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ABSTRACT: The lipid-sensing transcription factor PPARγ is the
target of antidiabetic thiazolidinediones (TZD). At two sites within its
ligand binding domain, it also binds oxidized vitamin E metabolites
and the vitamin E mimetic garcinoic acid. While the canonical
interaction within the TZD binding site mediates classical PPARγ
activation, the effects of the second binding on PPARγ activity remain
elusive. Here, we identified an agonist mimicking dual binding of
vitamin E metabolites and developed a selective ligand of the second
site, unveiling potential noncanonical regulation of PPARγ activities.
We found that this alternative binding event can simultaneously occur
with orthosteric ligands and it exerted different effects on PPARγ-
cofactor interactions compared to both orthosteric PPARγ agonists
and antagonists, indicating the diverse roles of the two binding sites. Alternative site binding lacked the pro-adipogenic effect of TZD
and mediated no classical PPAR signaling in differential gene expression analysis but markedly diminished FOXO signaling,
suggesting potential therapeutic applications.

■ INTRODUCTION
The peroxisome proliferator-activated receptor γ (PPARγ) is a
fatty acid-activated transcription factor acting as a pivotal
metabolic regulator.1,2 It is mainly found in adipose tissue and
immune cells with a regulatory role in lipid and glucose
metabolism as well as adipogenesis.1,2 PPARγ has been an
important drug target for type 2 diabetes treatment, but
adverse effects of the thiazolidinediones (TZD) including
weight gain, bone fractures, and possibly higher cardiovascular
risk have restricted the therapeutic use of PPARγ agonists.3

Nonetheless, small molecules that modulate PPARγ activity
still hold a great therapeutic potential not only for type 2
diabetes but, e.g., also for nonalcoholic steatohepatitis and
neurodegenerative diseases.2,4,5

Several chemical scaffolds have been developed as PPARγ
agonists, nearly all of which act via orthosteric binding for
classical transcription factor activation. Allosteric modulation
of nuclear receptors emerges as a concept to achieve more
selective and more subtle control over the activity of proteins
in this class potentially offering unprecedented therapeutic
opportunities.6 Allosteric binding to PPARγ has also been
observed for some ligand chemotypes which exhibit double
binding to the orthosteric and a second, alternative binding site
or span both binding regions.7−11 Previously, we discovered
oxidized vitamin E metabolites and garcinoic acid (GA,
Scheme 1) as another class of PPARγ ligands that modulate

the activity of this transcription factor through both binding
regions supporting biological relevance of the alternative
binding site.12 Clinical use of vitamin E for the treatment of
nonalcoholic fatty liver disease13 as well as promising
neuroprotective effects of GA in an Alzheimer’s disease
model14 suggest that alternative PPARγ modulation might
present another interesting avenue toward novel PPARγ
targeting drugs. However, while orthosteric PPARγ activation
is well-studied, the mechanisms and effects of selective binding
to the alternative site remained elusive. Here, we identified a
synthetic PPARγ ligand (1) mimicking the dual binding mode
of vitamin E metabolites and developed a selective ligand (2)
of the second site by structure-guided design. This novel ligand
bound solely to the alternative site without extending to the
orthosteric region that is targeted by traditional PPARγ
agonists like pioglitazone which acts as an anti-diabetic,
insulin-sensitizing agent and is the most widely used PPARγ
activating drug. In functional studies with 2 as a chemical tool,
we observed remarkably different mechanistic, phenotypic, and
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gene expression effects of PPARγ modulation through the
alternative site compared to traditional agonists.

■ RESULTS AND DISCUSSION
Our recent discovery of PPARγ modulation by double binding
natural vitamin E metabolites12 intriguingly suggested new
modes of targeting PPARγ with potential advantages in
therapeutic efficacy and safety. However, binding to both
sites of PPARγ, the complex biological effects and poor
synthetic accessibility limited the use of these metabolites as a
chemical tool to interrogate PPARγ modulation through the
noncanonical site. Therefore, synthetic ligands mimicking
selectively the alternative site binding of vitamin E metabolites
with improved properties are needed to capture the effects of
the second binding site individually.

Identification of nuclear receptor ligands binding at
alternative epitopes can be facilitated by occluding the
orthosteric site.6,15 The irreversible PPARγ antagonist
GW9662 serves this purpose by permanently blocking the
orthosteric site via a covalent adduct with Cys28516 which thus
enabled screening for compounds capable of modulating
PPARγ through other epitopes.17 In a search for a ligand
binding to the alternative site, we tested our in-house
collection of PPARγ modulators in a Gal4 hybrid reporter
gene assay against both ligand-free and GW9662-bound
PPARγ. We identified 118 (Scheme 1) showing an ability to
activate both forms of PPARγ (w/o GW9662: EC50 = 2.1 ±
0.2 μM; w/10 μM GW9662: EC50 = 4 ± 1 μM; Figure 1a).
These results indicated that GW9662 blocked access to the
orthosteric site without preventing PPARγ activation (Figure
S1) and that 1 binding to a different region than the site
occupied by the irreversible antagonist can stabilize an
activated state of PPARγ, implying likely an allosteric mode-
of-action.

The co-crystal structure of the PPARγ LBD in complex with
1 (pdb ID: 8aty; Figures 1b, S2) indeed confirmed orthosteric
and alternative site binding with a 1:2 stoichiometry
(PPARγ:1) as also observed for the vitamin E analogue
GA.12 Both 1- and GA-bound structures shared a highly similar

conformation of the PPARγ LBD. At the canonical site, 1
formed polar contacts with Ser289, His449, and Tyr473,
resembling the patterns observed for TZD19 and GA.12 In the
second site, 1 was accommodated within the cavity located
between helix 4 and helix 5 and made an ionic interaction with

Scheme 1. PPARγ Ligands Investigated and Developed (1,
2) in this Study

Figure 1. Characterization of 1 mimicking the dual PPARγ binding of
GA and of the selective alternative site PPARγ ligand 2. (a) Dose−
response curves of 1 in a Gal4-PPARγ reporter gene assay in the
absence and presence of the irreversible orthosteric antagonist
GW9662 (10 μM). Data are the mean ± S.E.M., n = 3. (b) The X-
ray structure of the PPARγ LBD in complex with 1 (pdb ID: 8aty)
revealed two molecules binding to the LBD and highly aligned with
the PPARγ-GA complex (pdb ID: 7awd).12 Electron density map for
1 in Figure S2. (c) Second site binding of 1 and GA revealed an
interaction with the side chain of Arg288 and potential space for an
extension of 1 to achieve selective binding to this site. (d) Thermal
stability of the PPARγ LBD in the presence of different concentrations
of 2 and pioglitazone. The heat map shows the mean Tm, n = 3. (e, f)
Effects of 2 on Gal4-PPARγ (e) and PPRE (f) activity in the absence
and presence of pioglitazone. Data are the mean ± S.E.M., n ≥ 3. (g)
Effects of 2 on PPARγ Ser273 phosphorylation. Data are the mean ±
S.E.M., n = 3−6. Rosiglitazone as positive control. Western blots in
Supporting Information. (h) Selectivity profiling of 2 on nuclear
receptors. Data are the mean ± S.E.M., n ≥ 3. * p < 0.05 (t-test 2 vs 2
+ ref. ligand). (i, j) Effects of 2 on apoptosis (i) and necrosis (j) in
COS7 cells after 24 h. Doxorubicin (doxo, 100 μM) and flavopiridol
(flavo, 100 μM) as positive controls. Data are the mean ± S.E.M., n =
3.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c03417
J. Am. Chem. Soc. 2023, 145, 14802−14810

14803

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03417/suppl_file/ja3c03417_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03417/suppl_file/ja3c03417_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03417/suppl_file/ja3c03417_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03417?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03417?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03417?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03417?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03417?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03417/suppl_file/ja3c03417_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03417?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c03417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Arg288 via its carboxylate group that was also observed for the
binding of GA12 (Figure 1c). Additional contacts included
hydrogen bonds between the carboxylate of 1 and the
backbone of Ser342 as well as between the secondary amine
and the Glu259 side chain.

In contrast to the canonical site, which is buried within the
PPARγ LBD, the second site is accessible, and the 5- and 6-
positions of the tetrahydronaphthalene of 1 in the second site
oriented toward the solvent-exposed region. The PPARγ-1
structure thus indicated an avenue to obtain a PPARγ ligand
selectively addressing the alternative binding pocket of GA and

1 without canonical orthosteric binding, which could be
achieved by an extension from the tetrahydronaphthalene
motif of 1. Structure-based design and molecular modeling
(Figure S3) suggested substitution of the solvent-exposed
tetrahydronaphthalene to a more elongated moiety that could
prevent orthosteric binding and provide a better fit to the
rather shallow surface in the β-sheet region. Compound 2 was
designed based on these considerations as a candidate selective
ligand of the alternative site and was synthesized over seven
convergent steps with 12% overall yield (Supporting
Information).

Figure 2. Binding of 2 to PPARγ (pdb ID: 8atz). (a) The co-crystal structure of the PPARγ LBD in complex with 2 (pdb ID: 8atz) revealed
selective binding of the ligand to the alternative site and a stabilized active conformation of helix 12. Binding of 2 to the PPARγ LBD was mediated
by H-bonds to Arg288 and Ser342. Electron density map for 2 in Figure S2. (b) PPARγ ligands 1, 2, BVT.13 (pdb ID: 2q6s11), and WY14643 (pdb
ID: 8cph, 8cpi) induce different conformations of helix 12. (c) Compared to BVT.13, binding of 2 is shifted outward from the orthosteric region.
(d) Comparison of PPARγ LBD structures in complex with various alternative sites and double binding ligands reveals differences in ligand binding
sites and conformations. Apo (pdb ID: 8cpj) and pioglitazone-complexed (pdb ID: 5y2o27) PPARγ structures are shown as representatives of
inactive and active forms, respectively. (e) Superposition of the bound ligands GA, 2, BVT.13, MRL-871, and WY14643 demonstrates different
binding modes within the orthosteric and alternative binding regions. (f) Isothermal titration calorimetry (ITC) for the binding of 1 and 2 to the
ligand-free and the GW9662-bound PPARγ LBD. The fitting of the heat of binding is shown with the isotherms as insets. (g, h) LC−MS-based
binding experiments demonstrated dose-dependent specific binding of 2 (0.2−4 μM) to the PPARγ LBD (1 μM) in the absence and presence of 1
μM pioglitazone (g) and specific binding of 2 and pioglitazone (5 μM each) in the absence or presence of the respective other ligand (h); data are
the mean ± S.E.M., n = 3.
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Initial assessment on binding of 2 by differential scanning
fluorimetry (DSF, Figure 1d) revealed additive thermal
stabilization of the PPARγ LBD by 2 and pioglitazone,
providing an indication of simultaneous binding of both
ligands with 2 occupying the alternative site. In cellular setting,
Gal4-PPARγ activation by 2 alone was weak (Figure 1e);
however the ligand markedly enhanced the activity of
pioglitazone in a dose-dependent manner (EC50 1.4 ± 0.5
μM in the presence of 3 μM pioglitazone). 2 also induced
transcriptional activity via the human PPAR response element
(PPRE, Figure 1f) and enhanced pioglitazone-mediated PPRE
activation. Unlike TZD, 2 did not prevent PPARγ phosphor-
ylation at Ser273, an effect that has been linked to anti-diabetic
activity20 (Figure 1g). Selectivity of 2 (100 μM) on nuclear
receptors was assessed in Gal4-hybrid reporter gene assays
(Figure 1h) which neither revealed agonism nor antagonistic
effects on the respective reference ligands. We also detected no
other ago-positive activity of 2 than the potentiating effect on
PPARγ activation by pioglitazone, but it should be noted that
this technique cannot reveal ″silent″ binding to alternative
sites. Moreover, toxicity profiling of 2 showed no cytotoxic
effects up to 100 μM (Figure 1i,j).

The co-crystal structure of PPARγ in complex with 2 (pdb
ID: 8atz, Figures 2a, S2 and S4) confirmed the selective
engagement of the ligand within the expected alternative
binding site. The carboxylic acid of 2 formed a water-mediated
hydrogen bond to Arg288 and a direct contact to the backbone
of Ser342, while the extended phenethyl group was situated in
a solvent-exposed region and had its ether linker forming a
contact to Glu259. Despite a lack of contacts between the
ligand and the activation function 2 (AF-2) in helix 12, 2
nonetheless induced an active conformation of the PPARγ
LBD with AF-2 stabilized and bound to the core of the LBD,
similarly to that observed in the PPARγ-1 structure.
Importantly, the PPARγ-2 complex was crystallized without a
co-activator peptide that might induce this active state.21 Thus,
the observed conformation of the PPARγ LBD was likely
achieved through the ligand binding at the alternative site. This
might be explained by the ordered Ω-loop connecting H4 and
H5, which had a slightly different conformation compared to
the 1-bound structure and likely contributed to the overall
stabilization of the PPARγ LBD and AF-2.11

Alternative site binding in PPAR is not unprecedented as
demonstrated by MRL-871 and BVT.13.7,8,11,22 However, in
addition to their diverse binding modes, these ligands induce
different protein conformations and thus different activation of
the receptor which critically depends on the dynamic position
of the C-terminal helix 12.23−25 We next aimed to compare the
structural consequences of binding of 2 and these ligands
addressing similar epitopes. For direct comparison, we further
solved an inactive apo PPARγ structure and two complexes
with WY-14643 that interestingly revealed two distinct binding
modes: one in an active form with ligand binding to both the
orthosteric and alternative sites like the analogue 1 and a
second binding mode inducing an inactive form with an
unusual single ligand location occupying partially both
orthosteric and alternative sites similar to MRL-871 (Figure
S5). These two complexes with WY-14643 were consistent
with recent findings that typical PPARγ agonist binding follows
a two-step mechanism.26 Structural comparison revealed that
1, 2, WY-14643, MRL-871, and BVT.13 induced different
structural alterations noted essentially by three distinct
conformations of helix 12 (Figure 2b−d). MRL-871 and

single WY-14643 binding between the orthosteric and
alternative pockets failed to stabilize an active conformation
of helix 12 in the crystals, which was either disordered or
extended outward from the LBD core, similar to the
conformation observed in the inactive apo form due to crystal
contacts.24,26 This was in contrast to the other alternative site
ligands, whose binding triggered an inward swing and thus
stabilization of helix 12. However, only simultaneous binding
of GA, 1, or WY-14643 at both orthosteric and alternative sites
as well as binding of 2 to the alternative site alone but not
BVT.13 induced and stabilized the active conformation of the
PPARγ LBD characterized by the fully “in” conformation of
helix 12 and reminiscent to that observed for pioglitazone (pdb
ID: 5y2o27). These distinct effects might correlate with
different ligand binding modes evident from examining the
superposition of their bound states (Figure 2e), revealing that
2 spared the orthosteric region while MRL-871 and BVT.13
occupied parts of the pocket typically bound by orthosteric
ligands such as GA.

To validate this unique alternative site binding mode of 2
which unlike other ligands did not partially or fully occupy the
orthosteric site (Figure 2e), we conducted binding studies both
in the presence and absence of an orthosteric ligand using
isothermal titration calorimetry (ITC) and mass spectrometry
(MS). The ITC results demonstrated a 1:2 protein to ligand
binding stoichiometry of 1 while 2 exhibited 1:1 interaction
with the PPARγ LBD (Figure 2f). When using GW9662-
bound PPARγ LBD in which the orthosteric site was occluded
by the covalent antagonist, we observed a binding
stoichiometry of 1:1 for both 1 and 2 without changes in
affinities. Consistent with this, MS-based binding assays
showed that 2 interacted with the protein in a dose-dependent
manner regardless of the presence of the orthosteric agonist
pioglitazone (Figure 2g). These results suggested therefore the
selective binding of 2 to the alternative site in solution since
the presence of GW9662 or pioglitazone did not affect binding
of 2, demonstrating that both orthosteric and alternative site
ligands can bind to PPARγ simultaneously without competi-
tion. Vice versa, binding of pioglitazone was invariant to the
presence of 2 (Figure 2h), confirming that 2 allowed binding
of the orthosteric agonist and molecular modeling supported
simultaneous binding of 2 and pioglitazone to the PPARγ LBD
(Figure S6).

Our results obtained from cellular, structural, and bio-
physical characterization thus presented 2 as a chemical tool to
investigate selective modulation of PPARγ through the
alternative ligand binding site. To capture the molecular
effects of PPARγ modulation by 2, we compared how 2,
pioglitazone, and GW9662 affected co-regulator recruitment to
the PPARγ LBD using homogenous time-resolved fluorescence
resonance energy transfer (HTRF)-based assays (Figures 3a,
S7). From a diverse panel of 29 canonical nuclear receptor co-
regulators, pioglitazone mainly induced the binding of CBP-1,
PGC-1α, NCoA6, and DRIP2 but displaced SMRT and
NCOR. The antagonist GW9662 enhanced binding of NCOR
and SMRT to PPARγ but displaced CBP-1 and fully reversed
the effects of pioglitazone upon co-incubation. Interestingly,
slightly enhanced binding of the co-activators PGC-1α,
NCoA6, and DRIP indicated also a weak activating
stabilization effect of GW9662, which was consistent with its
weak partial agonistic activity. The alternative site ligand 2
alone mediated weaker recruitment of PGC-1α and NCoA6,
and, in contrast to pioglitazone, displaced CBP-1 and DRIP2,
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but enhanced binding of SMRT and NCOR. In comparison to
the agonist pioglitazone and the antagonist GW9662, this
highlighted a unique profile of PPARγ modulation by 2 with
activating (PGC-1α and NCoA6) and inactivating (CBP-1,
DRIP2, SMRT, and NCOR) contributions.

Since the binding of 2 could occur concomitantly with
pioglitazone, we questioned whether such a co-interaction
scenario might exert different effects. Indeed, we found an

interesting co-factor recruitment profile that mixed parts of the
individual signatures of both ligands. The alternative site ligand
2 dominated the effects on corepressor binding (SMRT,
NCOR) but did not fully reverse the pioglitazone-induced
coactivator recruitment (CBP-1 and DRIP2) which was also
evident from cross-titration experiments (Figure S7).

When testing the combination of 2 and GW9662, additive
displacement of CBP-1 was observed, while NCOR and SMRT

Figure 3. Mechanistic and biological effects of the alternative site PPARγ ligand 2. (a) 2 caused distinguished effects on co-regulator recruitment by
PPARγ with activating and inactivating contributions. Pioglitazone (3 μM), 2 (30 μM), GW9662 (10 μM). Data are the mean ± SD ΔHTRF vs
DMSO; n = 4. (b) Pioglitazone (10 μM) and the RXR agonist SR11237 (10 μM) increased and 2 (50 μM) diminished heterodimerization of
PPARγ with RXR. 2 also blocked the dimer-stabilizing effects of pioglitazone and SR11237. Data are the mean ± SD HTRF vs DMSO; n = 3. (c)
In contrast to pioglitazone, 2 induced no differentiation of human adipocyte-derived stem cells (ASC). Data are the mean ± SD relative Oil Red O
(ORO) deposition compared to pioglitazone; n = 3. (d) Representative images of ASC differentiation experiments stained with ORO. (e)
Differential gene expression in HepG2 cells treated with 2 (20 μM) versus DMSO (0.1%). Volcano plot shows log2(fold change) in the gene
expression level (x-axis) versus the statistical significance level (−log10(p-value); y-axis). (f) Compared effects of 2 and GA on gene expression.
Heat map shows induced (blue), downregulated (red), and nonregulated (black) genes. (g−i) Selected genes regulated by treatment with 2 (20
μM) associated with FOXO signaling (g), adipo−/lipogenesis (h), TOR signaling (i), cell cycle (i), apoptosis (i), and ATP generation (i). Heat
maps show log2(fold change) in the gene expression of significantly (p-value <0.05) regulated genes. (j) Treatment with 2 (20 μM, 16 h) enhanced
the inactivating phosphorylation of FOXO3a at Ser253. Data are the mean ± S.E.M.; n = 6. Western blots in the Supporting Information. (k)
Pioglitazone enhanced, 2 decreased FOXO activity in HepG2 cells over time. Data are the mean ± S.E.M. FHRE activity; n ≥ 3.
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corepressor recruitment was abrogated, suggesting cooperative
effects on the PPARγ LBD. These alterations in co-factor
recruitment patterns correlated with different ligand-induced
PPARγ LBD conformations. The ability of 2 to induce an
active state similar to the orthosteric agonist pioglitazone
indicated that the binding of this ligand can mediate sufficient
stabilization to induce partial activation. In addition,
simultaneous binding of 2 and the antagonist GW9662
observed in ITC was in agreement with the ability of 1 and
2 to activate GW9662-bound PPARγ, suggesting cooperative
stabilization by orthosteric and alternative site ligands.28,29

Since heterodimerization with the retinoid X receptor
(RXR) is a well-described consequence of PPARγ activation,
we next assessed an influence of 2 on this mechanism (Figure
3b). We interestingly observed that while pioglitazone and the
RXR agonist SR11237 enhanced the PPARγ:RXR interac-
tion,30 2 not only decreased heterodimer formation but also
abrogated dimer stabilization by pioglitazone. A similar effect
was also evident for the combination of 2 and SR11237,
suggesting that destabilization of the heterodimer was not due
to competition with pioglitazone. Overall, distinct co-regulator
binding and dimerization profiles thus differentiated 2 from
orthosteric PPARγ agonists and demonstrated different
consequences of orthosteric and alternative site PPARγ
modulation with a complex crosstalk between ligands of both
binding regions.

As a selective alternative site ligand, 2 emerged as a tool to
determine the biological effects of PPARγ modulation through
this epitope. We thus studied whether 2 would promote
differentiation of human adipocyte-derived stem cells (ASC;
ASC52telo, hTERT) into adipocytes, a process that is
regulated by PPARγ31 (Figure 3c,d). In contrast to
pioglitazone, 2 did not cause adipogenesis even at a high 50
μM concentration but actually diminished pioglitazone-
induced adipogenesis, illustrating that alternative site binding
did not activate classical, pro-adipogenic PPARγ signaling. To
elucidate the effects of this noncanonical PPARγ modulation,
we next studied how 2 affected gene expression in hepatocytes
(HepG2) in an unbiased fashion by mRNAseq. Treatment
with 2 significantly altered the expression of 1750 protein
coding genes (p-value <0.05, |log2(fold change)| > 1; Figure
3e, Table S1), yet no induction of canonical PPAR signaling
was observable (Figures S8−S10). In fact, 2 merely decreased
expression of several PPARγ regulated genes involved in
adipogenesis, lipid metabolism, and transport (e.g., CPT-1,
perilipin, FABP1, SCD-1),32 which was consistent with the
lack of pro-adipogenic effects in ASC differentiation. Never-
theless, 230 of the 1750 genes regulated by 2 comprise
experimentally confirmed or predicted PPAR response
elements (Table S2; pioglitazone: 62),33 supporting PPAR-
mediated effects of 2.

Gene expression changes by 2 and GA (Figure 3f) shared
common effects but with a more specific activity of the
selective alternative site binder 2. Differential gene expression
analysis indicated downregulation of forkhead box O (FOXO)
signaling, anti-apoptotic and anti-proliferative activity, as well
as reduced lipogenesis as prominent effects of 2 (Figures 3g−i,
S11−S13).32 Diminished FOXO signaling promotes expres-
sion of antioxidant and cytoprotective genes and decreases
expression of negative cell cycle regulators, while activated
forms of FOXO stimulate proapoptotic gene expression (Bim,
TRAIL, FasL).34 FOXO also plays a role in insulin signaling
and glucose homeostasis (G6Pase, PEPCK) and its down-

regulation can reverse hyperglycemia and insulin resist-
ance.35,36 FOXO activity is regulated by acetylation and
phosphorylation.37 Activating deacetylation mediated, e.g., by
SIRT1 and activating phosphorylation, triggered by oxidative
(JNK, MST1) and nutrient stress (AMPK) or external stimuli
(STAT3) cause FOXO to (re-)enter the nucleus.37−39 On the
contrary, inactivating acetylation (e.g., by CBP) and
phosphorylation stimulated by growth factors or insulin-
induced cell growth lead to nuclear export and subsequent
degradation of FOXO.37,39,40

Detailed gene expression analysis revealed that 2 caused
downregulation of FOXO3 and activators of FOXO signaling
(e.g., SIRT1, MAPK8, TNFSF10), while inhibitory regulators
(e.g., SGK1) were upregulated (Figures 3g, S11). In contrast,
no effect on FOXO signaling-related gene expression was
detected for pioglitazone (Figure S12).12 Inhibition of FOXO
signaling by 2 was accompanied by downregulation of genes
associated with lipogenesis (e.g., LDLRAP1, SERPINA3,
ATP10A, Figure 3h), TOR signaling (e.g., LAMTOR1, 2,
mTORC1, PIP4K, Figure 3i), cell cycle progression (e.g.,
ANAPC15, CDC16), apoptosis (e.g., DDIT3, BID), and ATP
generation (e.g., SLC25A17, NDUFA9),32 all of which
indicated reduced metabolic activity and cells entering a
resting state in response to diminished FOXO activity.
Suppressive effects of 2 on FOXO signaling were also evident
in orthogonal cellular experiments. Treatment with 2
promoted phosphorylation of FOXO3a at Ser253 (Figure
3j), which has been shown to enhance its export from the
nucleus.41 Additionally, 2 diminished transcriptional activity of
FOXO in a time-dependent manner, supporting a genomic
mechanism causing FOXO suppression (Figure 3k).41

Binding of endogenous vitamin E metabolites12 and other
natural ligands10,17 suggests considerable relevance of the
alternative PPARγ binding site and may even support the
hypothesis that this region constitutes a second orthosteric site
for natural ligand binding. Here, we sought to elucidate the
impact of this site on PPARγ regulation by developing a ligand
(2) that selectively mimicked the binding of vitamin E
metabolites to the alternative site.

As demonstrated by the 2-bound PPARγ LBD structure and
binding studies, 2 exhibited a unique binding mode that still
allowed simultaneous binding of orthosteric ligands. Using 2 as
a chemical tool for biological studies, we demonstrated that
selective interaction with the alternative site led to non-
canonical PPARγ modulation on the molecular and cellular
level. Mechanistically, 2 induced a PPARγ-cofactor interaction
pattern distinct from orthosteric reference agonist and
antagonist and prevented PPARγ:RXR dimerization. A lack
of pro-adipogenic activity, no inhibition of PPARγ phosphor-
ylation at Ser273, as well as the absence of classical PPAR
signaling by the selective alternative site ligand illustrated
biological effects different from the activity of insulin-
sensitizing, orthosteric TZD.2,19,20 These molecular and
cellular consequences accentuated different modulation effects
of alternative site binding, suggesting another PPARγ
regulatory mechanism that may involve an interplay and
cooperativity between (endogenous) orthosteric and alter-
native site PPARγ ligands.6,17,28,29 Differential gene expression
analysis further revealed unprecedented cellular effects of 2,
highlighted by suppression of FOXO signaling. Such activity
may have a potential therapeutic value due to a link between
FOXO activation and diverse pathologies. For example,
downregulation of this signaling pathway42 may have a
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beneficial neuroprotective effect as indicated by enhanced
neurogenesis upon FOXO inhibition in vivo.43 These findings
unveil some non-canonical consequences of PPARγ modu-
lation through the alternative site that may open new
therapeutic opportunities.

Associated Content. The crystal structures of the PPARγ
LBD associated to this study have been deposited in the PDB
with the accession codes 8aty, 8atz, 8cph, 8cpi, and 8cpj. The
mRNAseq dataset has been deposited in Array Express with
the accession code E-MTAB-12166. All other data generated in
this study are available from the corresponding author on
request.
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