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FOXO1 inhibition synergizes with FGF21 to
normalize glucose control in diabetic mice
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ABSTRACT

Objective: Forkhead box protein O1 (FOXO1) plays a key role in regulating hepatic glucose production, but investigations of FOXO1 inhibition as a
potential therapeutic approach have been hampered by a lack of selective chemical inhibitors. By profiling structurally diverse FOXO1 inhibitors,
the current study validates FOXO1 as a viable target for the treatment of diabetes.
Methods: Using reporter gene assays, hepatocyte gene expression studies, and in vivo studies in mice, we profiled our leading tool compound
10 and a previously characterized FOXO1 inhibitor, AS1842856 (AS).
Results: We show that AS has significant FOXO1-independent effects, as demonstrated by testing in FOXO1-deficient cell lines and animals,
while compound 10 is highly selective for FOXO1 both in vitro and in vivo and fails to elicit any effect in genetic models of FOXO1 ablation. Chronic
administration of compound 10 improved insulin sensitivity and glucose control in db/db mice without causing weight gain. Furthermore, chronic
compound 10 treatment combined with FGF21 led to synergistic glucose lowering in lean, streptozotocin-induced diabetic mice.
Conclusions: We show that the widely used AS compound has substantial off-target activities and that compound 10 is a superior tool molecule
for the investigation of FOXO1 function. In addition, we provide preclinical evidence that selective FOXO1 inhibition has potential therapeutic
benefits for diabetes as a monotherapy or in combination with FGF21.
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1. INTRODUCTION

Excessive hepatic glucose production (HGP) is a hallmark of both type 1
(T1D) and type 2 diabetes (T2D). In the liver, transcription factor Forkhead
box protein O1 (FOXO1) promotes expression of gluconeogenic and
glycogenolytic genes [1]. This activity is blocked by insulin via the
phosphatidylinositol 3-kinase (PI3K)/Akt pathway, leading to phosphor-
ylation and nuclear exclusion of FOXO1 followed by HGP suppression [2].
While FOXO3 and FOXO4 can also be phosphorylated by PI3K/Akt, only
the former plays a modest role in HGP regulation [3]. In contrast, genetic
ablation of Foxo1 alone in the liver is sufficient to prevent diabetes inmice
[4], defining its predominant role in glucose control. Despite an intense
interest in FOXO1 as a therapeutic target, investigations of direct phar-
macological FOXO1 inhibition have been largely limited to a single
compound, AS1842856 (AS), discovered more than a decade ago [5,6].
This molecule remains the only commercially available small molecule
FOXO1 inhibitor. Even though AS has been studied in numerous papers
and patent applications, its selectivity profile and effects on glucose
metabolism after chronic treatment have not been reported. More
recently, we described the discovery of a panel of novel FOXO1 chemical
inhibitors that are structurally unrelated to AS [7]. However, whether
these compounds can lead to FOXO1 inhibition in vivo and provide
substantial therapeutic benefits in diabetes remains to be investigated.
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Fibroblast growth factor 21 (FGF21) analogs are emerging as novel
therapies that address multiple metabolic abnormalities and comor-
bidities associated with T2D, including obesity, dyslipidemia, and non-
alcoholic steatohepatitis (NASH), but their glucose-lowering effects are
less pronounced, especially in T1D [8,9]. Intriguingly, this novel
metabolic regulator is increased in mice with hepatic FOXO1 ablation
[10], suggestive of an integrated metabolic pathway whose signifi-
cance in HGP regulation is yet unexplored. To note, in combination with
another diabetes therapy, the glucose lowering efficacy of FGF21 is
robustly potentiated [11].
In this study, we sought to determine the effects of selective phar-
macological inhibition of FOXO1 on in vivo glucose metabolism in
mouse models of diabetes and investigated the efficacy of FOXO1
inhibition when co-administered with FGF21.

2. MATERIALS AND METHODS

2.1. Chemicals
Compound 10 (N-[3-(1H-1,3-benzodiazol-2-yl)-1H-pyrazol-5-yl]-4-(4-
methylpiperazin-1-yl)benzamide) was synthesized by IntelliSyn
Pharma, characterized by mass spectrometry and 1H NMR spectros-
copy, and determined to be � 98% pure. AS1842856 was purchased
from MedChemExpress (>98% purity).
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2.2. Mouse PK
In vivo PK study was performed in male ICR mice (N ¼ 3 per route).
Compound 10 was formulated in Solutol HS-15:Saline (5:95 v/v). Mice
were dosed i.v. (1 mg/kg) or p.o. (10 mg/kg), and blood was collected
at 0.083, 0.25, 0.5, 1, 2, 4, 8, and 24 h and processed to obtain
plasma. Compound concentration in plasma was determined by LC-
MS/MS and the results were used to calculate PK parameters.

2.3. Reporter gene assays
HEK293 cells (ATCC, Cat# CRL-1573) were seeded at 7,500 cells/well
in EMEM supplemented with 1% fetal bovine serum (FBS) and 1x
penicillin-streptomycin onto 384-well plates (Perkin Elmer, Cat#
6007680) and incubated at 37 �C/5% CO2 overnight. Cells were
transfected with pGL4.26-4xIRE-luc2 (FFluc), pRL-CMV (Promega), and
pcDNA3.1 vector containing RFP (as negative control), FOXO1-AAA
(Addgene, #9023), FOXA2 (GenScript, #OHu31644), FOXO3 (Gen-
Script, #OHu23372), or FOXO4 (GenScript, #OHu23105) using Lip-
ofectamine3000 (Invitrogen). For the FOXO1-WT (Addgene, #13507)
assay, cells were transfected with pGL4.26-4xIRE-NanoLuc and pGK-
FFluc (Promega). Compounds were added in 10-point half-log dilution
in duplicate wells using a Mosquito dispenser immediately after
transfection mixtures were added, with a final dimethyl sulfoxide
(DMSO) concentration of 0.5%. Plates were sealed with Breathe Easy
tape (Research Products International Corp). After 24 h of incubation,
reporter gene activities in cell lysates were measured by Dual-Glo
Luciferase Assay System or Nano-Glo Dual-Luciferase Assay System
(Promega) according to the manufacturer’s protocol using an EnVision
2105 plate reader (Perkin Elmer). Medium removed from the cell plate
was used to determine lactate dehydrogenase activity using LDH-Glo
Cytotoxicity Assay (Promega). Z0 was calculated as previously
described [12] to be > 0.5 for all assays. At least two independent
experiments were performed for each compound for each assay. A
four-parameter logarithmic curve fit was used to determine relative
IC50.

2.4. Primary hepatocytes
All animal procedures were approved by the Columbia University
Institutional Animal Care and Use Committee. Hepatocytes were
isolated from 8- to 10-week-old male C57/BL6 mice as previously
described [7], resuspended in M199 medium containing 10% FBS, 1x
penicillin-streptomycin, and 50 mg/ml of G418 (ThermoFisher), and
seeded onto collagen-coated 24-well plates at 200,000 cells/well.
After 4e5 h of recovery, cells were washed twice with phosphate-
buffered saline (PBS) and incubated for 15e16 h in M199 medium
containing 1% FBS, 1x penicillin-streptomycin, and 50 mg/ml of
G418. Cells were then treated with freshly prepared 100 mM of cAMP
(SigmaeAldrich), 1 mM of dexamethasone (SigmaeAldrich), and
100 nM of insulin (SigmaeAldrich), or compounds at various con-
centrations. The final DMSO concentration was 0.1% for all wells.
After 6 h of incubation, RNA was extracted using RNeasy Mini Kit
(Qiagen) according to the manufacturer’s protocol. One hundred
nanograms of RNA were reverse-transcribed using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Q-PCR was
performed on a CFX Connect Real-Time PCR system (Bio-Rad) using
iTaq Universal SYBR Green SuperMix. G6pc, Pck1, Foxo1, and Ppia
primer sequences were described previously [13]. AS was tested in 2
independent experiments. Compound 10 was tested in 10 indepen-
dent experiments.
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2.5. Pyruvate tolerance test (PTT)
Normal C57, liver-specific Foxo1 knockout mice (LKO) [4], or their
control littermates were randomized by body weight and fed blood
glucose levels. Compound 10 was formulated in Optiform Select #8
(Catalent) and dosed at 16 mg/kg. AS was formulated in 5% DMSO/
95% PEG-400 and dosed at 30 or 100 mg/kg. Mice were p.o. dosed at
10 ml/kg twice daily for a total of 3 doses (8 am, 5 pm, 8 am). Mice
were either fasted for 4 h (from 6 am to 10 am) or 16 h (6 pme10 am)
before 2 g/kg (10 ml/kg) of sodium pyruvate (Sigma) dissolved in saline
was injected intraperitoneally (i.p.). Tail blood glucose was measured
by Contour glucose monitor (Bayer) at 0, 15, 30, 60, and 120 min. Both
compounds were tested once in LKO and control littermates. PTT in
normal C57 mice was performed at least twice for each compound for
each fasting condition.

2.6. Chronic studies in db/db mice
Six-to 7-week-old male db/db (C57BL/6J background) mice were
purchased from Jackson Labs, acclimated for two weeks, and ran-
domized according to body weight and blood glucose. Mice were p.o.
dosed with vehicle, compound 10 (16 mg/kg, twice daily) or rosigli-
tazone (10 mg/kg in 0.5% methylcellulose, twice daily for days 1e4
and once daily for days 5e10). Ad libitum blood glucose levels and
body weight were monitored daily in the morning before the first dose.
Food intake was measured from two mice receiving the same treat-
ment co-housed in a single cage, and average daily food intake was
calculated per animal. Tail blood glucose after 6 h of fasting was
measured on days 0, 5, and 10. Plasma insulin was measured by
enzyme-linked immunosorbent assay (ELISA, Mercodia). Plasma tri-
glycerides (ThermoFisher), total cholesterol (Wako Pure Chemicals),
alanine aminotransferase (ALT, TECO Diagnostics), and aspartate
aminotransferase (AST, ThermoFisher) were measured by colorimetric
assays according to the manufacturers’ protocols. Insulin tolerance
test (ITT) by i.p. injection (0.75U/kg Novolin) was performed on day 9 in
7-h-fasted mice, and blood glucose was monitored for the next
120 min. On day 11, mice were sacrificed by CO2 inhalation followed
by cervical dislocation. Livers were collected, fixed, and embedded in
paraffin. Sections were stained with hematoxylin and eosin. Images
were acquired on a Keyence BZ-X800 microscope. Compound 10
treatment in db/db mice was performed twice.

2.7. Chronic studies in streptozotocin (STZ) mice
Six-to 7-week-old male C57/BL6J mice were purchased from Jackson
Labs, acclimated for a week, and i.p. injected with 50 mg/kg of STZ
(SigmaeAldrich) freshly prepared in sodium citrate buffer (pH4.5) for 5
consecutive days. Blood glucose was monitored twice weekly until
mice became hyperglycemic (300e450 mg/dL). Mice were random-
ized by blood glucose and body weight. Human recombinant FGF21
(Sino Biological) was formulated in saline and s.c. injected at 0.45 mg/
kg once daily. For mice receiving combination treatment, FGF21 was
injected daily from day 1, and compound 10 was administered twice
daily from day 4. Compound 10 was formulated in Solutol HS-
15:Saline (5:95 v/v) and p.o. dosed twice daily for 7 days at 32 mg/
kg/dose. Blood and plasma parameters were measured as described
above. For oral glucose tolerance test, mice were fasted for 6 h, p.o.,
dosed with 2 g/kg glucose, and tail blood glucose levels were
measured at 0, 30, 60, and 120 min after the glucose challenge. On
day 11, mice were sacrificed and both sides of perigonadal fat pads
were dissected and weighed. Liver triglyceride (TG) content was
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measured as previously described [7] and normalized by tissue weight.
Compound 10/FGF21 combination treatment in STZ mice was per-
formed once.

3. RESULTS

3.1. Activities of FOXO1 inhibitors compound 10 and AS1842856
in cell-based assays
We profiled a panel of previously reported FOXO1 inhibitors [7] for their
aqueous solubility, intrinsic clearance, and cellular permeability.
Compound 10 (N-[3-(1H-1,3-benzodiazol-2-yl)-1H-pyrazol-5-yl]-4-(4-
methylpiperazin-1-yl)benzamide) emerged as the molecule with the
best overall profile. In vivo pharmacokinetic study for compound 10 in
mice showed significant plasma exposure and oral bioavailability
despite relatively short half-life (Table S1), suggesting that this com-
pound is suitable for in vivo studies by oral dosing.
To compare compound 10 to AS [5], the FOXO1 inhibitor widely used in
the literature, we tested both compounds in a series of cell-based
activity and selectivity assays (Table 1). We used HEK293 cells for
transcriptional reporter assays as this cell line has minimal endoge-
nous expression of FOXO proteins and low basal activity of a trans-
fected insulin response element (IRE) [14]-luciferase reporter (data not
shown). Transfection of FOXO1 or other forkhead transcription factors
into HEK293 cells leads to >100-fold increase in IRE-luciferase ac-
tivity. A separate plasmid containing a divergent luciferase enzyme
under the control of a constitutive promoter is co-transfected as an
internal control for transfection efficiency. Notably, compound 10
displayed similar inhibitory activities in the IRE-reporter assay against
both wild-type (WT) FOXO1 and a constitutively active form of FOXO1,
which has three serine/threonine residues mutated to alanine (AAA)
and thus cannot be phosphorylated and inactivated by Akt [15]. These
findings show that compound 10 acts distal to PI3K/Akt. In contrast, AS
potently inhibited FOXO1-WT but was much less active against FOXO1-
AAA, consistent with the previous report that the compound’s inter-
action with FOXO1 depends on these key serine/threonine residues [5],
and also with the possibility of off-target effects on the PI3K/Akt
pathway.
We examined the compounds’ activities against FOXO3, FOXO4, as
well as the more distantly related FOXA2. Compound 10 showed
minimal activity for these three forkhead transcription factors, with
>200-fold selectivity for FOXO1 (Table 1). Furthermore, compound 10
showed no significant inhibition of firefly (FFluc) or Renilla luciferase
(Rluc) reporters driven by constitutive promoters (pGK and pCMV,
respectively), and no significant cellular toxicity (measured by lactate
dehydrogenase release into supernatant). In contrast, although AS did
Table 1 e Activities of FOXO1 inhibitors in HEK293 cell-based assays.

HEK293 cell-based assays Compound 10,
IC50 (mM)

AS1842856,
IC50 (mM)

IRE-reporter
assays

FOXO1-WT 0.076 � /O 1.7* 0.131 � /O 3.3
FOXO1-AAA 0.046 � /O 1.3 9.03 � /O 1.1
FOXO3 15.6 � /O 1.1 2.21 � /O 1.7
FOXO4 18.0 � /O 1.1 1.16 � /O 1.8
FOXA2 22.4 � /O 2.0 EC50 ¼ 2.35 � /O 2.5

Non-specific
activities

pGK-FFluc >10* 1.08 � /O 1.5
pCMV-Rluc >24 0.647 � /O 1.9
Cell viability (LC50) >24 19.1 � /O 1.5

IRE: insulin response element. FFluc: firefly luciferase. Rluc: Renilla luciferase. Data
are geometric mean � /O standard deviation. *Highest concentration
tested ¼ 10 mM. All other assays were tested up to 50 mM.
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not cause significant cell death, it paradoxically activated FOXA2-
dependent reporter activity, inhibited FOXO3- and FOXO4-dependent
reporter gene expression and inhibited the activities of constitutively
expressed FFluc and Rluc, all in the sub-to low-micromolar range, with
5- to 18-fold selectivity for FOXO1. These data indicate that AS has
significant FOXO1-independent effects in HEK293 cells.
We sought to confirm that the compounds can inhibit endogenous
FOXO1 function, using an orthogonal assay format that avoids potential
artefacts due to overexpression. The hepatocyte is a model in which
hormone-dependent transcriptional regulation of gluconeogenic genes,
such as glucose-6 phosphatase (G6pc) and phosphoenolpyruvate
carboxykinase 1 (Pck1) by endogenously expressed FOXO1 is well
established [1]. In primary hepatocytes isolated from normal mice,
compound 10, AS, as well as insulin (the physiological inhibitor of
FOXO1 in this context) significantly suppressed cyclic AMP (cAMP)/
dexamethasone (Dex)-induced G6pc and Pck1 mRNA expression
(Figure 1AeB). Noteworthy, AS suppressed cAMP/Dex-stimulated
Foxo1 expression by 60%, while insulin and compound 10 did not
affect Foxo1 levels (Figure 1C). Dose titration studies in hepatocytes
showed that compound 10 suppressed G6pc expression in a dose-
dependent manner with an estimated IC50 of 213 nM (Figure 1D).
Taken together, the data indicate that compound 10 and AS inhibit
endogenous FOXO1 target gene expression in hepatocytes; and the
effect of AS (but not that of compound 10) is at least in part mediated
by a reduction in Foxo1 mRNA expression rather than inhibition of
FOXO1 protein function.

3.2. Effects of compound 10 and AS1842856 in normoglycemic
mice
FOXO1 inhibition has been shown to suppress HGP in vivo [4,5],
leading to reduced glucose excursions when mice receive a bolus of
gluconeogenetic precursors. Indeed, after a 4-h fast, normal C57 mice
(Fig. S1A) or control mice (Foxo1 flox/flox, Figure 1E) that received
three oral doses (on a b.i.d. schedule) of compound 10 followed by an
intraperitoneal injection of pyruvate showed significantly lower glucose
excursion compared to mice receiving vehicle treatment. Furthermore,
compound 10 failed to reduce glucose levels during pyruvate tolerance
test (PTT) in liver-specific Foxo1 knockout (LKO) mice (Figure 1FeG),
confirming the compound’s effect requires intact FOXO1. Of note,
compound 10 at the same dose level was ineffective at lowering
glucose in normal C57 mice that were fasted overnight (Fig. S1B). This
is consistent with the notion that the primary target of FOXO1 is G6pc,
which regulates glycogenolysis in the early time points after fasting,
whereas gluconeogenesis, which is partially FOXO1-independent,
predominates after prolonged fasting [16]. AS was able to reduce
glucose levels during PTT in overnight-fasted C57 mice (Fig. S1D) and
control mice (Figure 1H) at 30 mg/kg, the previously reported minimum
efficacious dose [5]. In 4-h-fasted mice, AS also significantly lowered
glucose excursion during PTT, albeit at a higher dose level (Fig. S1C).
However, AS also reduced glucose levels in liver Foxo1 knockouts
(Figure 1IeJ), indicating that its glucose-lowering effect in vivo is
partly independent of FOXO1.

3.3. Effects of compound 10 in insulin-resistant diabetic mice
We observed poor tolerability (moribund appearance and unanticipated
death) of AS after repeated dosing in diabetic mice, which may partly
account for the lack of prior reports on this compound’s chronic efficacy
for diabetes. In light of the superior in vitro and in vivo selectivity of
compound 10 compared to AS, we further examined the in vivo effects
of compound 10 in diabetic mice. In db/db mice, a model with severe
obesity and insulin resistance, compound 10 treatment for ten days
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 1: In vitro and in vivo effects of FOXO1 inhibitors. (AeC) mRNA expression of G6pc, Pck1, and Foxo1 in primary mouse hepatocytes treated by vehicle, cAMP (100 mM)þ
Dex (1 mM), cAMP þ Dex þ insulin (100 nM), or cAMP þ Dexþ FOXO1 inhibitors (10 mM) was quantified by q-RT-PCR and normalized against Ppia. Expression level of each gene in
control hepatocytes (without cAMP þ Dex) was set to 1. Values of 3 replicate wells and mean � SEM are shown. Data are representative of at least 2 independent experiments. **,
***, ****: p < 0.01, 0.001, 0.0001 vs. cAMP þ Dex by one-way ANOVA. (D) G6pc mRNA expression in mouse hepatocytes treated by compound 10 at concentrations ranging from
10 nM to 10 mM in the presence of cAMP þ Dex. G6pc expression in control hepatocytes (without cAMP þ Dex) was set to 0%, and that in hepatocytes treated by cAMP þ Dex was
set to 100%. Mean � SEM of 3e6 replicate wells per concentration are shown. Aggregated data from 4 independent experiments was analyzed by 4-parameter curve fit in GraphPad
Prism. (EeJ) Blood glucose levels and area-under-the-curve (AUC) during intraperitoneal PTT in control mice (Foxo1 flox/flox) and liver-specific Foxo1 knockouts (LKO; Albumin-Cre,
Foxo1 flox/flox) after oral treatment of compound 10 at 16 mg/kg/dose (EeG) or AS at 30 mg/kg/dose (HeJ). N ¼ 7e15 mice per group; both male and female animals are included.
*, **: p < 0.05, 0.01 vs. vehicle by two-way ANOVA. #, ##: p < 0.05, 0.01 vs. vehicle by one-way ANOVA. NS: not significant.
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reduced blood glucose to an extent similar to the PPARg agonist
rosiglitazone (Figure 2A, D), although it did not significantly affect insulin
levels (Figur 2E). The calculated HOMA-IR index showed a substantial
worsening of insulin resistance in control animals over the course of the
study that was staunched by both compound 10 and rosiglitazone
(Figure 2F). HOMA-b, an indicator of b-cell function, tended to be
improved by both compound 10 and rosiglitazone (Figure 2G). ITT
showed significantly reduced glucose levels in both compound 10 and
rosiglitazone treated mice at all time points (Figure 2HeI), while data
interpretation regarding insulin sensitivity was confounded by major
differences in baseline glycemia and acute response to handling stress
across different groups. Importantly, there was a trend towards weight
loss (5%) in db/db mice treated by compound 10, in contrast to the
weight gain induced by Rosiglitazone (Figure 2B). In a follow-up study,
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we found that db/db mice treated by compound 10 showed a trend
towards reduced food intake (12%) compared to those receiving vehicle
treatment (Figure 2C), which likely contributed to the weight loss.
Compound 10 had no significant effects on plasma TG and total
cholesterol (TC) (Figure 2JeK), while rosiglitazone reduced plasma TG.
ALT and AST were not affected by either compound (Figure 2LeM). In
addition, compound 10 had no apparent effect on hepatic histology,
while rosiglitazone exacerbated hepatic steatosis (Figure 2N). In sum-
mary, FOXO1 inhibition normalized blood glucose in db/db mice,
associated with improvements in insulin sensitivity and b-cell function
(as evidenced by HOMA-IR and HOMA-b), which are unlikely to be
explained solely by the modest weight loss observed. Furthermore, the
FOXO1 inhibitor’s effect on body weight differentiate it from PPARg
agonist rosiglitazone, indicative of a distinct mechanism and a
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Figure 2: Effects of FOXO1 inhibitor compound 10 in db/db mice. Male db/db mice were treated by vehicle, compound 10 (32 mg/kg/dose), or Rosiglitazone (10 mg/kg/dose)
for 10 days. (A) Ad libitum blood glucose levels measured daily approximately 1 h after dosing. (B) Body weight, (C) daily food intake, (D) blood glucose, and (E) plasma insulin after
a 6 h fast on the indicated days are shown. Fasting glucose and insulin levels were used to calculate HOMA-IR (F) and HOMA-b (G). (HeI) Intraperitoneal insulin tolerance test was
performed on day 9; and (H) blood glucose levels and (I) % glycemia normalized to time 0 are shown. (JeM) 6-h-fasted plasma levels of (J) TG, (K) TC, (L) ALT, and (M) AST are
shown. (N) Representative H&E staining of liver tissues collected after 10 days of treatment. N ¼ 6e8 per group. Data are Mean � SEM. *, **, ***, ****: p < 0.05, 0.01, 0.001,
0.0001 vs. vehicle by two-way ANOVA. :̂ p < 0.05 between indicated groups by two-way ANOVA.
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Figure 3: Effects of FOXO1 inhibitor compound 10 in STZ lean mice. STZ-induced diabetic male mice were treated by vehicle, compound 10 (32 mg/kg/dose), FGF21
(0.45 mg/kg), or both compound 10 and FGF21. (A) Ad libitum blood glucose levels were measured 1 h after dosing. (B) Blood glucose levels were measured during an OGTT
performed on day 11. (CeH) Blood glucose (C) and plasma levels of insulin (D), triglycerides (G), and total cholesterol (H) were measured after a 6-h fast on indicated days. Fasting
glucose and insulin levels were used to calculate HOMA-IR (E) and HOMA-b (F). (I) Liver TG content was measured on day 11. (J) AST level was measured in ad libitum plasma on
day 9. (K) Change in body weight on day 10 compared to day 0 and (L) perigonadal fat pad weight on day 11 were recorded. N ¼ 5e6 per group. Data are Mean � SEM. *, **,
***, ****: p < 0.05, 0.01, 0.001, 0.0001 vs. vehicle control by two-way ANOVA. :̂ p < 0.05 between indicated groups by two-way ANOVA.
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Supplementary Table 1 e PK properties of compound 10.

Compound 10 mouse PK

IV (1 mg/kg) T1/2 1.23 h
AUCinf 1.86 mM*h
Vss 1.71 L/kg
CL 22.7 mL/kg*min

PO (10 mg/kg) Tmax 0.67 h
Cmax 1.62 mM
AUCinf 4.66 mM*h
F% 25.5%

PK: pharmacokinetics. IV: intravenous. PO: per os. CL: clearance. Vss: steady state
volume of distribution. F%: oral bioavailability.
potentially superior therapeutic profile. Finally, compound 10 did not
increase liver enzymes, confirming its in vivo safety.

3.4. Effects of compound 10 and FGF21 in b-cell-ablated diabetic
mice
To assess the efficacy of FOXO1 inhibition in an insulin-deficient
model similar to type 1 diabetes, we went on to examine the effect
of compound 10 in lean mice rendered diabetic by STZ, a model of b-
cell ablation with normal insulin sensitivity. Compound 10 treatment
alone did not significantly reduce blood glucose levels in this model
(Figure 3AeB, blue line). We hypothesized that if insulin sensitivity is
further enhanced, the effect of FOXO1 inhibition may become more
pronounced. FGF21 has been shown to enhance insulin action even in
mice that have normal body weight and insulin sensitivity [17,18],
although it did not significantly lower glucose in lean STZ diabetic
mice as a monotherapy (Figure 3AeB, red line). STZ-induced diabetic
mice receiving FGF21 treatment combined with compound 10
showed lower glucose levels and reduced glucose excursion during
an oral glucose tolerance test (Figure 3AeC, purple line). Insulin
levels were not significantly different among groups (Figure 3D).
HOMA-IR and HOMA-b indices showed improvements in insulin
sensitivity and b-cell function only in animals receiving the FGF21/
compound 10 combination treatment (Figure 3EeF) and not in ani-
mals receiving either treatment alone. Plasma TG, a well-established
biomarker for FGF21 [19], were significantly reduced in animals
receiving FGF21 monotherapy and combination treatment (Figure 3G),
confirming FGF21 target engagement. Plasma TC and AST levels and
liver TG content were not significantly different among groups
(Figure 3HeJ). Animals receiving compound 10 monotherapy and
combination treatment showed a trend toward reduced body weight
(Figure 3K) and >50% reduction in perigonadal fat pad weight at the
end of the study (Figure 3L). Collectively, these data show FOXO1
inhibition and FGF21 have synergistic glucose-lowering effects in
insulin-deficient diabetes.

4. DISCUSSION

As the nexus of HGP regulation in normal hormonal response and
dysregulation in insulin resistance, there has been long-standing in-
terest in FOXO1 as a potential therapeutic target for the treatment of
diabetes. However, investigations to date into FOXO1 pharmacology
have been handicapped by the dearth of selective and well-tolerated
chemical inhibitors. A key advance of the current report is the
demonstration that the widely used inhibitor AS has FOXO1-
independent effects in vitro and in vivo, including widespread effects
on transcription in HEK293 cells, suppression of Foxo1 mRNA
expression in hepatocytes, and the ability to reduce glucose levels in
liver Foxo1 knockout mice. The current data suggest that conclusions
drawn from studies using this molecule should be re-examined.
We show that the recently reported inhibitor compound 10 is highly
selective for FOXO1, has significant oral exposure, is well tolerated
in vivo, and lowers glucose in mice in a FOXO1-dependent manner.
Therefore, it is a superior tool molecule to probe FOXO1 pharmacology.
Chronic FOXO1 inhibition by compound 10 leads to insulin sensitization
and improves glucose control in diabetic mice. These salutary effects
are more pronounced in the insulin-resistant and hyperinsulinemic db/
db mouse model than in the b-cell-ablated and insulin-sensitive STZ
lean mouse model, consistent with FOXO1 inhibition having a
MOLECULAR METABOLISM 49 (2021) 101187 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
predominant effect on insulin sensitization. The increase in HOMA-b
associated with FOXO1 inhibitor treatment may be secondary to im-
provements in glycemia, and should be investigated in future studies.
Interestingly, FOXO1 inhibition tended to reduce body weight and
adiposity, in contrast to the weight gain associated with PPARg ago-
nists as well as insulin [20,21]. Furthermore, notwithstanding the
theoretical liability that FOXO1 inhibition may activate lipogenesis and
worsen dyslipidemia [10], compound 10 was neutral on hepatic
steatosis and did not increase circulating triglycerides or cholesterol.
While the mechanism underlying compound 10’s body weight- and
lipid-sparing effects deserves further investigation, the current report
delineates a path to a new class of insulin sensitizers that can
potentially normalize glucose control in diabetes without exacerbating
comorbidities, such as obesity, atherosclerosis, and NASH.
Combination therapy adopted early in the course of disease has
become a mainstay for the treatment of diabetes [22]. FGF21 analogs
have shown promise for the treatment of hypertriglyceridemia and
NASH. Although their glycemic efficacy as monotherapy are limited,
clinical studies of native FGF21, several FGF21 analogs and FGFR1/
KLB agonistic antibodies have shown improvements in insulin sensi-
tivity, glucose levels and/or HbA1c [23]. Thus, the beneficial effect of
this therapeutic class is fully translatable in humans. The current study
is the first to report a synergistic glucose-lowering effect of FOXO1
inhibition and FGF21 in diabetic mice. Remarkably, the combination
treatment further improves insulin sensitivity in STZ lean mice, which
do not have underlying insulin resistance. Whether FOXO1 regulates
FGF21 sensitivity has not been studied and will be subject to future
investigations. This study outlines a potential combination approach
that enhances the glycemic efficacy of the FGF21 therapeutic class to
address multiple comorbidities of diabetes.
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Figure S1: Effects of compound 10 and AS on pyruvate tolerance test in normal mice. Six-to 8-week-old male C57 mice were treated by oral gavage of compound 10 at
16 mg/kg/dose (A-B) or AS at 30 or 100 mg/kg/dose (C-D). Pyruvate was injected after 4hr (A, C) or 16 h (B, D) fasting. N ¼ 10 mice per group. *, **, ****: p < 0.05, 0.01,
0.0001 vs. vehicle by two-way ANOVA.
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