eB),
CpdX-D3, CpdX-D3(eA), or CpdX-D3(eB), which cannot induce
the binding of GR to nGREs (Fig. 4C).

Compared with control vehicle-treated mice, Dex-treated
mice exhibited much lower corticosterone levels in plasma at
both 10 AM and 6 PM, whereas, in marked contrast, CpdX-,
CpdX(eA)-, CpdX(eB)-, CpdX-D3-, CpdX-D3(eA)-, and CpdX-
D3(eB)-treated mice showed a much higher corticosterone level
at 10 AM (Fig. 4D), indicating that the circadian control of
corticosterone synthesis was lost in CpdX-treated mice.

Interestingly, transcriptional analyses from mouse adrenal
gland samples also showed that the transcription of the
Cypl1b2 gene which is involved in aldosterone biosynthesis was
inhibited by Dex treatment but not by CpdX, CpdX(eA),
CpdX(eB), CpdX-D3, CpdX-D3(eA), or CpdX-D3(eB) treat-
ments (Fig. 4C). Note, in this respect, that the Cyp11b2 gene also
contains a nGRE motif (Fig. 4B). In agreement with these data,
histological analyses revealed that the size of the glomerulosa
zone (the outermost zone of the cortex layer, see the small empty
double-headed arrows in the lower panels of Fig. 44), which
produces aldosterone, was drastically decreased by Dex treat-
ment but not by CpdX, CpdX(eA), CpdX(eB), CpdX-D3, CpdX-
D3(eA), or CpdX-D3(eB) (Fig. 44).

Unlike Dex, a 3-Mo Treatment with CpdX, CpdX-D3, or Any of Their
Enantiomers Does Not Induce Type 2 Diabetes Syndrome nor a Fatty
Liver. Hyperglycemia is a common undesirable side effect of a
long-term GC administration (28). Upon a 3-mo treatment, the
overnight fasting blood glucose level was significantly higher in
Dex-treated mice than in mice treated with saline (vehicle),
CpdX, CpdX(eA), CpdX(eB), CpdX-D3, CpdX-D3(eA), or
CpdX-D3(eB) (Fig. 54). An IPGTT showed that, upon glucose
injection to Dex-treated mice, the blood glucose level was sig-
nificantly higher during a 2-h period, whereas no significant
differences among these levels was observed in the Control,
CpdX-, CpdX(eA)-, CpdX(eB)-, CpdX-D3-, CpdX-D3(eA)-, or
CpdX-D3(eB)-treated mice (Fig. 5B). Taken altogether these
data indicate that, unlike a Dex administration, a treatment with
CpdX, CpdX(eA), CpdX(eB), CpdX-D3, CpdX-D3(eA), or
CpdX-D3(eB) does not induce hyperglycemia.

A long-term treatment with GCs is known to result in an in-
sulin resistance (29). Upon a 3-mo GC treatment, Dex-treated
mice exhibited hyperinsulinemia, in marked contrast to mice
treated with saline (vehicle), CpdX, CpdX(eA), CpdX(eB),
CpdX-D3, CpdX-D3(eA), or CpdX-D3(eB) (Fig. 5C). This
hyperinsulinemia, taken together with an IPITT, which revealed
a significant impaired response to insulin (Fig. 5D), indicates the
occurrence of an insulin resistance in Dex-treated mice (29). In
keeping with this resistance, western-blot analyses (Fig. 5E) of
liver extracts revealed that, in Dex-treated mice, the phosphor-
ylated insulin receptor substrate 1 (p-IRS1 S318) was 40-50%
lower than in CpdX- or CpdX-D3-treated mice. As expected, the
phosphorylation of the insulin-stimulated protein kinase B (p-
AKT S473) was also decreased by 50-60% in Dex-treated mice
compared with CpdX- or CpdX-D3-treated mice (Fig. 5SE) (30).
Taking these data altogether, we conclude that, unlike Dex,
treatments with CpdX, its deuterated form CpdX-D3, or any of
their enantiomers [CpdX(eA), CpdX(eB), CpdX-D3(eA), and
CpdX-D3(eB)], do not induce hyperglycemia and insulin re-
sistance that are characteristic of type 2 diabetic syndrome.

Interestingly, 5% red oil stained frozen sections of liver samples
harvested at the end of these 3-mo treatments revealed a lipid
deposition in livers from mice subjected to a daily s.c. administration
of Dex but not in livers from mice treated with vehicle, CpdX,
CpdX-D3, or their respective enantiomers (Fig. 5F). In keeping
with these lipid depositions, an increase in RNA transcripts of the
FASN and SCD1 genes that are both critically involved in liver li-
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pogenesis (31) was observed in the liver of Dex-treated but not in
vehicle, CpdX, CpdX(eA), CpdX(eB), CpdX-D3, CpdX-D3(cA),
or CpdX-D3(eB)-treated mice (Fig. 5G).

Hypercholesterolemia is associated with nonalcoholic fatty
liver diseases (32), and cholesterol is known to be converted in
the liver into bile acids (33). Accordingly, Dex-treated but not
CpdX-, CpdX(eA)-, CpdX(eB)-, CpdX-D3-, CpdX-D3(eA)-, or
CpdX-D3(eB)-treated mice exhibited a significant increase in
blood cholesterol and bile acid levels (Fig. 5SH).

Taken altogether, the above data demonstrate that a 3-mo
administration of CpdX, its deuterated derivative CpdX-D3, or
any of their respective enantiomers [CpdX(eA), CpdX(eB),
CpdX-D3(eA), and CpdX-D3(eB)] does not induce type 2 di-
abetes syndrome nor a fatty liver disease, in marked contrast with
a similar treatment with the synthetic GC Dex.

In Marked Contrast with Dex, a 1-Mo Treatment with CpdX Decreases
the Plasmatic Glucose Level and Liver Lipid Deposition in OVX Mice. It
has been reported that an estrogen deficiency can lead to hy-
perglycemia and a fatty liver lipid deposition in the liver of
postmenopausal women (34) as well as in the livers of 4-mo-old
mice that were OVX at the age of 4 wk (35). It is also known that
a long-term treatment with GCs (Dex) can aggravate these
metabolic and hepatic syndromes (35). To investigate whether a
CpdX administration could possibly prevent the occurrence of
such syndromes in postmenopausal women, bilaterally OVX
mice were taken as surgical models for menopause. Three
months postsurgery, OVX mice were i.p. injected daily for a
month with Dex, CpdX, or saline. Increases in fasting plasmatic
glucose levels (Fig. 64) and in liver lipid deposition (Fig. 6B)
were observed in OVX mice (compared with sham-operated
control mice). Most notably, these increases were significantly
higher in Dex-treated OVX mice (Fig. 6 4 and B). Interestingly,
the plasmatic glucose level returned to normality, whereas the
liver lipid deposition was drastically reduced upon a 1-mo CpdX
treatment and comparable to that of untreated sham-operated
mice (Fig. 6 A and B). Accordingly, RNA transcript analyses
revealed an increase in the expression of the FASN and
SCD1 genes in OVX mice, compared with the control mice.
Interestingly, a Dex treatment of OVX mice markedly increased
the expression of these two genes, whereas a CpdX treatment
significantly decreased their expression to those of sham-
operated control mice (Fig. 6C).

Taken together, these results reveal that both the elevated
blood glucose level and the increase in liver lipid deposition,
which occur within 3-mo postovariectomy, are prevented by a
CpdX administration during the last month. Most interestingly, a
similar treatment with Dex aggravates these metabolic and he-
patic syndromes. These data strongly suggest that the adminis-
tration of CpdX to postmenopausal women could be a much
better and safer anti-inflammatory treatment than “traditional”
GC treatments and, furthermore, could be used to cure estrogen
deficiency-induced metabolic and hepatic disorders (i.e., fatty
liver) in postmenopausal women.

As CpdX was initially described in 1998 among a series of syn-
thetic nonsteroidal gestagen compounds (36), we investigated
whether it may exhibit any estrogenic and/or progesterone activity.
To this end, Cos-1 cells were transfected with either an estrogen or
a progesterone receptor expression vector and a cognate luciferase
(Luc) reporter that contains either a 17-mer estrogen or a two
times repeated progesterone binding element (pGL3-17mer-ERE
or pLuc-TK-2xPRE). Twenty-four h post-transfection, cells were
treated with estradiol, progesterone, Dex, CpdX, or CpdX-D3 for
6 h. Luc assays showed that estradiol and progesterone did induce
Luc activity, whereas Dex, CpdX, or CpdX-D3 could not (Fig. 6 D
and E). In addition, this estradiol-induced Luc activity was inhibi-
ted by tamoxifen, a well-known competitive inhibitor of estrogen
activity, thus confirming that the estrogen receptor-specific Luc
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Fig. 5. Unlike Dex, a 3-mo treatment with CpdX, CpdX-D3, or any of their enantiomers does not induce type 2 diabetes syndrome nor a fatty liver. (A)
Plasmatic glucose levels (after an overnight 14-h fasting) from mice treated for 3 mo as indicated. Data are represented as mean + SEM for, at least, nine
mice per treatment as indicated. The statistical significance of the data, compared with vehicle treatment, was calculated by Student t test; (**) P < 0.01.
(B) Two-h i.p. glucose tolerance test (IPGTT) after a glucose i.p. injection (2 mg/kg body weight). Data are represented as mean + SEM for, at least, six mice
per treatment as indicated. The statistical significance of the data, compared with vehicle treatment, was calculated by Student t test; (*) P < 0.05; (**) P <
0.01. (C) Blood insulin levels (ug/L) at 10 AM in mice treated for 3 mo as indicated. Data are represented as mean + SEM for, at least, nine mice per
treatment. (D) One-h i.p. insulin tolerance test (IPITT) after an i.p. injection of 0.75 U Insulin/kg body weight. Data are represented as mean + SEM with, at
least, six mice per treatment. The statistical significance compared with vehicle treatment was calculated by Student t test, (*) P < 0.01. (E) Western blot
analyses of liver samples of mice treated for 3 mo as indicated for phosphoinsulin receptor substrate-1 phosphorylated at serine 318 (p-IRS1 $318), pan-
insulin receptor substrate-1 (IRS total), phosphoprotein kinase B phosphorylated at serine 473 (p-AKT S473), and pan-protein kinase B (AKT total) pro-
teins. (F) A 5% red oil staining of frozen liver sections from mice treated for 3 mo as indicated. In each case, the Lower is an enlargement of the region
located within the square as indicated in the Upper. (G) Q-RT-PCR for transcripts of fatty acid synthase (FASN) and stearoyl-CoA desaturase 1 (SCD1) genes
in livers of mice treated for 3 mo as indicated. The data correspond to the mean + SEM for, at least, nine mice per treatment. The statistical significance
was calculated by Student t test; (**) P < 0.01; (***) P < 0.001. (H) Levels of total cholesterol (mmol/L) and bile acids (umol/L) in blood collected at 10 AM
from mice treated for 3 mo as indicated. Data are represented as mean + SEM for, at least, nine mice per treatment.
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Fig. 6. In marked contrast with Dex, a 1-mo treatment with CpdX decreases the plasmatic glucose level and liver lipid deposition in OVX mice. (A) Plasmatic glucose levels
after an overnight 14-h fasting of either sham or OVX mice treated for 1 mo as indicated. The statistical significance was calculated through a one-way ANOVA test followed
by Tukey’s multiple comparison test (*) P < 0.05; (**) P < 0.01; (***) P < 0.001. (B) A 5% red oil staining of frozen liver sections from sham or OVX mice treated for 1 mo, as
indicated. In each case, the Lower is an enlargement of the region located within the square as indicated in the Upper. (C) Q-RT-PCR for transcripts of FASN and SCD1 genes in
livers of sham or OVX mice treated for 1 mo as indicated. The data correspond to the mean + SEM for, at least, four mice per treatment. The statistical significance was
calculated by Student t test; (*) P < 0.05; (**) P < 0.01. (D) Luc assays of Cos-1 cells transfected with pGL3-17mer-estrogen response element (ERE) reporter and pSG5-ER. Cells
were treated with Dex, estradiol, CpdX, or CpdX-D3 (0.5 M) with or without tamoxifen (5 pM) for 6 h. The data correspond to the mean + SEM for, at least, three in-
dependent transfection experiments. The statistical significance was calculated by Student t test; (***) P < 0.001; (ns): not significant. () Luc assays of Cos-1 cells transfected
with pLuc-TK-2xPRE reporter and pSG5-PR. Cells were treated with Dex, progesterone, CpdX, or CpdX-D3 (0.5 uM) for 6 h. The data correspond to the mean + SEM for, at
least, three independent transfection experiments. The statistical significance was calculated by Student ¢ test; (***) P < 0.001; (ns): not significant.
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activity could be induced selectively by estradiol but not by Dex,
CpdX, or CpdX-D3 (Fig. 6D). Taken altogether, these results
clearly demonstrate that CpdX and CpdX-D3 are devoid of es-
trogenic and progesterone activities.

Discussion

CpdX, CpdX-D3, and Their Enantiomers Are Bona Fide SEGRAMs. In
our accompanying report (16), we demonstrated that CpdX, its
deuterated form CpdX-D3, as well as their respective enantio-
mers are as efficient as synthetic GCs (e.g., Dex) at repressing
inflammations generated in several mouse disease models. Im-
portantly, we have now demonstrated that these CpdX com-
pounds are bona fide SEGRAMs as none of the well-known
GC-associated debilitating effects have been observed upon their
long-term administration (up to 3 mo). Indeed, a daily topical
treatment of mouse dorsal skin with CpdX, CpdX-D3, or any of
their enantiomers did not induce an epidermal skin atrophy (Fig.
1) nor did a 3-mo daily s.c. injection of these compounds affect the
formation of cortical and trabecular bones (Fig. 2 A-E) induce a
growth inhibition (Fig. 34), changes in body composition (Fig. 3 B
and C), or apoptosis of lymphoid organs (thymus and spleen, see Fig.
3 D and E) (37). Moreover, unlike Dex, CpdX and CpdX-
D3 treatments did not result in an adrenal insufficiency (Figs. 3G
and 4), hyperglycemia (Fig. 5 4 and B), hyperinsulinemia (Figs. 5C
and 64), an insulin resistance (Fig. 5 D and E), or a fatty liver (Figs. 5
F-H and 6 B and C).

Several of the Debilitating Side Effects Generated by Administration
of Synthetic GCs Are Due to nGRE-Mediated Transrepression and Can
Be Prevented by CpdX Administration. We previously pointed out the
important role played by IR nGREs in the generation of GC-induced
debilitating effects (3). We have now identified several putative IR
nGRE binding sites in the promoter region of the kindlin1, Cypl1a,
Cypl1bl, and HSD3p genes (Fig. 4B), thereby revealing the mech-
anism through which Dex but not CpdX compounds induces skin
atrophy, osteoporosis, and inhibition of corticoids synthesis.

Long-term treatments with a high dose of synthetic GCs (e.g.,
Dex and prednisolone) are known to induce an adrenal gland
atrophy, similar to that occurring in Addison’s disease (38). We
have shown that a long-term treatment with Dex induces an
adrenal insufficiency, whereas a similar treatment with CpdX,
CpdX-D3, or any of their enantiomers did not induce an atrophy
of the adrenal fasciculata and glomerulosa zones where the
corticosterone and the aldosterone are produced, respectively.
Indeed, CpdX compounds do not repress the nGRE-mediated
expression of the Cyplla, Cypllbl, HSD3p, and Cypl11b2 genes
that control the corticosterone and aldosterone synthesis path-
ways (Fig. 4). In addition, administration of CpdX, CpdX-D3, or
of any of their enantiomers maintains a high level of blood
corticosterone throughout the whole day (Fig. 4D).

Taken altogether, the above data indicate that the beneficial
anti-inflammatory effects of CpdX compounds, through re-
pression of proinflammatory genes, result from both: (i) The
direct binding of CpdX or CpdX-D3 to the GR, which selectively
activates its tethered indirect transrepression function and (i) a
further activation of this indirect transrepression function due to
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a CpdX- or CpdX-D3-induced increase in the blood corticoste-
rone level, most notably during the circadian rest period when
the ACTH level is the lowest (39). Whether this increase could
affect the circadian rhythm of the mouse remains to be seen. In
this respect, it is worth mentioning that we did not observe any
overt abnormal physical behavior of CpdX-treated mice, com-
pared with control mice.

Substituting the Administration of CpdX Compounds to That of
Synthetic GCs Prevents the Occurrence of Both Type 2 Diabetes and
Fatty Liver. Worldwide, 0.5% of the general population takes GCs
for a variety of therapeutic purposes (40). Some 40-65% of these
patients exhibit type 2 diabetes syndrome, which includes hyper-
glycemia, hyperinsulinemia, and insulin resistance (41, 42). Such
GC-induced type 2 diabetes, in association with a GC-induced de
novo liver lipogenesis due to activation of liver lipogenic enzymes
(e.g., FASN and SCD1, see Fig. 5G), leads to fatty liver diseases
(31, 43). Moreover, menopause is often associated with an in-
creasing occurrence of insulin-resistant type 2 diabetes and fatty
liver syndromes (34), and up to 4.6% of postmenopausal women
are taking GCs that exacerbate these syndromes (44).

Importantly, we have shown here that, in the mouse, long-term
treatments with CpdX compounds do not induce any sign of type
2 diabetes nor of a fatty liver (Fig. 5). We have also reported that,
in OVX mice, taken as a model for menopause, an administration
of CpdX or CpdX-D3 prevents the occurrence of such diabetic
and hepatic syndromes, in marked contrast with a similar treat-
ment with Dex which further increases the blood glucose level and
the lipid deposition in the liver (Fig. 6 A-C). Taken altogether, our
data strongly suggest that postmenopausal women suffering from
inflammatory diseases could be treated with CpdX compounds,
instead of GCs, to prevent the possible occurrence of both insulin-
resistant type 2 diabetes and liver steatosis.

In short, taken altogether, our data indicate that CpdX com-
pounds exhibit in vivo an anti-inflammatory activity which is
similar to that of synthetic GCs (e.g., Dex), whereas being devoid
of their undesirable debilitating side effects.

Materials and Methods

Mice. C57BL/6 male and BALB/c female mice were purchased from Charles
River Laboratories. Bilateral ovariectomy in mice was performed as described
in ref. 35. Breeding, maintenance, and experimental manipulation of mice
were approved by the animal care and use committee of the IGBMC/ICS.

RNA isolation and Q-PCR analyses were as in ref. 8. Primers used in the
paper are listed in S/ Appendix, Table S1.

Supporting information includes S/ Appendix, SI Materials and Methods
and Table S1.
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