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ABSTRACT

Adipose plasticity is critical for metabolic homeostasis. Adipocyte transdifferentiation plays an important role in adipose plasticity, but the molecular mechanism of
transdifferentiation remains incompletely understood. Here we show that the transcription factor FoxO1 regulates adipose transdifferentiation by mediating Tgff1
signaling pathway. Tgfpl treatment induced whitening phenotype in beige adipocytes, reducing UCP1 and mitochondrial capacity and enlarging lipid droplets.
Deletion of adipose FoxO1 (adO1KO) dampened Tgfp1 signaling by downregulating Tgfbr2 and Smad3 and induced browning of adipose tissue in mice, increasing
UCP1 and mitochondrial content and activating metabolic pathways. Silencing FoxO1 also abolished the whitening effect of Tgf1 on beige adipocytes. The adO1KO
mice exhibited a significantly higher energy expenditure, lower fat mass, and smaller adipocytes than the control mice. The browning phenotype in adO1KO mice
was associated with an increased iron content in adipose tissue, concurrent with upregulation of proteins that facilitate iron uptake (DMT1 and TfR1) and iron import
into mitochondria (Mfrnl). Analysis of hepatic and serum iron along with hepatic iron-regulatory proteins (ferritin and ferroportin) in the adO1KO mice revealed an
adipose tissue-liver crosstalk that meets the increased iron requirement for adipose browning. The FoxO1-Tgfp1 signaling cascade also underlay adipose browning
induced by B3-AR agonist CL316243. Our study provides the first evidence of a FoxO1-Tgffl axis in the regulation of adipose browning-whitening trans-
differentiation and iron influx, which sheds light on the compromised adipose plasticity in conditions of dysregulated FoxO1 and Tgff1 signaling.

1. Introduction epigenetic mechanism [15]. A recent study shows that activation of
hepatic FoxO1 suppresses Fgf21 secretion, whitening brown adipose
tissue and impairing glucose metabolism [16]. A fine-tuned FoxO1 is

thus critical for tissue function and metabolic homeostasis.

Forkhead box O1 (FoxO1) is a transcription factor conserved across
species, and it regulates genes involved in metabolism, cell cycle and

differentiation, and tissue remodeling [1-5]. In mammals, activation of
FoxOl1 in the liver induces glucose production by upregulating gluco-
neogenic enzymes (e.g., glucose 6-phosphatase and phosphoenolpyr-
uvate carboxykinase), which is associated with altered mitochondrial
function [6-10]. Activation of FoxO1 in skeletal muscle regulates atro-
phy transcriptional program by cooperating with C/EBP3S and ATF4
during fasting [11], and mice overexpressing FoxO1 in skeletal muscle
show less skeletal muscle mass, down-regulated slow twitch fiber genes,
and impaired glycemic control [12]. In the pancreas, FoxO1 improves
pB-cell compensation under metabolic stress [13,14], and it regulates
a-cell mass by controlling Arx expression through a Dnmt3a-mediated

Adipose tissue has a high degree of plasticity through adipocyte
differentiation, expansion, and transdifferentiation [17,18]. During
adipocyte differentiation FoxO1 activity is fine tuned in the phases of
clonal expansion, cell cycle arrest, and terminal differentiation [19,20];
overexpression of constitutively active FoxO1 or pharmacologic inhi-
bition of FoxO1 suppresses adipogenesis, underscoring the important
role of FoxOl1 in adipocyte differentiation [19,21]. However, the in vivo
role of FoxO1 in adipose biology remains incompletely understood.
Activation of FoxO1l due to Pten overexpression resulted in adipose
transdifferentiation (i.e., browning of white adipose tissue) and hyper-
active brown adipose tissue in mice, concurrent with increased energy
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expenditure and improved glucose metabolism [22]. By contrast, acti-
vation of adipose FoxO1 due to Adipog-Cre mediated conditional dele-
tion of PDK1 in mice leads to less adipose tissue mass and impaired
glucose tolerance [23]. In addition, use of aP2 promoter to overexpress a
FoxO1 mutant (carboxyl terminal transactivation domain deficient) in
the adipose tissue improves systemic insulin sensitivity and glucose
metabolism in mice on high fat diet, which was associated with
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increased energy expenditure via activation of brown adipose tissue
[24]. The discrepancy may arise in part from aP2 promoter mediated
DNA recombination in non-adipose tissues and altered lineage plasticity
during embryonic development [25-29]. Regardless, these studies sug-
gest that FoxOl1 is involved in adipose transdifferentiation and further
studies are needed to elucidate the exact mechanism.

To address the question, we developed an inducible adipose FoxO1
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Fig. 1. Deletion of adipocyte FoxO1 activated metabolic pathways and improved systemic metabolic health. (A) Genotyping of Fox01%°*1°% mice and adipoq-
CreER™:Fox011°%/1°% mice by PCR and DNA gel imaging. As floxed FoxO1 is located at 149 bp and adipoqCreERT? at 600 bp, the images indicated that mice #1-2
were of adipoqCreER"%Fox01%°/1°% and mice #3-4 of Fox01%°*/1° genotype. (B) Western blotting analysis of FoxO1 expression in control and adO1KO mice.
Tamoxifen treated FoxQ1fox/flox (control, Ctrl) showed normal expression of FoxO1, while tamoxifen-treated adipoqueERTzzFox01ﬂ°"/ flox mice (adO1KO) showed
drastic deletion of FoxO1 in white adipose tissue. iBAT, interscapular brown adipose tissues; iWAT inguinal white adipose tissue; gWAT, gonadal white adipose
tissue; mWAT, mesenteric white adipose tissue; rWAT, retroperitoneal white adipose tissue. (C-D) adO1KO mice exhibited upregulation of metabolism-regulating
genes in gonadal (C) and inguinal (D) adipose tissues. (E-F) KEGG pathway analysis of the upregulated genes in gonadal (E) and inguinal (F) adipose tissues.
(G-H) Glucose tolerance test and the area under the curve (n = 6). (I) Insulin tolerance test (n = 8). (J) HOMA-IR indices of the control and adO1KO mice (n = 12).
(K-M) Body composition analysis of adO1KO and control mice (n = 8). (N) Measurement of food intake (n = 6). *, p < 0.05; n.s., not significant.
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knockout (adO1KO) mouse model by crossing adipoqueERT2 mice [30]
with FoxO1-floxed mice [6,31]. With this model, we achieved condi-
tional deletion of FoxO1 in the adipose tissue in mouse adulthood to
circumvent potential embryonic developmental issues, given that the
lineage plasticity and adipose development can be compromised by
factors dysregulating FoxO1 activity [3,28,29,32]. In addition, we used
adiponectin (Adipoq) promoter to drive DNA recombination, which is
more specific for adipocyte than aP2 promoter [25-27]. We found that
deletion of adipose FoxOl dampened Tgfbl-Smad3 signaling and
mediated adipose browning-whitening transdifferentiation, concurrent
with altered iron influx into adipocytes. This mechanism accounted at
least in part for B3-adrenergic receptor (B3-AR) mediated adipose
browning.
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2. Results

2.1. Post-developmental deletion of adipose FoxO1 improved
adipose and systemic metabolism

Fox011%/f9X and adipoqCreER™%:Fox011°f°% mice breed at the
expected frequency based on a Mendelian distribution, and newborn
mice appear indistinguishable between Fox01o¢/flox anq adipog-
CreER"%:Fox0119%/1°% Jittermates. To trigger FoxO1 deletion from adi-
pocytes in adult mice, we treated adipoqCreER"%:Fox011°%/°% mice of
10-12 weeks old using tamoxifen that temporally activates the inducible
DNA recombinase [30]. Detection of FoxO1 protein in different tissues
using Western blotting analysis suggested that FoxO1 was effectively
knocked out in white adipose tissue (Fig. 1, A-B). By contrast, deletion of
FoxO1 in brown adipose tissue was mild, in line with the observation
that adipoqCreER™ mediated recombination in brown adipose tissue
was about 15% [30]. FoxO1 expression was not affected in other tissues
(Fig. 1s). Therefore, tamoxifen treated adipogCreER'%:Fox01flox/flox
mice are an ideal conditional knockout model (adO1KO) for studying
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Fig. 2. Deletion of adipocyte FoxO1 induced browning of white adipose tissue. (A) GO (biological process) analysis of the upregulated genes in gonadal adipose
tissue. (B) GO (cellular component) analysis of the upregulated genes in gonadal adipose tissue. (C) Electron microscopic view of gonadal adipose tissue sections from
control (Ctrl) and adO1KO mice. (D-E) Western blotting (D) and densitometric (E) analyses of mitochondrial proteins (n = 6). (F) H&E staining of gonadal adipose
tissue sections (100x magnification). (G) Real time measurement of oxygen consumption with the TSE system (n = 7). (H) Average oxygen consumption in the dark
and light cycles (n = 7). (I) Real time measurement of carbon dioxide production with the TSE system (n = 7). (J) Average carbon dioxide production in the dark and
light cycles (n = 7). (K) Respiratory quotient (RQ) measured by the TSE system (n = 7). (L) Real time measurement of energy expenditure (EE) with the TSE system
(n = 7). (M) Average energy expenditure (EE) in the dark and light cycles (n = 7). (N) Cold tolerance test (n = 5). *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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the role of FoxO1l in white adipose tissue. Fox011%/°% mice treated
with tamoxifen were used as the control (Ctrl).

RNA sequencing analysis revealed significant upregulation of an
array of metabolism-related genes in both gonadal (Fig. 1, C) and
inguinal adipose tissue from adO1KO mice versus the control mice
(Fig. 1, D). The top ranked genes that underwent upregulation were
associated with metabolic pathways, carbohydrate (e.g., glycolysis,
fructose and mannose metabolism, pyruvate metabolism, and TCA
cycle) and lipid metabolism (e.g., fatty acid degradation, PPAR
signaling, and glyerolipid metabolism) according to the KEGG pathway
analysis (Fig. 1, E-F). Other affected pathways include insulin signaling,
peroxisome, and cell cycle. Further studies focused on gonadal adipose
tissue given similar phenotype observed in gonadal and inguinal adipose
tissue. Glucose tolerance test suggested that adO1KO mice had improved
glucose clearance capacity in comparison to the control mice (Fig. 1, G-
H). Insulin tolerance test revealed an enhancement of insulin sensitivity
in the adO1KO mice, concurrent with a lower homeostasis model index
of insulin resistance (HOMA-IR) (Fig. 1, I and J). In addition, fat mass in
the adO1KO mice was significantly lower (by 2.7%, p < 0.05) than the
control mice (Fig. 1, K), and lean mass was increased in adO1KO mice
although the difference did not reach statistical significance (Fig. 1, L).
Body weight and food intake were comparable between the control and
adO1KO mice (Fig. 1, M — N). These data suggest that deletion of
adipocyte FoxOl activates metabolic pathways in adipose tissue and
improves systemic metabolism.

Redox Biology 63 (2023) 102727

2.2. Post-developmental deletion of adipose FoxO1 induced adipose
browning

To further investigate the effects of post-developmental deletion of
FoxO1 on adipose tissue, we conducted gene ontology (GO) enrichment
analysis of the upregulated genes in adO1KO mice vs the control mice
(Fig. 2, A-B). For biological processes, we observed a predominant GO
enrichment of upregulated genes related to cellular respiration, energy
metabolism, fatty acid/lipid metabolism, electron transport chain, and
oxidative phosphorylation (Fig. 2, A). In line with this, GO enrichment
underlines mitochondrial membrane, protein complex, respiration
chain, and mitochondrial matrix as the top ranked cellular components
with genes significantly upregulated (Fig. 2, B). Electron microscopic
analysis of adipose tissues revealed an increase in mitochondrial content
in adO1KO mice (Fig. 2, C), in parallel with upregulation of mitochon-
drial proteins analyzed by Western blotting (Fig. 2, D-E). In particular,
we observed a significant increase in mitochondrial uncoupling protein
1 (UCP1; Fig. 2, D-E) and smaller adipocytes in adO1KO mice compared
with the control mice (Fig. 2, F), the hallmarks of adipose browning [17,
18]. Indeed, genes of UCP1 and Cidea (another browning marker [33])
were induced in adO1KO mice (Fig. 2s). These changes were associated
with a drastic elevation in energy expenditure assessed by indirect
calorimetry (Fig. 2, G-J). Respiratory quotient (RQ) was reduced by
FoxO1 knockout (Fig. 2, K), indicative of increased fatty acid oxidation
as a source of energy in adO1KO mice [34]. This is consistent with the
later observation that inhibition of FoxO1 in beige cells promotes fatty
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Fig. 3. Deletion of adipocyte FoxO1 altered iron metabolism in the adipose tissue and liver. (A) adO1KO mice showed upregulation of genes encoding Fe-S binding
proteins in gonadal adipose tissue. (B) Non-heme iron content in gonadal adipose tissue (n = 6). (C) qPCR analysis of genes encoding DMT1 (Slc11a2) and TfR1
(Tfrc), n = 8. (D-E) Western blotting (D) and densitometric (E) analyses of iron regulating proteins (n = 6). (F) Serum iron in control (Ctrl) and adO1KO mice (n =
8-12). (G) Non-heme iron contents in the liver (n = 6). (H-I) Western blotting (H) and densitometric (I) analyses of iron-storing, exporting, and importing proteins (n

=6). *, p < 0.05; **, p < 0.01; n.s., not significant.
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acid oxidation (Fig. 4, J). The adO1KO mice showed greater energy
expenditure (EE) than the control group (Fig. 2, L-M), concurrent with a
stronger resistance to cold challenge (Fig. 2, N). Thus,
post-developmental deletion of adipose FoxOl induces browning of
adipose tissue, increasing energy metabolism and thermogenic
activities.

2.3. Adipose browning was associated with enhanced iron metabolism

Mitochondria contain 20-50% of total cellular iron, largely in the
form of iron-sulfur (Fe-S) clusters [35]. In line with the increased
mitochondrial content in adO1KO mice, the genes encoding Fe-S
binding proteins were significantly upregulated in the adipose tissues
(Fig. 3, A), and non-heme iron was increased by 51% (p < 0.05; Fig. 3,
B). Quantitative real time PCR analysis revealed 2-fold (p < 0.05) and
1.8-fold (p < 0.05) elevation in the expression of Slc11a2 (encoding
divalent metal transporter 1, DMT1) and Tfrc (encoding transferrin re-
ceptor protein 1, TfR1), respectively (Fig. 3, C). Western blotting

Redox Biology 63 (2023) 102727

analysis suggested 2.7-fold and 2.1-fold increase in DMT1 and TfR1
proteins (Fig. 3, D-E). Mitoferrin 1 (Mfrnl), the mitochondrial metal-
lochaperone that transports iron into mitochondria [35], was also
upregulated but the change was not statistically significant (Fig. 3, D-E).
Interestingly, the iron storage protein ferritin (FTH1) decreased by 55%
(p < 0.05), suggesting that adipose browning imposes an increased iron
demand and utilization thereby reducing iron storage (Fig. 3, D-E).
Serum iron level was 1.47-fold higher in adO1KO mice than the control
mice (Fig. 3, F), consistent with the increased adipose iron content in
adO1KO mice (Fig. 3, B). By contrast, iron content in the liver was
reduced by 36% (p < 0.05), concurrent with a 3.2-fold (p < 0.01) in-
crease in hepatic ferroportin (Fpn) known to export iron into the cir-
culation [35,36], and hepatic iron storing protein ferritin (FTL) level
decreased by 63% (p < 0.01; Fig. 3, G-H). Downregulation of hepatic
iron was associated with significantly increased DMT1 (Fig. 3, G-H). Iron
content and iron-regulatory proteins in the spleen and small intestine
were comparable in the control and adO1KO mice (data not shown).
These findings suggest that cellular and mitochondrial iron transport in
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Fig. 4. FoxO1-Tgfp1 axis regulated adipocyte transdifferentiation. (A) adO1KO mice exhibited downregulation of genes involved in Tgfpl signaling pathway in
gonadal adipose tissue. (B—C) The effects of FoxO1 deletion on the key proteins Tgfbr2 and Smad3 in Tgfp1 signaling pathway in gonadal adipose tissue, analyzed by
Western blotting (B) and densitometry (C), n = 6. (D-G) The effects of Tgfp1 and FoxO1 inhibition on iron import (TfR1) and export (ferroportin, Fpn) proteins, and
beige marker Ucpl protein in C3H/10T1/2 adipocytes, evaluated by Western blotting (D) and densitometry (E-G), n = 3. (H-J) The effects of Tgfp1 and FoxO1
inhibition on cellular respiration control ratio (panel H), mitochondrial spare respiration capacity (panel I), and fatty acid oxidation activities (panel J) in C3H/10T1/
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adipocytes was upregulated to accommodate the increased iron demand
during adipose browning in adO1KO mice (i.e., an elevated iron influx
into adipocytes) at the expense of hepatic iron storage.

2.4. AdOIKO dampened Tgfp1-Smad3 signaling for adipose browning

To explore the mechanism of adO1KO-induced adipose browning,
we conducted pathway analysis of the RNA sequencing data and
discovered that adO1KO mitigated the expression of critical genes
involved in Tgff1 signaling pathway [37], including Tgfbr2 and Smad3
(Fig. 4, A). Consistently, Western blotting analysis revealed 89% and
62% downregulation of Smad3 and Tgfbr2 proteins in adO1KO mice,
respectively (Fig. 4, B-C). These findings suggest that deletion of FoxO1
dampens Tgfpl signaling via Tgfbr2 and Smad3 during adipose
browning. To determine whether Tgffl signaling plays a role in
white-beige adipocyte transdifferentiaiton, we treated beige cells (or
brown-like adipocytes) with Tgffl, which led to 57% (p < 0.05)
decrease in UCP1 protein, concurrent with moderate downregulation of
TfR1 and upregulation of Fpn (Fig. 4, D-G), indicative of a whitening
effect onbeige cells [17,18] and lowered iron demand. However, sup-
pression of FoxO1 with the specific inhibitor AS1842856 (abbreviated as
AS thereafter) reversed the effects of Tgf$l on UCP1, TflR, and Fpn
(Fig. 4, D-G). High resolution respirometry (Oroboros, Austria) analysis
of mitochondrial capacity in beige cells showed that Tgfpl treatment
lowered cellular respiration control ratio (CRCR) by 49% (p < 0.01) and
mitochondrial spare respiratory capacity (SRC) by 42% (p < 0.05)
(Fig. 4, H-I). Mitochondrial fatty acid oxidation (FAO) activities were
lower in Tgfpl treated beige cells in comparison to non-treated cells
(Fig. 4, J). The Tgfpl-induced changes in mitochondria were associated
with increased population of large lipid droplets (62% lipid droplets
with the area >150 pm?) in comparison to the control cells (75% lipid
droplets with the area <150 pm?) (Fig. 4, K-L). Intriguingly, FoxO1 in-
hibitor AS reversed the effects of Tgfp1 on FAO activities and reducing
the size of lipid droplets (72% lipid droplets with the area <100 pm?)
and lipid content in the cells (Fig. 4, J-L). Consistently, beige cells
cotreated with Tgfp1 and FoxO1 inhibitor AS showed normal expression
of UCP1, concurrent with upregulated TfR1 and Fpn (Fig. 4, D-G), the
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proteins that facilitates iron metabolism by increasing iron uptake and
retention [36,38]. Furthermore, Tgff1-induced reduction in CRCR and
SRC was normalized or enhanced by AS (Fig. 4, H-I). Together, the re-
sults suggest that Tgffl signaling promotes whitening of beige adipo-
cytes, while silencing FoxO1 suppresses Tgfp1 signaling and facilitates
adipose browning, leading to a greater mitochondrial capacity and less
lipid storage in the cells.

2.5. FoxO1-Smad3 cascade was suppressed in 3-AR mediated adipose
browning

Activation of p3-adrenoceptor (p3-AR) induces adipose browning
[39,40]. Using B3-AR agonist CL316243 (abbreviated as CL thereafter)
to treat C57BL6/J mice, we found that CL downregulated adipose FoxO1
by 84% (p < 0.001) and Smad3 by 58% (p < 0.01) (Fig. 5, A-B). The
downregulation of FoxO1- Smad3 cascade was associated with increased
mitochondrial content in adipose tissue examined by electron micro-
scope (Fig. 5, C). UCP1 was significantly upregulated by CL treatment
(4.9-fold, p < 0.001), concurrent with elevation of other mitochondrial
proteins such as complexes I and III as well as cytochrome C (Fig. 5, D-E).
Consistently, mRNA levels of of UCP1 and Cidea were upregulated
(Fig. 2s). As observed in adO1KO mice, the CL-treated mice showed
higher DMT1, TfR1, and Mfrnl, the proteins that promote iron uptake
and import into mitochondria (Fig. 5, F-G). Consistently, adipose iron
level was increased significantly compared with the C57BL6/J mice
treated with saline (31 vs 12 ng/mg, p < 0.001; Fig. 5, H). H&E staining
reveals that CL treatment led to a higher population of smaller adipo-
cytes (Fig. 5, I). Fat mass in the CL-treated mice was reduced signifi-
cantly compared with the control mice (6.9% vs 10.1%, p < 0.001)
although the body weight was comparable (Fig. 5, J-K). Overall, sup-
pression of the FoxO1-Smad3 cascade by p3-AR agonist CL316243 was
associated with adipose browning and increased iron metabolism.

3. Discussion

The plasticity of adipose tissue regulates its size, metabolism and
function, and adaptative responses to physiological cues [17,41].
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Fig. 5. CL downregulated FoxO1 and induced browning of white adipose tissue in C57BL6/J mice. (A-B) CL treatment downregulated FoxO1 and Smad3 in gonadal
adipose tissue, evaluated by Western blotting (A) and densitometry (B), n = 6-8. (C) CL-treated mice show an increased mitochondrial content in gonadal adipose
tissue, assessed by electron microscopy. (D-E) CL treatment upregulated mitochondrial proteins, evaluated by Western blotting (D) and densitometry (E), n = 6.
(F-G) CL upregulated proteins importing iron into cells (DMT1 and TfR1) and mitochondria (Mfrn1), evaluated by Western blotting (F) and densitometry (G), n = 6.
(H) Measurement of non-heme iron in gonadal adipose tissue (n = 6-8). (I) H&E staining of white adipose tissue (100x magnification). (J-K) Body composition
analysis by NMR (n = 8-12). In all cases, mice treated with saline were used as the control (Ctrl) group. *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant.



L. Shi et al.

Transdifferentiation from white adipocytes to thermogenic beige adi-
pocytes, or vice versa, represents an important mechanism of adipose
plasticity [42]. In this study we discovered that FoxO1 mediates adipose
transdifferentiation =~ via Smad3 signaling (Figs. 1-2, 4).
Post-developmental deletion of FoxOl downregulated Tgfbr2 and
Smad3, associated with hallmarks of browning of white adipose tissue
(e.g., upregulated UCP1 and smaller adipocyte size) and improved
glucose and energy metabolism (Figs. 1 and 2). In addition, treatment of
beige adipocytes with Tgffl induced whitening phenotype, while
silencing FoxO1 pharmacologically with AS reversed the effect of Tgfp1
(Fig. 4). Previous studies have shown that obese individuals have lower
brown adipose mass or less pronounced response to browning stimuli
than lean healthy controls [43-45]. The differences between lean and
obese subjects may arise from dysregulated FoxO1 and Smad3 signaling,
given that obesity activates FoxO1 through insulin resistance [3,46] and
increases Tgfp1 level [47,48]. Our findings shed light on the mechanism
of FoxO1 regulating adipose transdifferentiation (Fig. 6), and add to the
notion that silencing Tgfp1-Smad3 signaling favors adipose browning
[48,49]. Importantly, activation of p3-AR deactivates the FoxO1-Smad3
cascade, and deletion of adipose FoxO1 recapitulated the $3-AR agonist
(CL) induced browning of adipose tissue (Figs. 4 and 5). Thus, silencing
FoxO1-Smad3 cascade may underlie $3-AR mediated adipose browning
(Fig. 6). To this end, it was shown that obese subject had low or no
response to B-AR agonists that cause adipose browning in healthy con-
trol [50,51], possibly because of activated FoxO1 by insulin resistance
[3,46] and elevated Tgfpl [47,48]. Therefore, a fine-tuned Fox-
01/Tgfp1-Smad3 activity is critical to maintain browning plasticity.
Iron plays key roles in numerous enzymatic reactions, particularly in
the mitochondria that are highly redox active and rich in heme-
containing enzymes and Fe-S cluster proteins [35]. Iron deficiency
dampens mitochondrial development and adipose browning and lowers
body temperature in mice exposed to cold [52]. In line with increased
mitochondrial content and UCP1 that promotes energy dissipation and
thermogenesis in adO1KO mice (Figs. 1 and 2), we found that adipose
iron was significantly increased during adipose browning (Figs. 3 and 5).
Accordingly, the proteins and related genes that regulate cellular iron
uptake (DMT1 and TfR1) and mitochondrial iron import (Mfrnl) were
upregulated (Figs. 3 and 5). The adO1KO mice showed lower iron
content in the liver (the primary organ of body iron storage) but a higher
iron content in the serum (Fig. 3, F-G), implying an increased iron flux
from the liver to adipose tissue. Indeed, the iron exporter Fpn was
significantly upregulated in the liver, concurrent downregulation of
ferritin (the iron storage protein) in the liver from adO1KO mice (Fig. 3,
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H). Interestingly, ferritin level in the adipose tissue was also down-
regulated significantly regardless of elevation of DMT1 and TfR1 (Fig. 3,
D-E). The reciprocal regulation of ferritin vs DMT1 and TfR1 in adO1KO
adipose tissue suggests that the increased iron requirement for adipose
browning may result in a secondary iron deficiency [53], which is
known to upregulate DMT1 and downregulate ferritin via the IRP/IRE
system [35,36]. Indeed, previous studies have reported iron deficiency
secondary to increased iron requirements [54,55]. For instance,
high-oxygen-affinity hemoglobin variants increased red cell mass
requirement, which induced a compensatory erythrocytosis and sec-
ondary iron deficiency [56,57]. Thus, conditional deletion of adipose
FoxO1 induces a crosstalk between the liver and adipose tissue to meet
the increased iron requirement for adipose browning (Fig. 6). In the
liver, FoxO1 was previously shown to regulate iron through heme
metabolism [1,6,7]. By upregulating heme oxygenase 1 (heme catabo-
lism) and down-regulating Fxn and Urod (heme anabolism), FoxO1
disrupts the integrity of mitochondrial electron transport chain and
causes metabolic disorder in the liver [6,7], whereas silencing FoxO1
restores hepatic mitochondria and metabolic homeostasis [6,7,10]. This
study unravels a novel role of FoxO1 in mediating the crosstalk of iron
metabolism between adipose tissue and the liver.

Tgfbr2 is required for canonical TGFp1 signaling to funnel to Smad3
in the regulation of target genes [37]. Our data reveals new target genes
(e.g., Tgfbr2 and Smad3) by which FoxO1l mediates Tgfpl signaling
pathway. Deletion of adipocyte FoxOl downregulates Tgfbr2 and
Smad3 genes, concurrent with pronounced decreases in Tgfbr2 and
Smad3 proteins (Fig. 4, A-C). In keratinocyte FoxO1 transactivates Tgfp1
by binding to the promoter of Tgff1 gene, which promotes keratinocyte
transition to a wound-healing phenotype [58,59]. In chondrocyte,
however, FoxO1 acts as a downstream target and exclusively induced by
Tgffl in a TGF-p activated kinase 1-dependent manner [60].
TGFB1-SMAD signaling increases FoxO1 expression and activity during
chondrogenic differentiation, and FoxO1 inhibition suppresses chon-
drocyte differentiation [61]. In liver cells, TGFp1-Smad3 signaling
stimulates gluconeogenesis by suppressing LKB1-AMPK pathway and
promoting nuclear translocation of FoxO1, which in turn induces glu-
coneogenic enzymes [62]. These findings support the notion that FoxO1
as a transcription factor regulates cell proliferation, differentiation, and
metabolism, in a cell type- and tissue-dependent manner [1,2,4].

In line with the notion that silencing Smad3 promotes adipose
browning [48], our data show that ablation of FoxO1 dampened Smad3
and induced browning phenotype in white adipose tissue of adO1KO
mice (Figs. 1 and 2). In addition, we found that TGFp1 signaling resulted
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Fig. 6. The proposed mechanism by which FoxO1-Tgfp1 cascade mediates adipose transdifferentiation. Tgfp1l signaling promotes whitening of beige adipocytes,
while silencing FoxO1 blocks Tgf1 pathway by downregulating Tgfbr2 and Smad3, preventing Tgff1-induced whitening but favoring browning of white adipose
tissue. The FoxO1-Tgfp1 mechanism seems to be shared by adipose browning induced by CL, a classic browning agent. The question mark indicates a to-be-defined
mechanism through which adipose tissue cross-talks with the liver, thereby triggering an increase in iron influx into the adipocytes in response to browning-imposed

demand of iron.



L. Shi et al.

in whitening of beige adipocytes, while inhibition of FoxO1 reversed the
whitening effect (Fig. 4). The mechanism of FoxO1-TGFf}1 axis in adi-
pose transdifferentiation remains to be investigated. Of note, recent
studies suggest that TGFBl signaling negatively regulate
cyclooxygenase-2 (Cox-2), a rate-limiting enzyme in the synthesis of
prostaglandin that facilitates the recruitment and activation of beige
adipocytes [49]. TGFpl may induce hepatocyte-derived exosomal
miRNA let-7b-5p, which suppresses sympathetic stimulation and
recruitment of beige adipocytes by downregulating $3-AR [63].

Taken together, our study identifies the FoxO1/Tgfp1-Smad3 axis as
an important mechanism of adipose transdifferentiation (Fig. 6).
Silencing FoxO1 abrogates the whitening effects of Tgfp1 on beige adi-
pocytes. Post-developmental deletion of FoxO1 results in browning of
white adipose tissue in mice. Adipose browning due to FoxO1 ablation is
associated with increased iron influx into adipocytes, during which a
crosstalk is initiated between the liver and adipose tissue to meet the
increased requirement of iron. The FoxO1-Smad3 cascade appears to
underlie $3-AR agonist CL induced browning of adipose tissue (Fig. 6).
Further studies are warranted to delineate the molecular mechanisms
that regulate the liver-adipose tissue crosstalk in iron metabolism.

4. Materials and methods

4.1. Mice The FoxO1"*/f°% qnd adipogCreER™ mice were described
previously [6,9,30,31]

To obtain adipogCreER™2: Fox011°%1%X mice, we crossed male adi-
poqCreER™ mice with female Fox011°%/flox mice, Genotyping was
conducted as described [6,9,30]. To induce the deletion of FoxO1, adult
mice (10-12 week old) were treated with tamoxifen (50 mg/kg body
weight) by LP. injection once a day for 5 consecutive days [64,65].
C57BL6/J mice (10-12 weeks old) mice were injected (I.P.) with CL (1
mg/kg body weight) or an equivalent volume of sterile saline once per
day for five consecutive days [66]. All the mice were housed in plastic
cages on a 12-h (7:00 a.m.-7:00 p.m.) light-dark photocycle, with free
access to water and regular chow diet. Body composition analysis and
glucose tolerance tests were conducted at the age of 16 weeks old, fol-
lowed by tissue collection for molecular analysis. All the procedures
followed the NIH guideline and were approved by the Institutional
Animal Care and Use Committees at the University of Florida and Vir-
ginia Tech.

4.2. Indirect calorimetry

Whole body energy expenditure was analyzed by indirect calorim-
etry with a TSE PhenoMaster system where mice were housed individ-
ually with free access to food and water [67]. Mice were allowed 3 days
to acclimate to the new housing conditions before the measurement of
O, consumption (ml kg’1 h™1) and CO;, production (ml kg’1 h™1). En-
ergy expenditure (EE) was calculated using the Weir equation: EE =
3.941 x VO3 + 1.106 x VCO4 and normalized to body weight.

4.3. Histological analysis

Adipose tissues were fixed with 10% formalin. The fixed tissues were
embedded in paraffin and 7 pm sections were stained with hematoxylin
and eosin. Images were taken at 20 x magnification with a Nikon Eclipse
Ts2 microscope (Melville, NY, USA).

4.4. Transmission electron microscopy (TEM)

TEM was conducted as described previously with some modifications
[6,68]. Specifically, adipose tissues were cut into small pieces (~1 mm?)
and fixed in 2.5% glutaraldehyde in sodium cacodylate buffer and post
fixed in 1% osmium tetroxide and embedded in an Epon-Araldite
mixture. Ultrathin (80 nm) sections were obtained with an Ultracut E
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ultramicrotome and post stained with 3% uranyl acetate, followed by
0.4% lead citrate. The ultrathin sections were examined with a JEOL
1200EX transmission electron microscope and images were recorded
digitally.

4.5. Cell culture and treatment

C3H/10T1/2 cells (CCL-226, ATCC) were cultured and maintained
in Dulbecco’s modified Eagle’s medium-10% FBS as described previ-
ously [69]. To induce beige differentiation, cells were maintained for 3
days in medium supplemented with 1 pg/ml insulin, 0.5 mM 3-isobu-
tyl-1-methylxanthine, 2 pg/ml dexamethasone, 5 pM rosiglitazone and
then switched to medium supplemented with 1 pg/ml insulin for 6 days.
The beige adipocytes were then treated for 5 days with Tgf$1 (5 ng/ml),
AS1842856 (1 pM), or combination of Tgfp1 (5 ng/ml) and AS1842856
(1 pM) as described previously [19,70-73]. Images of the cells were
captured with a Nikon Eclipse Ts2 microscope (Melville, NY, USA), and
the size and number of lipid droplets were analyzed with the NIH ImageJ
software (Bethesda, MD, USA) as described previously [73,74].

4.6. Respirometry

Oxygen consumption of beige adipocytes was measured with high
resolution respirometry (Oxygraph-2k, Oroboros). Adipocytes (7 x 10%)
were suspended in 2.1 mL mitochondrial respiration medium (Oxy-
graph-2k, Oroboros). Basal cellular respiration was recorded after the
injection of pyruvate (5 mM), and proton leak respiration was assessed
after injection of oligomycin (10 ng/mL). Maximal cellular respiration
rates were measured by titration of carbonyl cyanide 4-(tri-
fluoromethoxy) phenylhydrazone (FCCP, 0.5-uM steps). Non-
mitochondrial oxygen consumption was determined after injection of
antimycin A (2.5 pM), and it was subtracted from all other respiratory
states. Spare respiratory capacity (SRC) was calculated by subtracting
basal from maximal oxygen consumption rates [75,76]. Cellular respi-
ratory control ratio (CRCR) was calculated as the ratio of maximal to
leak oxygen consumption [75,76]. Fatty acid oxidation (FAQ) activities
were examined by measuring oxygen consumption in the presence of
octanoyl-carnitine (0.5 mM) and malate (2 mM) as the substrates [77].

4.7. Cold tolerance test

The mice were maintained in a climate chamber (Columbus In-
struments, Ohio) at 5 °C with free access to water but not food. The
rectal temperature was measured with a TH5 thermometer (Physitemp,
Clifton, NJ) at the indicated time after exposure to the cold.

4.8. GTT, ITT and HOMA-IR

Glucose tolerance test (GTT) and insulin tolerance test (ITT) were
performed as described previously [78]. For GTT, the mice were fasted
overnight (~14 h), and the animals were injected intraperitoneally (i.p.)
with p-glucose (2 g/kg of body weight), and blood glucose was measured
at the indicated time points with Contour Blood Glucose Meters and Test
Strips. For ITT, mice were fasted for 4-6 h, followed by i.p. injection of
diluted insulin (1 U/kg Humulin R; Lilly), and blood glucose was
measured at indicated time points. For homeostasis model index of in-
sulin resistance (HOMA-IR), ultra-sensitive mouse insulin ELISA Kits
were used to measure insulin in plasma from overnight-fasted mice ac-
cording to the manufacturer (Crystal Chem, Elk Grove Village, IL);
glucose was measured with Contour Blood Glucose Meters and Test
Strips for overnight-fasted mice. HOMA-IR were calculated as follows
[79]: HOMA-IR = insulin (mU/L) x glucose (mg/dL)/405, derived from
HOMA-IR = insulin (mU/L) x glucose (mmol/L)/22.5.
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4.9. Iron assay

Total non-heme iron was analyzed with Iron Assay Kits (Cat #
MAKO025) from Sigma according to the manufacturer’s instructions [80,
81].

4.10. Western blotting

The procedure was performed as described [20,82-84]. Specifically,
tissue and cell lysates were prepared with PLC lysis buffer (30 mM
Hepes, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM
MgCly, 1 mM EGTA, 10 mM NaPPi, 100 mM NaF, 1 mM Na3zVOy,) sup-
plemented with protease inhibitor cocktail (Roche), and 1 mM PMSF.
Total protein concentrations of the lysates were determined using a DC
protein assay kits (Bio-Rad). Antibody (catalog number) information:
GAPDH (MA5-15738) and p-actin (MA5-15739) antibodies were pur-
chased from Pierce (Rockford, IL, USA); FoxO1 antibody (9454s) from
Cell Signaling Technology (Beverly, MA, USA); Cl1 (A21344), C2
(A11142) and C3 (A21362) antibodies from Invitrogen; cytochrome C
antibody (K257-100-5) from Biovision; antibodies against DMT1
(bs-3577R-TR) and TfR1 (bs-0988R) from Bioss Antibodies; Ferroportin
antibody (NBP1-21503) from Novus Biologicals; antibodies against
UCP1 (23673-1-AP), FTL (10727-1-AP), Tgfbr2 (20000-1-AP), and
Mitoferrin 1 (26469-1-AP) from Proteintech; Smad3 (SC-101154) from
Santa Cruz; FTH antibody (SAB2108662-100UL) from Sigma (Billerica,
MA, USA).

4.11. gPCR

The procedure was performed as described [72]. Briefly, RNA was
extracted with RNeasy Mini Kits (Qiagen, Germantown, MD, USA) ac-
cording to the manufacturer’s instruction. The RNA samples were used
to synthesize cDNA by reverse transcription PCR using iScript™ cDNA
Synthesis Kits (Bio-Rad, Hercules, CA, USA) according to the manufac-
turer’s instruction. Gene expression was analyzed by quantitative
real-time PCR on a CFX96 system (Bio-Rad, Hercules, CA, USA). The
primers used in this study were 5'- CTG CTG AGC GAA GAT ACC AG-3
(forward) and 5'- CTC AGG AGC TTA GGT CAG AAG-3' (reverse) for
Slc11a2; 5'- CCC ATG ACG TTG AAT TGA ACCT-3' (forward) and 5'-
GTA GTC TCC ACG AGC GGA ATA-3' (reverse) for Tfrc; 5'- ACT GCC
ACA CCT CCA GTC ATT -3’ (forward) and 5'- CTT TGC CTC ACT CAG
GAT TGG -3’ (reverse) for UCP1; 5’- ATC ACA ACT GGC CTG GTT ACG
-3’ (forward) and 5’- TAC TAC CCG GTG TCC ATT TCT -3’ (reverse) for
Cidea; 5'- CTC TGG CTC CTA GCA CCA TGA AGA -3’ (forward) and 5'-
GTA AAA CGC AGC TCA GTA ACA GTC CG -3’ (reverse) for ACTB as a
reference gene.

4.12. RNASeq

Total RNA from adipose tissue was prepared with RNeasy Mini Kits
(Qiagen), and mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads [85]. After library construction, diluting li-
brary to 1.5 ng/pl with the preliminary quantitative result by Qubit2.0
and detecting the insert size by Agilent 2100. Q-PCR was used to
accurately quantify the library effective concentration (>2 nM), in order
to ensure the library quality. Libraries were fed into Illumina machine
(Illumina Platform PE150) after pooling according to activity and ex-
pected data volume. Raw image data file from high-throughput
sequencing was transformed to Sequenced Reads (Raw Reads) by
CASAVA base recognition (Base Calling). Raw reads were filtered to
remove reads containing adaptors, or >10% bases that could not be
determined, or when the Qscore of over 50% bases were < 5. STAR was
used to map the clean reads to the reference genome (Mus Muscu-
lusGRCm38/mm10). Differential expression analysis was performed
with a DESeq2 R package and enrichment analysis with ClusterProfiler
[85].
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4.13. Statistical analysis

Measurements were duplicated or triplicated, with 6-12 mice
included in each group. Data were presented as mean + SD. Unless the
use of female mice were specified, the animal studies were conducted on
males. Differences between groups and treatments were validated by
one-way analysis of variance or a two-sided t-test. A value of p < 0.05
was considered statistically significant.
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