
ORIGINAL ARTICLE

Dietary luteolin activates browning and thermogenesis in mice
through an AMPK/PGC1α pathway-mediated mechanism
X Zhang, Q-X Zhang, X Wang, L Zhang, W Qu, B Bao, C-A Liu and J Liu

BACKGROUND: Two brown-like adipocytes, including classical brown adipocytes from brown adipose tissues and beige cells from
white adipose tissues, regulate thermogenesis. The developmental and functional induction of brown-like cells provides a defense
against obesity and associated metabolic diseases. Our previous study suggests dietary luteolin can improve diet-induced obesity
and insulin resistance in mice. Here we further elucidated the action of the natural flavonoid on energy expenditure and adaptive
thermogenesis.
METHODS: Five-week-old male C57BL/6 mice were fed low-fat diet (LFD), high-fat diet (HFD) and HFD supplemented with
0.01% luteolin. After 12 weeks, their energy expenditure were detected using a combined indirect calorimetry system. Moreover,
thermogenic program and associated molecular regulators were assessed in adipose tissues. In another independent study, even-
aged mice were fed LFD and luteolin-containing LFD for 12 weeks, and their energy expenditure and thermogenic program were
also investigated. Finally, differentiated primary brown and subcutaneous adipocytes were used to identify the critical participation
of AMPK/PGC1α signaling in luteolin-regulated browning and thermogenesis.
RESULTS: In mice fed either HFD or LFD, dietary luteolin supplement increased oxygen consumption, carbon dioxide production
and respiratory exchange ratio. The enhancement in energy expenditure was accompanied by the upregulation of thermogenic
genes in brown and subcutaneous adipose tissues. Meanwhile, several important AMPK/PGC1α signaling molecules were activated
by dietary luteolin in the tissues. Further, luteolin treatment directly elevated thermogenic gene expressions and activated
AMPK/PGC1α signaling in differentiated primary brown and subcutaneous adipocytes, whereas AMPK inhibitor Compound C reversed
the efficiencies.
CONCLUSIONS: Dietary luteolin activated browning and thermogenesis through an AMPK/PGC1α pathway-mediated mechanism.
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INTRODUCTION
In mammals, energy expenditure primarily adopts three basic
forms, including basal metabolism, adaptive thermogenesis and
physical activity. When total energy intake chronically exceeds
total body energy expenditure, it will result in the development
of obesity and metabolic syndromes.1 Adipose tissues have been
regarded as master regulators in energy balance and nutritional
homeostasis. In rodents, white adipocytes store excess energy in
the form of triglycerides. Differently, two types of uncoupling
protein 1 (UCP1)-positive adipocytes, that is, classic brown
adipocytes from brown adipose tissues (BATs) and beige
adipocytes from white adipose tissues (WATs), specialize in
thermogenesis.2–4 In adult human, the existence of functional
genuine brown fat have been identified in the supraclavicular
and spinal regions.5,6 The pharmacologic or nutritional enhance-
ment in the development and activity of brown or beige fat
might produce a beneficial anti-obesity and anti-diabetic
action.2,4,7

Luteolin is a natural flavonoid and is abundant in many edible
and medicinal plants such as pepper, celery, thyme, peppermint
and honeysuckle.8 Recently, we9 and other investigators10

reported that dietary luteolin ameliorated diet-induced obesity
and insulin resistance in mice. Meanwhile, adipose tissue weights
were reduced in high-fat diet (HFD)-fed mice and the mice did
not have alterations in energy intake.9,10 Moreover, it has been

showed that luteolin could inhibit adipogenic differentiation and
lipid accumulation in 3T3-L1 (refs 11, 12) or primary adipose cells.13

However, it remains unclear whether luteolin regulates adipocyte
browning and affects energy expenditure and adaptive thermo-
genesis in mice.
PGC1α is a pivotal regulator of mitochondrial biogenesis,

oxidative metabolism and thermogenesis gene expression in
brown and beige adipocytes.2,14 AMPK and SIRT1, two important
nutrient and energy sensors,15,16 solely or/and collaboratively
increase PGC1α expression17 and phosphorylation.18 Thus, as an
energy-sensitive pathway, AMPK/PGC1α signaling dominantly
regulates the differentiation and function in brown and beige
fat. Notably, luteolin can inhibit adipogenic differentiation in
adipocytes through activating AMPK and SIRT1.19 Therefore, the
functional relation between luteolin and AMPK/PGC1α signaling in
adipocyte browning and thermogenesis should be explored.
In this study, we investigated the effects of dietary luteolin on

energy expenditure in HFD-fed and low-fat diet (LFD)-fed mice,
respectively. The alterations of thermogenic genes, browning
markers and AMPK/PGC1α molecules were detected in their
adipose tissues, including BAT, epididymal adipose tissue (EAT)
and subcutaneous adipose tissue (SAT). Further, the action of
luteolin treatment on thermogenic program and AMPK/PGC1α
signaling were identified in differentiated primary brown and
subcutaneous adipocytes.
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MATERIALS AND METHODS
Experimental animals and metabolic parameter measures
Male C57BL/6 mice were purchased from Vital River Laboratory Animal
Technology Co. Ltd (Beijing, China) at 4 weeks old. Mice were housed in
ventilated cages within a pathogen-free barrier facility that was maintained
at 22 ± 2 °C with a 12-h light/12-h dark cycle and free to access autoclaved
water and irradiated food throughout the feeding study and metabolic
parameters measurement. All protocols were conducted with approval of
the Hefei University of Technology Standing Committee on Animals. After
adapting for 1 week, mice were randomly divided into three dietary groups
and fed on LFD (D12450B diet containing 3.85 kcal g− 1 and 10% fat;
n= 12), HFD (D12451 diet containing 4.73 kcal g− 1 and 45% fat; n= 12)
and HFD supplemented with 0.01% luteolin (high performance liquid
chromatographyX 98.0%, Huayi Biotechnology, Shanghai, China; n= 12),
respectively. Their body weights and food intakes were weekly measured.
Energy intake was described as kcal per gram body weight weekly (kcal per
week per gram body weight). After 12 weeks, mice were acclimated to a
combined indirect calorimetry system (TSE Systems GmbH, Bad Homburg,
Germany) for 2 days. Oxygen consumption (VO2), carbon dioxide
production (VCO2) and respiratory exchange ratio (VCO2/VO2) were
continuously monitored during the next 24 h. At the end of the
experiments, mice were killed by exposing to CO2. The adipose tissues
were rapidly isolated and weighed on ice and then were snap frozen in
liquid nitrogen and stored at − 80 °C. In another independent study, to
assess the effects of luteolin on energy expenditure in LFD-fed mice, some
5-week-old mice were fed LFD or LFD supplemented with 0.01% luteolin
for 12 weeks, respectively. Their body weights, food intakes and metabolic
parameters were monitored, and their tissues were collected as described
above. Blinding was not used in this study.

Glucose tolerance tests and insulin tolerance tests
At 17 weeks old, insulin tolerance tests and glucose tolerance tests were
performed after overnight fasting. For glucose tolerance tests, mice were
injected glucose intraperitoneally (1 g per kg body weight, Sigma-Aldrich,
Saint Louis, MO, USA). For insulin tolerance tests, mice were injected insulin
intraperitoneally (1.5 IU per kg bodyweight, WanBang BioPharma, Xuzhou,
China). The glucose levels were measured by a blood glucose meter
(Omnitest Plus, B. BRAUN, Melsungen, Germany) at 0, 15, 30, 45, 60, 90 and
120 min after injection and the blood was collected from the tail vein.

Body temperature
Core body temperatures were rectally measured at room temperature at
0900 h using a themocoupler (Physitemp, Clifton, NJ, USA).

Histology, immunohistochemistry and western blotting
Adipose tissues were fixed in 4% formalin, embedded in paraffin and serially
sliced into 5-μm thickness. Hematoxylin–eosin staining was routinely performed
on adipose tissue sections. Using anti-mouse UCP1 polyclonal antibody
(1:500, Abcam, Cambridge, MA, USA), immunohistochemistry for UCP1 protein
was performed on deparaffinized sections. The UCP1-positive areas in five
random fields in each section were determined by detecting the staining
intensity with Image-Pro Plus Version 6.0 (Media Cybernetics, Bethesda, MD,
USA) and data were presented as positive area percent. For western blotting,
tissue proteins were extracted and equal amounts of proteins were separated
with SDS-polyacrylamide gel electrophoresis. Immunoblotting analysis was
performed as previous described.20 Primary and secondary antibodies for
western blotting are listed in Supplementary Table 1.

Total RNA isolation and quantitative real-time PCR
Total RNA was extracted from adipose tissues using RNAiso Plus reagent
(TAKARA, Dalian, China) and then reverse transcripted to cDNA using Oligo
d(T)18 (TAKARA) and M-MLV reverse transcriptase (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol. Real-time PCR was
analyzed using SYBR green dye (TAKARA) in a Bio-Rad MyiQ2 Real-time
PCR System (Bio-Rad, Hercules, CA, USA) as pervious described.20 All primer
sequences used in this study are listed in Supplementary Table 2.

Cell culture
Primary brown and subcutaneous pre-adipocytes were fractionated
according to the published methods.21,22 Briefly, the interscapular BATs
were isolated from newborn mice at postnatal day 2–3 and SATs were

collected from 8-week-old mice. Adipose tissues were dissected, minced
and digested with collagenase II (Sigma-Aldrich) for 45 min at 37 °C. The
digested tissues were filtered through a 100-μm mesh filter and
centrifuged at 200 g for 10 min at 4 °C. The cell pellets were suspended
with RBC lysis buffer for 5 min. After centrifugation, the fractionated
pre-adipocytes were cultured in Dulbecco’s modified Eagle’s medium
(Gibco, Auckland, New Zealand) supplemented with 10% FBS (Gibco).
Adipocyte differentiation was induced in pre-adipocyte cultures containing
0.5 mM isobutylmethylxanthine (Sigma-Aldrich), 125 nM indomethacin
(Sigma-Aldrich), 1 μM dexamethasone (Sigma-Aldrich), 850 nM insulin
(Sigma-Aldrich), 1 nM 3,3′,5-triiodo-L-thyronine (T3, Sigma-Aldrich) and
1 μM rosiglitazone (Sigma-Aldrich) for 48 h. Next, the cells were maintained
in medium with 850 nM insulin, 1 nM T3 and 1 μM rosiglitazone for 6 days.23

After differentiation, the cells were pre-incubated with 20 μM Compound C
(Sigma-Aldrich) or vehicle for 2 h. Next, the cells were treated with 100 nM
luteolin or 2 mM 5-aminoimidazole-4-carboxamide-1-β4-ribofuranoside
(AICAR, Sigma-Aldrich) for 24 h.

Statistical analysis
In vivo data were obtained from one experiment, with 12 mice in each
group. The in vitro results were analyzed in triplicates and four parallels
were used in each experiment. All data were presented as mean± s.e.m.
The comparisons between two animal groups were assessed by non-
parametric Mann–Whitney test, owing to our small sample sizes and data
abnormal distribution. Student’s t-test was used to evaluate the difference
among various cell assay groups. SPSS 16.0 (SPSS Inc., Chicago, IL, USA)
was used as statistical software and a P-value o0.05 was considered
statistically significant.

RESULTS
Dietary luteolin increased energy expenditure in HFD-fed mice
Five-week-old male C57BL/6 mice were fed LFD, HFD and
HFD supplemented with 0.01% luteolin, respectively. After 12
weeks, HFD led to higher body weight gain (Supplementary
Figure S1A) and ratio of fat mass to body weight
(Supplementary Figure S1B) in mice than LFD. Moreover,
HFD-fed mice had lower glucose tolerance (Supplementary
Figure S1C) and insulin sensitivity (Supplementary Figure S1D)
than LFD-fed mice. Supporting our pervious study,9 dietary
luteolin obviously protected mice against HFD-induced
body weight gain (Supplementary Figure S1A), fat accumula-
tion (Supplementary Figure S1B) and insulin resistance
(Supplementary Figures S1C and D). However, it did not affect their
energy intake (Supplementary Figure S1E) and body temperature
(Supplementary Figure S1F).
Along with lower body weight, mice fed LFD and luteolin-

containing HFD had higher O2 consumption (Figures 1a and b)
and CO2 production (Figures 1c and d) during both light and dark
period than mice fed only HFD. In addition, their respiratory
exchange ratio (Figures 1e and f) were also significantly
higher, suggesting these lean mice tended to use preferentially
carbohydrate substrates.24 The results demonstrate that
dietary luteolin potently elevates energy expenditures in HFD-
fed mice.

Dietary luteolin promoted thermogenic program in BAT and SAT
in HFD-fed mice
BATs are specialized adipose tissues, which use the actions of
UCP1 to transform stored chemical energy into heat energy and
protect mice against overfeeding or cold.7 Compared with mice
fed only HFD, mice fed LFD and luteolin-containing HFD
possessed denser small brown adipocytes with multilocular and
cytoplasmic staining lipid droplets in BATs (Figure 2a). In addition,
their BAT UCP1-positive areas were strikingly higher (Figures 2a
and b). Consistent with the results, both UCP1 protein (Figures 2c
and d) and transcript (Figure 2e) levels were also increased in their
BATs. Further, we detected some important thermogenic genes in
BATs. Dietary luteolin upregulated the mRNA expressions of
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Pgc1α, PPARα, Cidea and Sirt1, but did not affect those of Prdm16
and Elovl3 (Figure 2e). These results suggest that dietary luteolin
activates BAT thermogenic program.
Besides classical brown adipocytes from BATs, beige

adipocytes from WATs are also UCP1 positive and can
be induced to express thermogenic genes and drive respiration
and energy expenditure.3 Thus, we further investigated the
effects of dietary luteolin on thermogenic program in WATs,
including SATs and EATs. Similar to their BATs, SATs of mice
fed luteolin-containing HFD also possessed more brown-like
adipocytes (Figure 2f) and higher UCP1 levels (Figures 2f–j)
than those of mice fed only HFD. Correspondingly, dietary
luteolin elevated the expressions of a series of thermogenic
genes (Figure 2j) and beige cell-selective markers (Figure 2k).
However, the morphological (Supplementary Figure S2A)
and expressional (Supplementary Figures S2B and C) altera-
tions did not occur in EAT in mice fed luteolin-containing
HFD. Therefore, we conclude that luteolin also increases
thermogenic program and induces adipocyte browning
in SATs.

Dietary luteolin inherently increased energy expenditure in
LFD-fed mice
As luteolin reduces body weight gain of HFD-fed mice, the promotion
in mouse energy expenditure may only be a result of their body
weight reduction. To avoid the probability, the effects of luteolin on
metabolic parameters were investigated in LFD-fed mice. As expected,
diet supplement of luteolin for 12 weeks did not affect the body
weights, energy intakes, fat mass, body temperatures and blood
insulin and glucose levels of the LFD-fed mice (Supplementary
Figure S3). However, energy expenditure was strikingly elevated in
mice fed luteolin-containing LFD, including increased O2 consumption
during light and dark period (Figures 3a and b), and CO2 production
(Figures 3c and d) and respiratory exchange ratio (Figures 3e and f)
during light period. These results demonstrate that luteolin inherently
enhances energy expenditure in LFD-fed mice.

Dietary luteolin also promoted thermogenic program in BATs and
SATs in LFD-fed mice
Although histological morphology of BATs (Figure 4a) was
unchanged in mice fed luteolin-containing LFD, their UCP1 mRNA

Figure 1. Dietary luteolin increased energy expenditure in HFD-fed mice. Five-week-old male C57BL/6 mice were fed LFD, HFD and HFD
supplemented with 0.01% luteolin (HFD+0.01% LU) for 12 weeks, respectively. At 17 weeks old, their metabolic parameters were measured.
(a) Oxygen consumption (VO2), (c) carbon dioxide production (VCO2) and (e) respiratory exchange ratio (RER, VCO2/VO2) during a 24-h light
and dark cycle, and their average for each group in the light cycle or dark cycle (b for a, d for c and f for e). Non-parametric Mann–Whitney
test. **Po0.01 and ***Po0.001. n= 12 per group. All data are mean± s.e.m.
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(Figure 4b) and protein (Figures 4c and d) expressions in BATs were
remarkably elevated compared with those of mice fed only LFD.
Consistently, dietary luteolin also induced the expressions of
thermogenic gene Pgc1α, PPARα and Sirt1 in BATs (Figure 4b). In
addition, similar histological (Figure 4e) and thermogenic gene
expression (Figures 4f–h) phenomena also occurs in their SATs,
although dietary luteolin still did not affect thermogenic program in
their EATs (Supplementary Figure S4). Therefore, dietary luteolin also
promotes thermogenic program in BATs and SATs in LFD-fed mice.

Dietary luteolin activated AMPK/PGC1α signaling in BATs and SATs
PGC1α is a critical transcriptional cofactor inducing UCP1
expression and regulating mitochondrial biogenesis and oxidative
metabolism in brown-like adipocytes2,7 and can be regulated by
AMPK and SIRT1.14–18 To explore the mechanisms of dietary

luteolin augmenting energy expenditure and adaptive thermo-
genesis in HFD- and LFD-fed mice, we further detected several
important AMPK/PGC1α pathway molecules in their BATs and
SATs. Consistent with increased Pgc1α and Sirt1 transcript levels in
BATs (Figures 2e and 4b) and SATs (Figures 2j and 4f), dietary
luteolin also enhanced their protein levels in BATs and SATs
(Figures 5a–d). Similarly, associated phosphorylated AMPKα
(Figures 5e and f) and ACC (Figures 5g and h) levels were also
strikingly strengthened in BATs and SATs.

Luteolin treatment facilitated browning in differentiated primary
brown and subcutaneous adipocytes through regulating
AMPK/PGC1α pathway
In order to affirm a potential participation of AMPK/PGC1α
pathway in luteolin-regulated browning, the fractionated and

Figure 2. Dietary luteolin induced BAT and SAT thermogenic program in HFD-fed mice. (a) Representative hematoxylin and eosin staining and
UCP1 staining for BAT sections and (b) quantification of UCP1-positive area; scale bars in (a), 100 μm in length (original magnification, × 200).
(c) Immunoblot analysis for UCP1 and (d) quantification of UCP1 to β-actin in BAT. (e) Real-time PCR quantitative mRNA expressions of
thermogenic genes in BAT. (f) Representative hematoxylin and eosin staining and UCP1 staining for SAT sections and (g) quantification of
UCP1-positive area; scale bars in (f), 100 μm in length (original magnification, × 200). (h) Immunoblot analysis for UCP1 and (i) quantification of
UCP1 to β-actin in SAT. Real-time PCR analysis for (j) thermogenic genes and (k) beige cell markers in SAT. β-Actin was used as reference gene
in real-time PCR analysis. Non-parametric Mann–Whitney test. *Po0.05, **Po0.01 and ***Po0.001. n= 8 per group. All data in b, d, e, g and
i–k are mean± s.e.m.
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differentiated primary brown and subcutaneous adipocytes
(Supplementary Figure S5) were treated with luteolin or AMPK
activator AICAR. Five to 100 nM luteolin elevated the mRNA
expression of Ucp1 in the cells in a dose-dependent manner
(Supplementary Figure S6); therefore, 100 nM of luteolin was used
in the further cell experiments. Similar to AICAR, luteolin treatment
significantly increased a series of thermogenic gene expressions in
differentiated primary brown (Figure 6a) and subcutaneous
(Figure 6b) adipocytes. Correspondingly, the protein levels of
UCP1, PGC1α and SIRT1, and the phosphorylation levels of AMPKα
and ACC were also augmented by luteolin or AICAR treatment
(Figures 6c–f). Moreover, luteolin also induced the expressions of
beige cell-selective markers in differentiated primary subcuta-
neous adipocytes (Figure 6b). As a selective AMPK inhibitor,
Compound C blocked all above-mentioned actions of luteolin and
AICAR (Figure 6).

DISCUSSION
The balance between food intake and energy expenditure can
mainly determine animal body weight and adiposity.1 In mice,

both classic brown adipocytes and beige adipocytes increase
energy expenditure through UCP1-mediated thermogenesis.
Thus, the pharmacologic or nutritional strategies for promoting
adipocyte browning and thermogenesis will help to control body
weight homeostasis.2,4,7 In this study, dietary luteolin obviously
elevates energy expenditure in both HFD-fed and LFD-fed mice.
Meanwhile, dietary luteolin also strengthens brown adipocyte
activity and beige adipocyte formation and associated thermo-
genic program. Furthermore, in vivo and in vitro studies show that
luteolin activates AMPK/PGC1α pathway, thereby enhancing
browning and thermogenesis in BATs and SATs.
Luteolin, as a natural flavonoid, possesses sufficient anti-obesity

and anti-diabetic activities. We previously reported that dietary
luteolin could ameliorate diet-induced obesity and insulin
resistance,9 and a recent report confirmed our results.10 However,
a detailed molecular and cellular mechanism about luteolin
reducing body weight gain is not fully understood. To identify
the effects of luteolin on adipocyte browning and thermogenesis,
as well as associated molecular regulators, we designed this
study. In the above-mentioned two reports, diet supplement of
0.002–0.01% luteolin can effectively reduce HFD-induced body

Figure 3. Dietary luteolin inherently increased energy expenditure in LFD-fed mice. Five-week-old male C57BL/6 mice were fed LFD and LFD
supplemented with 0.01% luteolin (LFD+0.01% LU) for 12 weeks, respectively. At 17 weeks old, their metabolic parameters were measured.
(a) Oxygen consumption (VO2), (c) carbon dioxide production (VCO2) and (e) respiratory exchange ratio (RER, VCO2/VO2) during a 24-h light
and dark cycle and their average for each group in the light cycle or dark cycle (b for a, d for c and f for e). Non-parametric Mann–Whitney test.
*Po0.05, **Po0.01 and ***Po0.001. n= 12 per group. All data are mean± s.e.m.
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weight gain in a dose-dependent manner.9,10 Therefore, we choose
0.01% luteolin as the dose of diet supplement in this study.
Using a combined indirect calorimetry system, we detected

mouse energy expenditure. In HFD-fed mice, along with an
expectant improvement in obesity and insulin resistance

(Supplementary Figure S1), dietary luteolin significantly elevated
their metabolic rates during both light and dark period (Figure 1).
Moreover, mice fed luteolin-containing LFD also had a higher
metabolic level than mice fed only LFD, although their body
weights were unaffected by dietary luteolin. In addition, in the two

Figure 4. Dietary luteolin promoted thermogenic program in BAT and SAT in LFD-fed mice. (a) Representative hematoxylin and eosin staining
and UCP1 staining for BAT sections; scale bars in (a), 100 μm in length (original magnification, × 200). (b) Real-time PCR quantitative mRNA
expressions of thermogenic genes in BAT. (c) Immunoblot analysis for UCP1 and (d) quantification of UCP1 to β-actin in BAT. (e) Representative
hematoxylin and eosin staining and UCP1 staining for SAT sections; scale bars in (e), 100 μm in length (original magnification, × 200). (f) Real-
time PCR quantitative mRNA expressions of thermogenic genes and beige cell markers in SAT. (g) Immunoblot analysis for UCP1 and (h)
quantification of UCP1 to β-actin in SAT. β-Actin was used as reference gene in real-time PCR analysis. Non-parametric Mann–Whitney test.
*Po0.05 and **Po0.01. n= 8 per group. All data in b, d, f and h are mean± s.e.m.
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dietary interventions, the supplements of luteolin did not influence
mouse food intake (Supplementary Figures S1E and S3B).
As obesity is caused by total energy intake chronically exceeding
total energy consumption, the results suggest dietary luteolin
inherently elevates energy expenditure and may hereby protect
mice from HFD-induced obesity and insulin resistance.
Adipose tissue has been regarded as a main regulator of energy

balance and nutritional homeostasis, and BAT is a specialized
tissue to use UCP1 and dissipate stored chemical energy in the
form of heat.7 Given the abilities of brown adipocytes in burning
fat and producing heat, targeting to brown adipocyte activation
may offer a viable approach to counteract obesity.4 Notably,
dietary luteolin enhanced BAT thermogenic program in either
HFD-fed (Figures 2a–e) or LFD-fed (Figures 4a–d) mice, suggesting
luteolin can strengthen the functional activities of classic brown
adipocytes.
As another type of UCP1-positive adipocytes, beige or brite

(brown-in-white) cells reside sporadically within WATs and have a
basal level of UCP1 at ambient temperature.3 In response to
specific stimuli, such as cold exposure or β3 adrenergic receptor
agonists, the quiescent beige cells turn on a robust program of
respiration and energy expenditure.25,26 However, not all WATs
equally retain the inducible activity of browning and thermogen-
esis. UCP1-positive multilocular adipocyte is barely detected in
EATs.3 Compared with EATs, SATs possess higher level of UCP1
and other thermogenic proteins, and they are more sensitive to
browning-associated stimuli.3,27 In this study, both HFD and LFD

supplement of luteolin promoted browning and theromgenic
program in SATs (Figures 2f–k and 4e–h) rather than in EATs
(Supplementary Figures S2 and S4). The results show that luteolin
is an efficacy stimulator for SAT browning and powerfully induces
thermogenic abilities of beige adipocytes. Although thermogenic
program was increased both in BATs and SATs after luteolin
treatment, there were no detectable differences in body
temperatures among all four groups. Maybe, the induction of
UCP1 and browning in adipose tissue was not enough to cause a
measurable body temperature elevation. Indeed, a published
report showed that LFD-fed and HFD-fed mice had no differences
in core body temperatures at ambient temperature.28 On the
other hand, besides adaptive thermogenesis, body temperature
also depended on circadian phase, environmental temperature
and physical activity.29 Maybe, the factors buffered the effects of
luteolin on body temperature, a hypothesis requires further
investigation.
The differentiation and function of classical and inducible

brown-like adipocytes are regulated by a complex network of
hormones and signaling pathways. Much of the specialized
function is controlled by some transcriptional cofactors, which
can bind and activate associated transcription factors.2,7 Here,
our results showed that BAT and SAT transcriptional cofactor
PGC1α were upregulated by dietary luteolin in either HFD-fed
(Figures 2e and j, and 5a and b) or LFD-fed (Figures 4b and f, and
5a and b) mice. Similar phenomena also occurred in differentiated
primary brown and subcutaneous adipocytes (Figure 6).

Figure 5. Dietary luteolin activated AMPK/PGC1α signaling in BAT and SAT. Immunoblot for (a) PGC1α, (c) SIRT1, (e) total and phosphorylated
AMPKα (pAMPKα) and (g) total and phosphorylated ACC (pACC) in BAT and SAT. Quantification of protein expressions was described as the
ratio of (b) PGC1α or (d) SIRT1 to β-actin. Quantification of phosphorylated protein levels was described as (f) pAMPKα to total AMPKα or (h)
pACC to total ACC. Non-parametric Mann–Whitney test. *Po0.05 and **Po0.01. n= 8 per group. All data in b, d, f and h are mean± s.e.m.
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Conversely, another co-regulator PRDM16 was not affected
by dietary luteolin in the above-mentioned adipose tissues
(Figures 2e and j, and 4b and f). In the two transcriptional
cofactors, PGC1α is a critical regulator of thermogenic function
but not a promotor of brown-like adipocyte differentiation,7,30

whereas PRDM16 is important in brown adipocytes development.7,31

Therefore, our results implied that luteolin treatment might
promote existed brown-like adipocyte thermogenesis rather than
their progenitor differentiation, a hypothesis that merits further
investigation.
AMPK, a key regulator of energy metabolism, can increase

PGC1α expression and activity.17,18 Moreover, AMPK can also
enhance SIRT1 activity to induce PGC1α deacetylation and
activation.14,16 Thus, PGC1α, SIRT1 and AMPK forms a metabolism-
sensing network to control energy expenditure.32 As luteolin
upregulated PGC1α in the thermogenesis-associated adipose tissues
(Figures 2e and j, 4b and f, and 5a and b) and adipocytes (Figure 6), it
should also activate AMPK/PGC1α pathway in the tissues and cells.
Our further results supported this hypothesis. First, dietary luteolin
increased SIRT1 expressions (Figures 2e and j, 4b and f, and 5a and
b) as well as phosphorylated AMPKα and ACC levels (Figures 5e–h)
in BATs and SATs. Second, luteolin treatment elevated the
expressions of thermogenic genes and the activities of AMPK/
PGC1α signaling molecules in differentiated primary brown and
subcutaneous adipocytes, which fully mimicked the actions of
AMPK activator AICAR (Figure 6). Finally, AMPK inhibitor

Compound C could reverse the efficiencies of luteolin and AICAR
(Figure 6). Altogether, our results indicate that luteolin induces
adipocyte browning and thermogenesis through activating AMPK/
PGC1α signaling, although the involvement of other PGC1α
modulators such as RIP140 (ref. 33) and Retinoblastoma protein34 in
luteolin-induced browning and thermogenesis remains unclear.
In summary, we here illustrate that luteolin inherently increases

energy expenditure in both HFD-fed and LFD-fed mice. Further-
more, luteolin promotes thermogenic program in their BATs and
SATs, and induces white-to-brown fat transition in their SATs.
Finally, AMPK/PGC1α pathway is identified as a critical molecular
signaling to regulate luteolin-induced thermogensis and browning
in differentiated primary adipocytes. All the results reveal that
luteolin protects mice from diet-induced obesity and insulin
resistance through activating AMPK/PGC1α-mediated energy
expenditure.
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Figure 6. Luteolin treatment facilitated browning in differentiated primary brown and subcutaneous adipocytes through regulating AMPK/
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