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ABSTRACT
Beiging of adipocytes is characteristic of a higher number of mitochondria, the 
central hub of metabolism in the cell. However, studies show that beiging can 
improve metabolic health or cause metabolic disorders. Here we discuss a liver- 
fat crosstalk for iron flux associated with healthy beiging of adipocytes. Deletion 
of the transcription factor FoxO1 in adipocytes (adO1KO mice) induces a higher 
iron flux from the liver to white adipose tissue, concurrent with augmented 
mitochondrial biogenesis that increases iron demands. In addition, adO1KO 
mice adopt an alternate mechanism to sustain mitophagy, which enhances 
mitochondrial quality control, thereby improving mitochondrial respiratory 
capacity and metabolic health. However, the liver-fat crosstalk is not detectable 
in adipose Atg7 knockout (ad7KO) mice, which undergo beiging of adipocytes 
but have metabolic dysregulation. Autophagic clearance of mitochondria is 
blocked in ad7KO mice, which accumulates dysfunctional mitochondria and 
elevates mitochondrial content but lowers mitochondrial respiratory capacity. 
Mitochondrial biogenesis is comparable in the control and ad7KO mice, and the 
iron influx into adipocytes and iron efflux from the liver remain unchanged. 
Therefore, activation of the liver-fat crosstalk is critical for mitochondrial quality 
control that underlies healthy beiging of adipocytes.
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Fat or adipose tissue plays an important role in metabolic homeostasis. Brown 
adipocytes are packed with mitochondria that are rich in uncoupling protein 
1 (UCP1) that facilitates energy metabolism through thermogenesis, and with 

CONTACT Zhiyong Cheng z.cheng@ufl.edu Food Science and Human Nutrition Department, 
University of Florida, Gainesville, FL 32611, USA
#Present address: Johns Hopkins University All Children’s Hospital, Medicine-Endocrinology and 
Metabolism Department, St. Petersburg, USA
*These authors contributed equally to this work.

AUTOPHAGY REPORTS                                    
2024, VOL. 3, NO. 1, 2396696 
https://doi.org/10.1080/27694127.2024.2396696

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License 
(http://creativecommons.org/licenses/by-nc/4.0/), which permits unrestricted non-commercial use, distribution, and 
reproduction in any medium, provided the original work is properly cited. The terms on which this article has been 
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

http://orcid.org/0000-0001-7615-9788
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/27694127.2024.2396696&domain=pdf&date_stamp=2024-09-03


small multilocular lipid droplets [1]. White adipocytes, however, have lower 
mitochondrial content but large unilocular lipid droplets [2]. Activation of 
brown adipose tissue or beiging of white adipose tissue increases energy 
expenditure and improves metabolic health [3–5]. Yet, beiging of adipocytes 
in autophagy-deficient mice is associated with metabolic disorder, elevated 
inflammation and oxidative stress, and even increased death rate at young 
age [6–8]. Our recent study reveals a liver-fat crosstalk for iron flux in healthy 
beiging where mitochondrial homeostasis is well maintained, but the cross
talk is absent from unhealthy beiging of adipocytes that lose mitochondrial 
quality control [9]. The liver-fat crosstalk may serve as an important indicator 
of healthy beiging of adipocytes.

As the central hub of metabolism, mitochondria control adipocyte differentia
tion and function [2]. Adipocyte differentiation is associated with increased 
mitochondrial number and proteins involved in fatty acid metabolism [10]. In 
addition, beiging of adipocytes leads to elevated mitochondrial content and 
respiratory activity [3–5]. In line with the essential role of iron in mitochondrial 
enzymes [11], deprivation of iron causes mitochondrial dysfunction and impairs 
adipocyte differentiation [12–14]. In response to stimuli of adaptive thermogen
esis, beiging of adipose tissue increases iron demands and uptake in adipocyte 
[5,15]. By contrast, hormonal blockage of iron mobility or use of iron-deficient 
diets dampens adipose beiging capacity and thermogenesis in mice [16,17]. 
These studies underline the importance of iron status for adipose beiging and 
function.

Iron homeostasis is controlled by the processes of absorption, utilization, and 
storage [18,19]. Currently it remains largely undefined how iron flux is coordi
nated across tissues during beiging of adipose tissue. To address this question, 
we generated a mouse model that undergoes adipose beiging by conditionally 
deleting the transcription factor FoxO1 in adipocytes (adO1KO) [5]. AdO1KO 
adipocytes show a significant elevation in cellular iron (non-heme) and 
a healthy beiging phenotype, including the upregulation of adipose beiging 
markers (e.g., UCP1 and Cidea), increase in mitochondrial proteins and respiration, 
and enhancements in metabolism and energy expenditure [5]. Consistently, iron 
uptake proteins (e.g., TfR1 and DMT1) are elevated in adipose tissue from 
adO1KO mice [5]. However, the iron-storage protein ferritin is downregulated 
in adipose tissue from adO1KO mice versus control mice, because augmented 
mitochondrial biogenesis increases mitochondrial iron demand that is known to 
induce cytosolic “iron depletion” [5,9,20,21]. To meet the higher iron requirement 
for augmented mitochondrial biogenesis during adipocyte beiging [9], adO1KO 
mice adopt a higher iron influx into adipocytes (via TfR1 and DMT1) and increase 
iron efflux out of the liver (via Fpn) [5]. As such, hepatic iron content and ferritin 
level are downregulated while iron contents in adipose tissue and the serum are 
overall higher in adO1KO mice than the controls [5]. Of note, iron content and 
iron-regulatory proteins in the spleen and small intestine are comparable in the 
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control and adO1KO mice. Thus, a liver-fat crosstalk is critical to meet the higher 
iron demands imposed by augmented mitochondrial biogenesis during healthy 
beiging of adipocytes in adO1KO mice.

Mitochondrial homeostasis is also regulated by mitophagy, a housekeeping 
process that removes dysfunctional mitochondria via autophagy [22,23]. To 
maintain autophagic clearance of dysfunctional mitochondria, adO1KO mice 
adopt an alternate mechanism by upregulating Atg7 and Fundc1 but down
regulating Bnip3 [9]. Augmented mitochondrial biogenesis plus the sustained 
mitophagy constitutes the mechanism of quality control, resulting in healthy 
beiging characterized by a higher mitochondrial content and respiratory capa
city, as well as metabolic improvement in adO1KO mice [5,9].

Interestingly, loss of adipocyte Atg7 (ad7KO) also led to accumulation of 
mitochondria and elevated UCP1 in the adipose tissues, a typical phenotype 
of adipocyte beiging [9]. However, the ad7KO mice did not show metabolic 
improvement; instead, the mice exhibited metabolic disorders along with 
compromised mitochondrial function, indicative of an unhealthy browning of 
adipose tissue [9]. The ad7KO mice showed higher mitochondrial COXIV 
protein level in the adipose tissue (Figure 1, A-B), consistent with the obser
vation of mitochondrial acumulation under electron microscopy [9]. 
However, there was no significant change in mitochondrial biogenesis 
mediated by Pgc1α or Pgc1β (Figure 1, A-B). Additionally, adipose mitophagy 
receptors were upregulated in ad7KO mice, by 4.1-fold (p<0.001) for Bnip3 
and 2.7-fold (p<0.01) for Fundc1, although Pink1 was elevated insignificantly 
(1.5-fold, p>0.05), in support of the notion that ablation of autophagy results 
in accumulation of mitophagy receptor proteins (Figure 1, C-D) [24]. To this 
end, mitochondrial dynamics proteins, Drp1 and OPA1, which are required for 
Bnip3 and Fundc1 mediated autophagic clearance of mitochondria [25,26]. 
were elevated by 3.8-fold (p < 0.001) and 2.2-fold (p < 0.05), respectively, in 
adipose tissues from ad7KO mice (Figure 1, E-F). The upregulation of 
dynamics proteins may arise from mitigated turnover owing to autophagy 
ablation [27]. Inhibitory phosphorylation of Drp1 at Ser637 (pDrp1-S637) was 
increased (3.2-fold, p < 0.01), but it showed no significant difference after 
being normalized against total Drp1, suggesting that the elevated pDrp1-S637 

was due to the accumulation of total Drp1 (Figure 1, E-F).
In line with deficiency of autophagy and mitophagy, the ad7KO mice 

showed a substantial accumulation of dysfunctional mitochondria (Figure 1, 
and reference[9]). As the essential element of mitochondrial enzymes and 
complexes [11], iron was elevated in the adipose tissue from ad7KO mice versus 
control mice (Figure 2, A), which was similar to adO1KO mice that exhibit higher 
mitochondrial content and healthy browning of adipose tissue [5]. In contrast 
to adO1KO mice [5], however, ad7KO mice showed no significant changes in 
liver and serum iron contents versus control mice (Figure 2, B-C). Further 
analysis of iron-regulatory proteins demonstrated that iron influx into adipose 
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tissue and iron efflux from the liver remained unchanged (Figure 2, D-G). 
Consistently, the proteins responsible for iron uptake (TfR1 and DMT1), export 
(FPN), and storage (ferritin, FTH) were comparable in ad7KO and control mice 
(Figure 2, D-G). These data suggest that blocking autophagy (or mitophagy) in 
ad7KO mice leads to unhealthy beiging of adipose tissue, where there is no 
change in mitochondrial biogenesis and iron demand, nor does it require 
activation of the liver-fat crosstalk for iron supply. Because mitochondrial iron 
is less accessible than cytosolic iron [20,21], the overall higher cellular iron level 

Figure 1. Mitochondrial regulation in ad7KO mice. (A-B) Western blotting (panel A) and 
densitometric (panel B) analyses of mitochondrial biogenesis markers (Pgc1α and 
Pgc1β) and mitochondrial content marker (COXIV) in visceral adipose tissues from 
control and ad7KO male mice. n=6. (C-D) Western blotting (panel C) and densitometric 
(panel D) analyses of mitophagy markers (Pink1, Bnip3, and Fundc1) in visceral adipose 
tissues from control and ad7KO male mice. n=6. (E-F) Western blotting (panel E) and 
densitometric (panel F) analyses of mitochondrial dynamics proteins (Drp1, pDrp1-S637, 
and OPA1) in visceral adipose tissues from control and ad7KO male mice. n=6. *p < 0.05, 
**p < 0.01; ***p<0.001.
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due to mitochondrial accumulation does not change ferritin (an iron status 
marker) expression in the adipose tissue from ad7KO mice (Figure 2, D-E).

Our study discovers a liver-fat crosstalk for iron flux that distinguishes 
healthy vs. unhealthy beiging of adipose tissue (Figure 3). Deletion of adipose 
FoxO1 leads to healthy beiging of adipose tissue, where mitophagy is sustained 
via alternate mechanism and mitochondrial biogenesis is augmented [9]. 

Figure 2. Iron metabolism in ad7KO mice. (A-C) the contents of non-heme iron in 
visceral adipose tissue (panel A), the liver (panel B), and serum (panel C) in control and 
ad7KO male mice. n= 6-9. (D-E) Western blotting (panel D) and densitometric (panel E) 
analyses of iron regulating proteins in visceral adipose tissues from control and ad7KO 
male mice. n=6. (F-G) Western blotting (panel F) and densitometric (panel G) analyses of 
iron regulating proteins in liver tissues from control and ad7KO male mice. n=6. 
*p < 0.05; n.s., not significant.
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Activation of the liver-fat crosstalk coordinates a higher iron flux from the liver 
into adipose tissue to meet an increased iron demand for augmented mito
chondrial biogenesis (Figure 3). As a result, mitochondrial function and meta
bolic health are thus enhanced in adO1KO mice [5,9]. In the ad7KO mice, 
however, beiging of adipose tissue is unhealthy and the liver-fat crosstalk is 
not activated (Figure 3). Deletion of adipose Atg7 causes mitophagy defects 
while mitochondrial biogenesis remains unchanged (Figure 1, and reference 
[9]). This leads to poor quality control of mitochondria and, in line with mice 
lacking Atg3 that accumulate dysfunctional mitochondria in adipose tissue and 
develop metabolic disorders [6], the Ad7KO mice exhibited higher mitochon
drial content but impaired metabolism (Figure 1, and reference [9]). As mito
chondrial biogenesis is not activated by ad7KO and iron requirement is not 
increased in adipose tissue, the liver-fat crosstalk becomes unnecessary in 
ad7KO mice (Figures 1-3).

Outstanding questions remain as to: (1) whether the liver-fat crosstalk for 
iron flux serves as a shared mechanism for adipose beiging induced by 
different stimuli such as fasting, exercise, and cold exposure [28–30]. (2) What 
molecules and signaling pathways are involved in the regulation of the liver-fat 
crosstalk. One of the top candidates can be hepcidin, the hormone that 
mitigates iron efflux [18]. Administration of hepcidin was shown to impair 
adipocyte beiging [16]. However, a recent study suggests that hepcidin is 
required for adipose beiging as knockout of hepcidin suppresses the beiging 
phenotype and thermogenesis [31]. (3) In addition to hepatocytes, macro
phages play an important role in iron storage and recycling [19]. Whether 
and how macrophages interact with adipocytes during adipose beiging pro
cess warrant future investigation. (4) Fasting induces adipose browning via 
autophagy induction, which is associated with an increase in Ucp1, COXIV, 
mitochondrial biogenesis via Pgc1a, and mitochondrial activities [32]. The 
autophagy-mediated adipose browning was in line with the phenotype in 
adO1KO mice, where an alternate mechanism is adopted to mediate autop
hagy/mitophagy and mitochondrial quality control during adipose browning 
[9]. Whether and how autophagy stimulation by fasting affects iron flux in the 
liver and fat tissue are worthy of future investigation. Tackling these questions 
will advance our understanding of iron metabolism in adipose tissue, and it 
may inform new strategies to achieve healthy beiging and metabolic 
improvement.

Materials and methods

Mice

Atg7,fl°x/fl°x adipoqCreER,T2 and adipoqCreERT2:: Atg7 fl°x/fl°x mice were 
described previously.[9,33,34] Adult AdipoqCreERT2:: Atg7 fl°x/fl°x mice (13-15 
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week old) were treated with tamoxifen (50 mg/kg body weight) by intraper
itoneal injection once a day for 5 consecutive days to obtain ad7KO mice; 
age-matched Atg7 fl°x/fl°x were treated with tamoxifen likewise and used as 
the control mice.[9] All the mice were housed in plastic cages on a 12-h (7:00 
am – 7:00 pm) light–dark photocycle, with free access to water and regular 
chow diet. For tissue collection, the mice were euthanized by inhalation of 
CO2. The procedures of mouse handling and treatments met the NIG guide
lines and were approved by the Institutional Animal Care and Use 
Committees at the University of Florida (UF).

Iron assay

Total non-heme iron was analyzed with Iron Assay Kits (Cat # MAK025) from 
Sigma according to the manufacturer’s instructions.[5]

Immunoblotting

The procedure was performed as described.[5,9] Specifically, tissue and cell 
lysates were prepared with PLC lysis buffer (30 mM Hepes, pH 7.5, 150 mM 

Figure 3. Schematic view of the liver-fat crosstalk during beiging of adipocytes. In 
adO1KO mice, active crosstalk between the liver and adipose tissue supplies iron 
required for augmented mitochondrial biogenesis during beiging of adipocytes. 
Increased mitochondrial biogenesis plus sustained mitophagy upregulates mitochon
drial content and respiratory capacity, improving systemic metabolism. In ad7KO mice, 
however, a higher mitochondrial content results from impairment in mitophagy and 
accumulation of poor-quality-controlled mitochondria, thereby reducing mitochondrial 
capacity. As mitochondrial biogenesis is unchanged, the liver-fat crosstalk is silenced. 
↔, unchanged; ↑, upregulated; ↓, downregulated. The gray dashed line indicates the 
absence of activation of a liver-fat crosstalk for iron supply.
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NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 mM 
NaPPi, 100 mM NaF, 1 mM Na3VO4) supplemented with protease inhibitor 
cocktail (Roche), and 1 mM PMSF. Total protein concentrations of the lysates 
were determined using a DC protein assay kit (Bio-Rad). Antibody (catalog 
number) information: GAPDH (600004-1-lg), Pgc1α (66369-1-lg), Pgc1β 
(22378-1-AP), COXIV (11242-1-AP), Fundc1 (28519-1-AP), Pink1 (23274-1-AP), 
Drp1 (12957-1-AP), and OPA1 (27733-1-AP) antibodies were purchased from 
Proteintech (Rosemont, IL, USA); antibodies against DMT1 (bs-3577R-TR) and 
TfR1 (bs-0988R) from Bioss Antibodies; Ferroportin antibody (NBP1-21503) 
from Novus Biologicals; FTH (SAB2108662-100UL) and p-Drp1-S637 
(SAB5701801) antibodies from Sigma-Millipore (Billerica, MA, USA); and 
Bnip3 antibody (Ab10433) from Abcam (Boston, MA, USA).

Statistical analysis

Measurements were duplicated or triplicated, with 6–9 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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