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the beneficial metabolic effects of nobiletin in vivo are con-
ferred independently of hepatic or adipocyte AMPK activa-
tion.  These studies further underscore the therapeutic 
potential of nobiletin and begin to clarify possible mecha-
nisms.—Morrow, N. M., A. C. Burke, J. P. Samsoondar, K. E. 
Seigel, A. Wang, D. E. Telford, B. G. Sutherland, C. O’Dwyer, 
G. R. Steinberg, M. D. Fullerton, and M. W. Huff. The citrus 
flavonoid nobiletin confers protection from metabolic dys-
regulation in high-fat-fed mice independent of AMPK. J. 
Lipid Res. 2020. 61: 387–402.
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Obesity, dyslipidemia, and insulin resistance are charac-
teristic features of the metabolic syndrome, which is a clus-
tering of risk factors for CVD and type 2 diabetes (1). These 
metabolic complications are increasing in prevalence, indi-
cating a need for novel therapeutic interventions (2). Fla-
vonoids are polyphenolic plant-derived metabolites that 
have been identified as potential therapeutic agents (3). 

Abstract  Obesity, dyslipidemia, and insulin resistance, the 
increasingly common metabolic syndrome, are risk factors 
for CVD and type 2 diabetes that warrant novel therapeutic 
interventions. The flavonoid nobiletin displays potent lipid-
lowering and insulin-sensitizing properties in mice with 
metabolic dysfunction. However, the mechanisms by which 
nobiletin mediates metabolic protection are not clearly es-
tablished. The central role of AMP-activated protein kinase 
(AMPK) as an energy sensor suggests that AMPK is a target 
of nobiletin. We tested the hypothesis that metabolic protec-
tion by nobiletin required phosphorylation of AMPK and 
acetyl-CoA carboxylase (ACC) in mouse hepatocytes, in mice 
deficient in hepatic AMPK (Ampk1/), in mice incapable 
of inhibitory phosphorylation of ACC (AccDKI), and in mice 
with adipocyte-specific AMPK deficiency (i12AKO). We fed 
mice a high-fat/high-cholesterol diet with or without nobile-
tin. Nobiletin increased phosphorylation of AMPK and ACC 
in primary mouse hepatocytes, which was associated with in-
creased FA oxidation and attenuated FA synthesis. Despite 
loss of ACC phosphorylation in Ampk1/ hepatocytes, 
nobiletin suppressed FA synthesis and enhanced FA oxida-
tion. Acute injection of nobiletin into mice did not increase 
phosphorylation of either AMPK or ACC in liver. In mice fed 
a high-fat diet, nobiletin robustly prevented obesity, hepatic 
steatosis, dyslipidemia, and insulin resistance, and it im-
proved energy expenditure in Ampk1/, AccDKI, and 
i12AKO mice to the same extent as in WT controls. Thus, 
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Citrus flavonoids, including naringenin and nobiletin, 
have been documented for their bioactive utility, including 
attenuating risk factors for CVD and type 2 diabetes (3–8). 
In mouse models of the metabolic syndrome, nobiletin 
markedly attenuated metabolic dysregulation and slowed 
the development of atherosclerosis (7, 9–11). Although the 
bioavailability is low, nobiletin accumulates in the liver with 
lesser amounts in adipose tissue and muscle of mice, indi-
cating that the liver is a primary target (3, 7).

Nobiletin potently reduced apolipoprotein B secretion 
from HepG2 cells, which was associated with reduced activity 
of microsomal triglyceride (TG) transfer protein and acyl-
CoA:diacylglycerol acyltransferase and increased expres-
sion of LDL receptors (Ldlrs) (7). In C57BL/6 or Ldlr/ 
mice fed a high-fat diet, supplementation with nobiletin 
prevented weight gain, adiposity, hyperlipidemia, hepatic 
steatosis, and insulin resistance, without effect on caloric 
intake (7). Regression studies in Ldlr/ mice revealed that 
intervention by nobiletin reversed existing obesity and de-
creased adipocyte size and number, improved hyperlipid-
emia, insulin sensitivity, and hepatic steatosis, and enhanced 
energy expenditure (10). In the liver, nobiletin increased 
the gene expression of hepatic PPAR co-activator 1 
(Pgc1a) and carnitine palmitoyltransferase (Cpt)1a leading 
to increased hepatic FA oxidation (7). In addition, nobiletin 
decreased the expression of hepatic Srebf1c accompanied 
by suppression of hepatic FA synthesis (7). These regula-
tory effects presumably account for nobiletin’s capacity to 
attenuate hepatic TG accumulation and prevent metabolic 
dysregulation. However, the specific upstream mechanisms 
by which nobiletin mediates these effects remain elusive.

AMP-activated protein kinase (AMPK) is a  heterotri-
mer central to the regulation of cellular energy homeosta-
sis (12, 13). Multiple levels of hormonal, nutritional, and 
cytokine stimuli mediate the activation of AMPK in most 
tissues, leading to inhibition of anabolic processes and 
stimulation of ATP-generating catabolic processes (14, 15). 
Specifically, phosphorylation of the  catalytic subunit of 
AMPK at Thr172 results in inhibitory phosphorylation of 
acetyl-CoA carboxylase (ACC)1 at Ser79 and ACC2 at Ser212, 
which decreases the conversion of acetyl-CoA to malonyl-
CoA, the rate-limiting step in de novo FA synthesis (14). 
Malonyl-CoA also functions as an allosteric inhibitor of 
CPT1, a protein that facilitates the rate-limiting transport 
of FA into the mitochondria for FA oxidation (14). Thus, 
AMPK-mediated phosphorylation of ACC not only sup-
presses FA synthesis but also relieves the repression of FA 
oxidation by malonyl-CoA. AMPK indirectly upregulates FA 
oxidation by increasing mitochondrial biogenesis through 
PGC1 (15). AMPK also mediates suppression of FAS 
through phosphorylation and inactivation of SREBP-1c (16).

A variety of drugs, xenobiotics, polyphenols, and flavo-
noids activate AMPK, including A-769662, salicylate, met-
formin, berberine, quercetin, resveratrol, and genistein 
(17–19). Enhanced phosphorylation of AMPK and ACC in 
HepG2 cells or primary mouse hepatocytes by metformin, 
A-769662, or resveratrol increased FA oxidation, decreased 
FA synthesis, and reduced cellular TG (18, 20), effects simi-
lar to HepG2 cells exposed to nobiletin (7). Recent studies 

in cultured HepG2 cells reported that nobiletin blunted 
palmitate-induced lipogenesis and inhibited the protein 
expressions of SREBP-1c and FAS via phosphorylation of 
AMPK and ACC (21, 22). Also, the metabolic protection 
associated with nobiletin treatment in mouse models is 
similar to the effects of pharmacological activation of 
AMPK, as observed with the PPAR agonist GW1516, met-
formin, salicylate, and resveratrol (23–25). Taken together, 
these observations suggest that AMPK activation may be a 
target of nobiletin. One of the objectives of the present 
study was to determine the requirement of nobiletin to 
activate AMPK and improve lipid metabolism in cultured 
hepatocytes, in mouse liver following acute nobiletin admin-
istration and in chronically treated mice with or without 
genetic inactivation of hepatic AMPK (Ampk1/) or 
phosphorylation-defective ACC1 and -2 (AccDKI).

Current understanding of the role of AMPK in adipose 
tissue is primarily based on studies conducted in cultured 
cells (26–28) and in mice lacking single subunits of AMPK 
that retain significant residual AMPK activity (29–31). Re-
cently, Motillo et al. (32) reported that inducible deletion 
of both AMPK1 and -2 in mouse adipocytes (i12AKO) 
inhibited the ability of -adrenergic agonists to stimulate 
browning of white adipose tissue (WAT) and amplified diet-
induced hepatic steatosis and insulin resistance. In cultured 
3T3-L1 white adipocytes, nobiletin was shown to stimulate 
browning (33), reduce cellular TG content, and inhibit 
adipogenesis through phosphorylation of AMPK (33–35). 
Therefore, we hypothesized that activation of adipocyte 
AMPK was an integral part of nobiletin’s mechanism of ac-
tion, and that adipocyte-specific AMPK deficiency would 
compromise metabolic protection mediated by nobiletin.

In primary C57BL/6 (WT) hepatocytes, nobiletin in-
creased the phosphorylation of AMPK and ACC, which was 
associated with suppressed FA synthesis and increased FA 
oxidation. Despite the loss of ACC phosphorylation in 
Ampk1/ hepatocytes, nobiletin was still able to suppress 
FA synthesis and enhance FA oxidation. Acute injection of 
nobiletin into mice did not increase phosphorylation of ei-
ther AMPK or ACC in the liver. In mice fed a high-fat diet, 
nobiletin supplementation robustly prevented metabolic 
dysregulation in Ampk1/, AccDKI, and i12AKO mice 
to the same extent as in WT controls. Thus, metabolic pro-
tection by nobiletin in vivo is conferred independently of 
hepatic or adipocyte AMPK.

MATERIALS AND METHODS

Animals and diets
Male Ldlr/ mice on a C57BL/6J background (Jackson Labo-

ratory, Bar Harbor, ME) were bred in-house. Male Ampk1/ 
mice on a C57BL/6J background and littermate controls were gen-
erated as described previously (30). Ampk1/ mice have a 90% 
reduction in liver AMPK activity compared with WT mice. Female 
Acc1-S79A and Acc2-S212A knock-in mutation mice (AccDKI) on a 
C57BL/6J background and littermate controls were generated as 
previously described (36). Male mice (C57BL/6J) with inducible 
deficiency of adipocyte Ampk1and -2 (i12AKO) along with 
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littermate controls were generated by crossing mice (C57BL/6J) 
containing an adiponectin B6N promoter-controlled and tamoxi-
fen-inducible Cre recombinase (AdipoQ-CreERT2) with mice de-
ficient for the 1 and 2 AMPK subunits (Ampk1flox/flox 2flox/flox) as 
previously described (32). At 8 weeks of age, Ampk1flox/flox 2flox/flox 
CreERT2 and Ampk1flox/flox 2flox/flox (control) mice were adminis-
tered 0.1 g/kg body weight tamoxifen (Cayman Chemical) by 
daily oral gavage for 5 days to induce deletion of adipocyte AMPK 
(32) and continued on a standard chow diet (14% kcal fat; diet 
#T.8604; Envigo, Madison, WI) for 3 weeks until the start of ex-
periments. At 10–12 weeks of age, all mice were fed ad libitum for 
12 or 18 weeks (n = 5–10 per group) with either a high-fat/high-
cholesterol (HFHC) diet (42% kcal fat, 0.2% w/w cholesterol; 
diet #TD.09268; Envigo) or a HFHC diet supplemented with 0.3% 
w/w nobiletin (R&S PharmChem, Hangzhou City, China). Taste 
aversion with nobiletin was mitigated by slowly increasing the fla-
vonoid dose over week 1 to prevent suppression of food intake. All 
mice were housed in pairs in standard cages at 23°C on a 12 h 
light/dark cycle. Food consumption and body weights were re-
corded weekly. Caloric consumption was calculated as the weight 
of food consumed per day (grams) multiplied by the caloric con-
tent of the diet (HFHC diet: 4.5 kcal/g). All experiments followed 
the Canadian Guide for the Care and Use of Laboratory Animals 
and were approved by the University of Western Ontario Animal 
Care Committee (protocol #AUP-2016-057).

Cell culture
The human hepatocellular carcinoma cell line, HepG2, was ob-

tained from American Type Culture Collection (Manassas, VA). 
Cells were maintained in monolayer in DMEM supplemented with 
10% FBS, 0.25 g/ml Fungizone (Life Technologies, Burlington, 
Ontario, Canada), 10 U/ml penicillin (Life Technologies), and 
10 g/ml streptomycin (Life Technologies) (7). For experi-
ments, cells were cultured to 80% confluence in 6-well (35 mm) 
plates (Falcon, Mississauga, Ontario, Canada). Prior to the experi-
ment, cells were quiesced overnight in serum-free DMEM, and for 
experiments, treatments were administered in serum-free DMEM 
for up to 1 h. Cells were incubated in DMEM plus DMSO alone or 
with nobiletin (10 M), resveratrol (10 M; Sigma-Aldrich, 
Oakville, Ontario, Canada), or metformin (2 mM; Calbiochem 
EMD Inc., Mississauga, Ontario, Canada), which were all dissolved 
and diluted in DMSO. Low- and high-glucose experiments refer 
to DMEM media containing 5.5 and 30 mM glucose, respectively. 
Incubation of cells in high glucose mimics hyperglycemia and in-
sulin resistance and suppresses phosphorylation of AMPK (20).

Primary mouse hepatocytes were isolated from chow-fed 
C57BL/6 WT or Ampk1/ mice by the collagenase perfusion 
method as described previously (23). Experiments were performed 
the day following hepatocyte isolation. For AMPK and ACC phos-
phorylation experiments, hepatocytes were incubated for 0–1 h 
with either DMSO alone, nobiletin (2–100 M), resveratrol (10 
M), metformin (2 mM), salicylate (3 mM; Sigma), or A-769662 
(100 M; Selleck Bio, Houston, TX), a synthetic activator of 
AMPK (18). For lipogenesis and FA-oxidation experiments, cells 
were washed with PBS and incubated in serum-free Medium 199. 
Lipogenesis was assessed by incubating cells for 4 h with serum-
free Medium 199 containing [1-3H]acetate (0.5 Ci/ml; Amer-
sham Biosciences) and 0.5 mM unlabeled sodium acetate, with or 
without treatments. Subsequently, cells were washed twice with 
PBS prior to lipid extraction and for determination of [1-3H]ace-
tate incorporation into TG (23). For FA oxidation, cells were in-
cubated for 4 h with serum-free Medium 199 containing [1-14C]
palmitic acid (0.5 Ci/ml; Amersham Biosciences) and 0.5 mM 
unlabeled palmitate, with or without treatments. FA oxidation was 
determined by measuring conversion of [1-14C]palmitic acid into 
CO2 and acid-soluble metabolites as described previously (36).

Blood and tissue collection
Mice were fasted for 6 h at the start of the light cycle prior to 

blood taking or euthanization. At the time of euthanization, animals 
were anesthetized with ketamine-xylazine [100 g/g ketamine hy-
drochloride (Bioniche Animal Health Canada Inc., Belleville, On-
tario, Canada) and 10 g/g xylazine (Bayer Healthcare, Animal 
Health Division, Bayer Inc., Toronto, Ontario, Canada)]. Blood 
was collected via cardiac puncture in syringes containing 40 l of 
7% Na2-EDTA. Blood was centrifuged at 16,000 g for 10 min at 
4°C to separate plasma, which was stored at 20°C. Tissue dissec-
tions were performed via midline incision. A section of liver tissue 
was harvested by freeze-clamping (37) and stored at 80°C prior 
to analyses. Small pieces of epididymal white adipose tissue 
(eWAT) and inguinal white adipose tissue (iWAT) as well as 
brown adipose tissue (BAT) were fixed in 4% paraformaldehyde 
and paraffin embedded for histological analyses. The remaining 
liver, eWAT, iWAT, and BAT were removed, weighed, and snap-
frozen in liquid N2 and stored at 80°C.

Plasma measurements
Plasma TG and cholesterol were measured on a Cobas Mira S 

autoanalyzer (Roche Diagnostics) using calibrators and controls 
from Roche (6). Enzymatic reagents for TG (Roche; TGs/glycerol 
blanked, #11877771 216) and cholesterol (Roche Diagnostics; 
Cholesterol CHOD-PAP, #11491458-216) were used. Fresh-EDTA 
plasma (50 l) was separated by fast-protein LC (FPLC) using an 
AKTA purifier and a Superose 6 column (5). An aliquot of each 
fraction was used to measure cholesterol and TGs enzymatically in 
both samples and standards on a microtiter plate with added en-
zymatic reagents [TG (Roche Diagnostics,TGs/glycerol blanked, 
#11877771 216) and total cholesterol (TC) (WAKO Diagnostics, 
Cholesterol E, CHOD-DAOS method, #439-17501)]. Glucose was 
measured in whole blood using the Bayer contour blood glucose 
monitoring system (Bayer Healthcare, Etobicoke, Ontario, Canada) 
(6). Plasma insulin was determined in EDTA-plasma samples (stored 
at 20°C) by a mouse-specific ELISA (Mouse Ultrasensitive 
ELISA, #80-INSMSU-E01; ALPCO Diagnostics, Salem, NH) (6).

Liver lipid analyses
Lipids from liver dissected free of fat and connective tissue and 

stored at 80°C were extracted as described previously (10). 
[Cholesteryl-1,2-3H(N)]cholesteryl oleate (PerkinElmer, Guelph, 
Ontario, Canada; #NET746L) was added to assess recovery. Sol-
vent from each sample was dried under N2 and a 1% Triton X-100 
solution in chloroform was added to solubilize lipids. Samples 
were dried under N2, followed by the addition of deionized water 
and analyses using enzymatic reagents for TG, TC (see above for 
FPLC analyses), and free cholesterol (FC) [WAKO Diagnostics; 
FC (COD-DAOS) method, #435-35801]. Cholesteryl ester (CE) 
was determined as the difference between TC and FC.

Liver FA oxidation
Fresh liver (250 mg) was homogenized in 0.1 M phosphate buf-

fer (pH 7.2) containing 0.25 M sucrose, 1 mM EDTA, 1 mM di-
thiothreitol, and 10 l/ml of protease inhibitor (Sigma-Aldrich; 
#P8340) (6). Homogenates were centrifuged at 1,000 g at 4°C for 
10 min. Supernatant (20 l) was incubated for 30 min at 37°C 
with constant shaking in 0.1 M phosphate buffer (pH 7.2) con-
taining 150 mM KCl, 10 mM HEPES, 5 mM Tris malonate, 10 mM 
MgCl2, 1 mM carnitine, 5 mM ATP, and 2 Ci of [9,10-3H(N)]
palmitic acid (PerkinElmer; #NET043001MC) per 50 M of unla-
beled palmitic acid complexed with 0.15% FA-free BSA. Reactions 
were stopped with 200 l of 0.6 N perchloric acid and unreacted 
FAs were extracted with hexanes. The 3H2O in the aqueous phase 
was measured by liquid scintillation counting (6).
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Glucose and insulin tolerance tests
Glucose tolerance tests were performed following a 6 h fast by 

intraperitoneal injection with 15% glucose in 0.9% NaCl (1 g/kg 
body weight) (6). Blood samples for glucose analyses (glucometer) 
were taken up to 120 min postinjection. An insulin tolerance test 
(ITT) was conducted following a 5 h fast by intraperitoneal injec-
tion with insulin (0.6 IU/kg body weight; Novolin GE Toronto, 
Novo Nordisk, Cooksville, Ontario, Canada) (6). Blood samples 
for glucose analyses were obtained up to 60 min postinjection. 
Glucose tolerance was determined from the incremental change 
in blood glucose from baseline concentrations and insulin toler-
ance was determined from the percent change in blood glucose 
from baseline concentrations (10).

Metabolic cage studies
Energy expenditure, respiratory exchange ratio (RER), and 

ambulatory activity were assessed using the Comprehensive Labo-
ratory Animal Monitoring System (CLAMS; Columbus Instru-
ments, Columbus, OH) as described previously (10). Mice were 
housed in metabolic cages with free access to food and water and 
acclimatized for 48 h. For the subsequent 24 h, every 10 min, data 
on O2 consumption (VO2; milliliters per hour) and CO2 produc-
tion (VCO2; milliliters per hour) were collected. The RER was de-
rived from the ratio of VCO2 to VO2, and energy expenditure was 
determined as (3.815 + 1.232 × RER) × VO2 and expressed as 
ANCOVA-adjusted energy expenditure in kilocalories per hour. 
ANCOVA adjustments to energy expenditure were made based 
on body weight, which allowed for the determination of differ-
ences in energy expenditure independent of group differences in 
body weight (10). Ambulatory activity was measured as infrared 
beam breaks in the X, Y, and Z axes per hour.

Activation of AMPK in vivo
Activation of AMPK in vivo was assessed in chow-fed WT, 

Ampk1/, and Ldlr/ mice following intraperitoneal injection 
of nobiletin or A-769662 as described previously (23, 38). Animals 
were fasted overnight (1900–0700), followed by free access to 
food (chow) at 0700 for 2 h. At 0900, chow was removed, and mice 
were injected intraperitoneally with vehicle (5% DMSO in PBS), 
50 mg/kg nobiletin, or 30 mg/kg A-769662. Ninety minutes 
postinjection, the mice were anesthetized (described above) and 
euthanized. A section of liver tissue was harvested by freeze-clamp-
ing (37) and stored at 80°C prior to analyses. Blood was col-
lected in syringes containing 80 l of 7% Na2-EDTA by cardiac 
puncture, and plasma was stored at 20°C.

Immunoblotting
Cell lysates from HepG2 cells or primary mouse hepatocytes 

were prepared using a minor modification of a previously de-
scribed method (39, 40). Briefly, total cell or tissue lysates from 
snap-frozen freeze-clamped liver samples (50 mg) were pre-
pared in lysis buffer [20 mM Tris (pH 7.4), 50 mM NaCl, 1 mM 
EDTA (pH 8.0), 1 mM EGTA (pH 8.0), 1% Triton X-100, 1 mM 
NaF] containing protease inhibitor cocktail (Sigma, St. Louis, 
MO) 1:100 and phosphatase inhibitor cocktail (Sigma) 1:100. Tis-
sues were homogenized on ice using a tissue grinder and the ly-
sate was obtained by centrifugation (11,300 g, 2 min, 4°C) and 
stored at 80°C. Proteins were separated by SDS-PAGE on 7.5% 
polyacrylamide gels (Bio-Rad) and transferred to Immobilon-FL 
PVDF membranes (EMD Millipore, Darmstadt, Germany). Mem-
branes were probed using antibodies against phosphorylated and 
total AMPK and ACC as well as -actin or GAPDH. Antibodies 
from Cell Signaling (Danvers, MA) were phosphorylated AMPK 
(pAMPK) T172 #2531, AMPK #2532, AMPK1/2 #4150, 
phosphorylated ACC (pACC)ser79/212 #3661, ACC #3676, -

actin #5125, and GAPDH #97166. Antibodies from R&D Systems 
(Minneapolis, MN) were AMPK #AF3197 and ACC #MAB6898, 
and antibodies from Santa Cruz Biotechnology (Dallas, TX) were 
ACC #SC390522. Detection was performed with appropriate 
secondary antibodies from Cell Signaling (anti-rabbit IgG HRP-
linked #7074 and anti-mouse rabbit IgG HRP-linked #7076) or 
from LI-COR Biosciences (Lincoln, NE) [IRDye® 680RD donkey 
anti-rabbit IgG (H+L) #925-68073, IRDye® 800CW donkey anti-
goat IgG (H+L) #925-32214, IRDye® 680RD goat anti-mouse IgG 
(H+L) #926-68070, and IRDye® 800CW goat anti-rabbit IgG 
(H+L) #926-32211]. For blots using HRP-linked secondary antibod-
ies, detection was determined using enhanced chemiluminescence 
reagent (Roche Diagnostics) and quantification was performed 
using an imaging densitometer (GS-700; Bio-Rad Laboratories, 
Mississauga, Ontario, Canada). For blots using LI-COR secondary 
antibodies, imaging and quantitation of immunoblots were per-
formed using the LI-COR Odyssey Fc (LI-COR Biosciences) and 
the LI-COR Image Studio Software 5.0.

Gene expression
RNA was extracted from iWAT tissue using TriZol reagent and 

was reverse-transcribed to cDNA using previously published meth-
ods (6). PCR primers and TaqMan probes for Ucp1, Cd137, Tbx1, 
Serca2b, Ampkb1, Ampkb2, and Ppia were obtained from Life Tech-
nologies (Burlington, Ontario, Canada). mRNA expression of 
each gene was determined by quantitative real-time PCR on an 
ABI ViiA 7 detection system (Applied Biosystems, Streetsville, CA) 
using the standard curve method, as previously published (6). 
mRNA expression levels were normalized to the expression of 
Ppia (32).

Histology
Samples of iWAT, eWAT, and BAT were collected, weighed, 

fixed in 4% paraformaldehyde for 24 h, processed, embedded in 
paraffin, and sectioned (5 m) on a Micron HM335E microtome 
(Thermo Fisher Scientific). Sections were stained with H&E and 
photomicrographs were obtained using an Olympus BX51 mi-
croscope (Olympus Canada, Richmond Hill, Ontario, Canada). 
Quantification of adipocyte area and the number of cells per field 
of view (>100 cells/mouse) was performed using ImageJ 1.50 soft-
ware (National Institutes of Health) and the Adiposoft plugin 
(10). Total adipocyte number was determined by multiplying the 
average number of cells per field of view by the tissue weight.

Statistical analysis
Data are presented as mean ± SEM. Statistical analyses were 

performed using GraphPad Prism 8. A one-way ANOVA with post 
hoc Tukey’s test was used to test for differences between groups, 
except in the case of parameters measured over time where a two-
way repeated measures ANOVA with post hoc Tukey’s test was 
used. Significance thresholds were P < 0.05. Different letters indi-
cate significant differences. A Student’s t-test was used to assess 
differences in ANCOVA-adjusted energy expenditure; an asterisk 
indicates significant differences (P < 0.05).

RESULTS

Nobiletin activates AMPK in HepG2 cells
Previous studies have shown that polyphenols, such as 

nobiletin activate AMPK in cultured HepG2 cells (20–22). 
In the present study, we incubated HepG2 cells with nobi-
letin and the positive controls, resveratrol and metformin. 
Nobiletin increased AMPK phosphorylation (pAMPK) 
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1.8-fold, similar to the activation by resveratrol (2.0-fold) 
and metformin (2.2-fold) (Fig. 1A). Resveratrol and met-
formin have also been shown to reverse the decrease in 
AMPK and ACC phosphorylation induced by incubation of 

HepG2 cells in elevated glucose (30 mM), a condition that 
mimics cellular insulin resistance (20). Incubation of 
HepG2 cells with high glucose suppressed the phosphory-
lation of AMPK and ACC. Addition of nobiletin reversed 

Fig.  1.  Nobiletin increases the phosphorylation of AMPK and ACC in HepG2 cells and primary mouse hepatocytes, but regulates lipid 
metabolism similarly in Ampk1/ and WT hepatocytes. A, B: HepG2 cells incubated with vehicle (Veh), nobiletin (Nob; 10 M), resveratrol 
(Res; 10 M), and metformin (Met; 2 mM) for 1 h in low glucose (5.5 mM) (A, B) or high glucose (30 mM) (B) media. Representative im-
munoblots of phosphorylated (p)AMPK, AMPK, pACC, or ACC and quantitation (n = 4–5) expressed as fold change compared with Veh low 
glucose (A) or Veh high glucose (B) controls. C, D: Primary hepatocytes from WT mice incubated in low glucose with nobiletin (0–100 M) 
for 1 h (C) or nobiletin (25 M) from 0 to 60 min (D). Representative immunoblots for pAMPK, AMPK, pACC, and ACC (C) and mean 
density quantitation (C,,D) for n = 4–5, expressed as the fold change in the ratio of phosphorylated to total, compared with Veh. E: WT he-
patocytes incubated with vehicle, nobiletin (25 M), A-769662 (AC) (100 M), or metformin (2 mM) for 1 h in low (5.5 mM) or high (30 
mM) glucose. Representative immunoblot and mean density quantitation for n = 4, expressed as fold change in the ratio of phosphorylated 
to total, compared with vehicle high glucose. F: Representative immunoblot of cell lysates from WT and Ampk1/ hepatocytes incubated 
with vehicle, nobiletin (25 M), salicylate (3 mM), or A-769662 (100 M) in low glucose for 1 h and probed for pAMPK, AMPK, pACC, and 
ACC. Immunoblots shown are from the same gel; for some blots, lanes were reordered for consistency. Different upper case letters indicate 
significant differences among treatments for pAMPK/AMPK and different lowercase letters indicate significant differences among treat-
ments for pACC/ACC, analyzed by ANOVA with post hoc Tukey’s test (P < 0.05). Asterisks (*) indicate a significant difference from vehicle, 
analyzed by Student’s paired t-test (P < 0.05). G: TG synthesis in primary hepatocytes from WT or Ampk1/ mice incubated with vehicle, 
nobiletin (Nob; 25 M), metformin (Met; 2 mM), or A-769662 (AC; 100 M). B: FA oxidation in primary hepatocytes from WT or Ampk1/ 
mice incubated with vehicle, nobiletin (25 M), salicylate (Sal; 3 mM), or A-769662 (100 M). Different upper case letters indicate statistical 
differences for WT mice and different lowercase letters indicate statistical differences for Ampk1/ mice.
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this effect by stimulating AMPK phosphorylation (2-fold) 
to levels observed with low glucose (Fig. 1B). Increases 
were also observed for resveratrol (2.0-fold) and metformin 
(1.4-fold). ACC phosphorylation was suppressed by high 
glucose (38%), which was reversed by nobiletin (1.5-fold), 
resveratrol (1.3-fold), and metformin (1.8-fold).

Nobiletin reduces lipogenesis and increases FA oxidation 
independent of AMPK in primary mouse hepatocytes

As the metabolic protection by nobiletin has been dem-
onstrated in mouse models, we next examined the ability 
of nobiletin to increase the phosphorylation of AMPK and 
ACC in primary mouse hepatocytes from C57BL/6J mice. 
Initial dose-response studies in isolated hepatocytes cul-
tured in normal glucose media showed that nobiletin in-
creased pAMPK (2-fold) and increased pACC (2-fold) at 
concentrations 10 M (Fig. 1C). Time-course experi-
ments demonstrated that nobiletin at 25 M maximally 
increased pAMPK by 15 min and pACC from 30 to 60 min 
(Fig. 1D). Incubation of mouse hepatocytes in high glucose, 
with or without nobiletin (25 M) for 1 h, demonstrated 
that nobiletin reversed the glucose-suppressed phosphory-
lation of AMPK (1.8-fold) and ACC (1.7-fold) (Fig. 1E). 
The positive controls, A-769662, a synthetic AMPK activa-
tor, and metformin, increased the high glucose-suppressed 
pAMPK by 2.5-fold and pACC by 2.0-fold (Fig. 1E).

The functional significance of AMPK activation by nobi-
letin was assessed in hepatocytes isolated from Ampk1/ 
and WT mice. The ability of nobiletin, A769662, and salicy-
late to increase the phosphorylation of ACC was lost in 
Ampk1/ hepatocytes, indicating that ACC phosphoryla-
tion was dependent on AMPK (Fig. 1F). However, nobile-
tin suppressed lipogenesis to the same extent in both WT 
(31%) and Ampk1/ (29%) hepatocytes (Fig. 1G). In 
contrast, lipogenesis was inhibited by metformin (69%) 
and A-769662 (77%) in WT hepatocytes but not in 
Ampk1/ hepatocytes. Nobiletin increased palmitate oxi-
dation similarly (24%) in hepatocytes from both WT and 
Ampk1/ mice, whereas salicylate and A-769662 increased 
palmitate oxidation in WT hepatocytes (32% and 18%, re-
spectively) but had no effect in Ampk1/ hepatocytes 
(Fig. 1H). This suggests that nobiletin’s ability to decrease 
lipogenesis and stimulate FA oxidation in primary hepato-
cytes is independent of AMPK1 or ACC phosphorylation.

Nobiletin does not acutely activate AMPK in vivo
Acute administration of salicylate and A-769662 to mice 

has been shown to activate hepatic AMPK and ACC (38). 
The ability of nobiletin to acutely activate AMPK in vivo was 
evaluated using a fasting, feeding, intraperitoneal injection, 
and refasting protocol (23) in chow-fed C57BL/6 WT, 
chow-fed Ampk1/, and HFHC diet-fed Ldlr/ mice. In 
livers isolated 90 min after the injection of nobiletin, the 
phosphorylation of AMPK or ACC was not affected in 
chow-fed WT mice, chow-fed Ampk1/ mice, or HFHC 
diet-fed Ldlr/ mice (supplemental Fig. S1A–E). Under 
the same conditions, A-769662 had no effect on hepatic 
ACC phosphorylation in chow-fed Ampk1/ mice, but in-
creased phosphorylation of AMPK and ACC in the other 

two groups of mice (supplemental Fig. S1A–E). This sug-
gests that nobiletin’s ability to confer metabolic protection 
is not through acute activation of AMPK.

Nobiletin prevents metabolic dysregulation in HFHC diet-
fed Ampk1/ mice

Treatment of mice with nobiletin increases energy expen-
diture, induces weight loss, lowers insulin resistance, and 
decreases liver and plasma lipids (7), effects that are analo-
gous to pharmacological activation of AMPK (13, 18, 23–25). 
To investigate whether metabolic protection by nobiletin 
was mediated through AMPK1, starting at 10 weeks of 
age, WT and Ampk1/ littermates were fed a HFHC diet 
with or without nobiletin for 12 weeks. Ampk1/ mice 
have an 90% reduction in liver AMPK activity (30), and, 
as anticipated, levels of AMPK, pAMPK, and pACC in the 
livers of Ampk1/ mice were markedly reduced com-
pared with WT mice (Fig. 2A). Mice lacking hepatic AMPK 
gained a similar amount of weight in response to the HFHC 
diet as the WT mice (Fig. 2B). Nobiletin supplementation 
prevented HFHC diet-induced weight gain in Ampk1/ 
mice to the same extent as in WT mice. Caloric intake was 
unaffected by nobiletin in both genotypes (Fig. 2C). The 
HFHC diet increased eWAT depots to similar levels in 
Ampk1/ and WT mice (Fig. 2D). The striking reduction 
in eWAT in nobiletin-supplemented mice (56%) was 
similar in each genotype (Fig. 2D).

Energy expenditure and RER did not differ between 
HFHC diet-fed Ampk1/ and WT mice (Fig. 2E, F). Nobi-
letin induced an 20% increase in ANCOVA-adjusted en-
ergy expenditure in both WT and Ampk1/ mice (Fig. 
2E). RER and activity levels were unaffected by genotype or 
nobiletin treatment (Fig. 2F, G). In HFHC diet-fed mice, 
plasma concentrations of TC and TG were not different 
between Ampk1/ and WT mice (Fig. 2H, I). Nobiletin 
decreased plasma cholesterol in both Ampk1/ (45%) 
and WT (30%) mice. Nobiletin lowered plasma TG levels 
similarly (26%) in both genotypes. FPLC profiles of 
plasma lipoproteins indicated that the nobiletin-induced 
reductions in LDL-C (60%) were similar for Ampk1/ 
and WT mice (Fig. 2J, K). Nobiletin had no effect on HDL-
C in controls, but decreased HDL-C by 46% in Ampk1/ 
mice (Fig. 2L).

There was no difference in fasting blood glucose or glu-
cose tolerance between Ampk1/ and WT mice (Fig. 3A, 
B). Addition of nobiletin to the HFHC diet decreased fast-
ing blood glucose (17%) and improved glucose toler-
ance (46%) in WT mice. In Ampk1/ mice, nobiletin also 
decreased fasting blood glucose (21%) and improved 
glucose tolerance (33%), although the decrease in incre-
mental glucose tolerance test (iGTT) area under the curve 
(AUC) in Ampk1/ mice did not reach statistical signifi-
cance (Fig. 3C). Insulin resistance was similar between 
Ampk1/ and WT mice (Fig. 3E, F), and nobiletin de-
creased plasma insulin (80%) and improved insulin tol-
erance AUC (29%) to a similar degree in both Ampk1/ 
and WT mice. Nobiletin induced striking reductions in 
hepatic TG and CE in both genotypes, although the extent 
of reduction was greater in control mice (Fig. 3G, H). 
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Nobiletin supplementation increased hepatic FA oxida-
tion in both genotypes (Fig. 3I).

Nobiletin attenuates hepatic steatosis and metabolic 
dysregulation in HFHC diet-fed AccDKI mice

AMPK phosphorylates and inhibits ACC thereby reducing 
malonyl-CoA, a critical substrate for de novo lipogenesis 
and inhibitor of FA oxidation (12, 13). As AMPK1 deletion 
only significantly reduces AMPK activity in hepatocytes 

(30) and macrophages (41), residual AMPK in other tis-
sues may be important for mediating the beneficial effects 
of nobiletin in vivo. Therefore, to assess the importance of 
AMPK phosphorylation of ACC in the metabolic protection 
mediated by nobiletin, we utilized AccDKI mice harboring 
alanine knock-in mutations at the AMPK phosphorylation 
sites in both ACC1 and ACC2 (36), which effectively prevents 
the inhibitory phosphorylation of ACC by activated AMPK 
in all tissues. WT and AccDKI littermate mice were fed a 

Fig.  2.  Nobiletin attenuates body weight, adiposity, and plasma lipids and enhances energy expenditure in both HFHC diet-fed Ampk1/ 
and WT mice. WT and Ampk1/ mice were fed a HFHC diet (HF) alone or HFHC plus nobiletin (+Nob) for 18 weeks, n = 5–6 per group. 
A: Immunoblot of pAMPK, AMPK, pACC, and ACC in liver lysates from WT and Ampk1/ mice fed a HFHC diet (HF) or a HFHC diet + 
nobiletin (N). Lysates were run on the same immunoblot. The slower running band (arrow) in the pAMPK blot in the Ampk1/ liver 
sample is nonspecific. B: Body weight measured weekly. * or # indicates a statistical difference from nobiletin-treated mice within the same 
genotype, determined by two-way ANOVA with repeated measures analyses, P < 0.05. C: Mean daily caloric intake measured weekly. D: Adi-
posity assessed as epididymal fat pad weight/total body weight. E: ANCOVA-adjusted mean energy expenditure (kilocalories per hour) over 
24 h. F: RER over 24 h. G: Mean ambulatory activity (breaks/hour) over 24 h. H: Plasma cholesterol concentrations. I: Plasma TG concentra-
tions. J: Plasma cholesterol FPLC tracing. K: Plasma LDL-C AUC calculations. L: Plasma HDL-C AUC calculations. Data represent the mean ± 
SEM. Different letters indicate statistical differences by ANOVA with post hoc Tukey’s test (P < 0.05). N.S., no significant difference.



394 Journal of Lipid Research  Volume 61, 2020

HFHC diet with or without nobiletin supplementation for 
18 weeks. Consistent with previous studies (36), pACC was 
completely absent in the livers of AccDKI mice fed either 
HFHC diet or HFHC diet supplemented with nobiletin 
(Fig. 4A). pAMPK and AMPK were not consistently affected 
by genotype or diet. AccDKI mice gained the same amount 
of body weight in response to the HFHC diet as WT mice 
(Fig. 4B). Nobiletin prevented diet-induced weight gain in 
both AccDKI and WT mice. Caloric intake was unaffected 
by nobiletin treatment (Fig. 4C). eWAT depot weights were 
similar between AccDKI and WT mice and were markedly 
reduced with nobiletin supplementation (50%) in both 
genotypes (Fig. 4D).

Energy expenditure, RER, and activity levels were not 
different between HFHC diet-fed AccDKI and WT mice 
(Fig. 4E–G). Nobiletin induced an 20% increase in total 
ANCOVA-adjusted energy expenditure in WT and AccDKI 
mice (Fig. 4E). RER and activity levels were unaffected by 
genotype or nobiletin treatment (Fig. 4F, G). Plasma TC 
and TG were not different between HFHC diet-fed AccDKI 
and WT mice (Fig. 4H, I). Nobiletin supplementation sig-
nificantly decreased plasma cholesterol (30%) and plasma 
TG levels (25%) in both genotypes. FPLC profiles of plasma 
lipoproteins indicated that the nobiletin-induced reduc-
tions in LDL-C (33%) were similar in AccDKI and WT 
mice (Fig. 4J, K). Nobiletin did not affect HDL-C in either 
genotype.

Fasting blood glucose and plasma insulin concentrations 
in AccDKI mice were not different from WT mice (Fig. 5A, 

D). Addition of nobiletin to the HFHC diet decreased fast-
ing blood glucose (18%) and reduced plasma insulin 
(57%) in both AccDKI and WT mice. Furthermore, nobi-
letin treatment significantly improved glucose tolerance 
(60% in iGTT AUC; Fig. 5B, C) and improved insulin 
sensitivity (20% in ITT AUC) similarly in AccDKI and WT 
mice (Fig. 5E, F). The elevated hepatic lipids in HFHC 
diet-fed WT mice were not different between AccDKI and 
WT mice (Fig. 5G, H). Nobiletin markedly reduced hepatic 
TG (50%) and CE (45%) in both genotypes. Nobiletin 
supplementation increased hepatic FA oxidation by 1.35-
fold in AccDKI mice and by 1.27-fold in WT mice (Fig. 5I).

Nobiletin prevents obesity and metabolic dysregulation in 
HFHC diet-fed AMPK i12AKO mice

Nobiletin increases energy expenditure, protecting mice 
from obesity and insulin resistance (7). BAT and beige adi-
pose tissue are important regulators of energy expenditure 
(32). Ampk1/ mice have modest reductions in AMPK 
activity in adipose tissue (30). However, studies in mice lack-
ing both AMPK1 and -2 subunits specifically in adipocytes 
have shown that AMPK is required for maintaining BAT 
and beige adipose tissue thermogenesis; effects which are 
independent of ACC phosphorylation but instead involve 
the regulation of mitochondrial function (32). Therefore, 
to specifically investigate the role of adipocyte AMPK in the 
ability of nobiletin to correct diet-induced obesity and met-
abolic dysfunction, mice with inducible deficiency in adi-
pose tissue AMPK1 and -2 (i12AKO) were fed a HFHC 

Fig.  3.  Nobiletin improves glucose and insulin tolerance, decreases hepatic steatosis, and enhances hepatic FA oxidation in both HFHC 
diet-fed Ampk1/ and WT mice. WT and Ampk1/ mice were fed a HFHC diet (HF) alone or a HFHC diet plus nobiletin (+Nob) for 18 
weeks, n = 5–6 per group. A: Blood glucose concentrations. B: iGTT. C: AUC for iGTT. D: Plasma insulin concentrations. E: ITT, as percent 
of baseline glucose. F: AUC for ITT, G: Hepatic TG concentrations. H: Hepatic FC and CE concentrations. I: Hepatic FA oxidation. Data 
represent the mean ± SEM. Different letters indicate statistical differences by ANOVA with post hoc Tukey’s test (P < 0.05).
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diet with or without nobiletin supplementation for 12 weeks. 
As expected, levels of AMPK1/2 were reduced in the 
WAT of i12AKO mice, but most striking was the marked 
reduction of pACC in i12AKO mice fed either HFHC 
diet or HFHC diet plus nobiletin (Fig. 6A). The mRNA lev-
els of Ampkb1 and Ampkb2 in eWAT were decreased 50% 
in i12AKO mice (Fig. 6B, C), consistent with previous 
findings demonstrating that residual AMPK activity in adi-
pose tissue is from other cell types (e.g., resident stromal 
vascular cells) (32). Also consistent with previous studies 

(32), in response to the HFHC diet, i12AKO mice tended 
to gain slightly more weight compared with controls (Fig. 
6D). Nobiletin prevented HFHC diet-induced weight gain 
to the same extent in both genotypes (Fig. 6D). Caloric in-
take was unaffected by nobiletin in both genotypes (Fig. 
6E). eWAT and iWAT depot weights were similar in HFHC 
diet-fed i12AKO and control mice, and nobiletin supple-
mentation reduced the weight of both depots to a similar 
degree (56%) in both genotypes (Fig. 6F, G). The histology 
of eWAT, iWAT, and BAT did not show any gross genotype 

Fig.  4.  Nobiletin attenuates body weight, adiposity, and plasma lipids and enhances energy expenditure in both HFHC diet-fed AccDKI and 
WT mice. WT and AccDKI mice were fed a HFHC diet (HF) alone or a HFHC diet plus nobiletin (+Nob) for 18 weeks, n = 6 per group. A: 
Immunoblot of pAMPK, AMPK, pACC, and ACC in liver lysates from WT and AccDKI mice fed a HFHC diet (HF) or a HFHC diet + nobiletin 
(N). Lysates were run on the same immunoblot. B: Body weight measured weekly. * or # indicates a statistical difference from nobiletin-
treated mice within the same genotype, determined by two-way ANOVA with repeated measures analyses, P < 0.05. C: Mean caloric intake 
measured weekly. D: Adiposity assessed as epididymal fat pad weight/total body weight. E: ANCOVA adjusted mean energy expenditure 
(kilocalories per hour) over 24 h. F: RER over 24 h. G: Mean ambulatory activity (breaks/hour) over 24 h. H: Plasma cholesterol concentra-
tions. I: Plasma TG concentrations. J: Plasma cholesterol FPLC tracing. K: Plasma LDL-C AUC calculations. L: Plasma HDL-C AUC calcula-
tions. Data represent the mean ± SEM. Different letters indicate statistical differences by ANOVA with post hoc Tukey’s test (P < 0.05). N.S., 
no significant difference.
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differences in HFHC diet-fed mice (Fig. 6H). Nobiletin 
treatment resulted in smaller adipocytes in eWAT and 
iWAT and smaller lipid droplets in BAT of both i12AKO 
and control mice (Fig. 6H). Quantitation of adipocyte area 
distribution, mean adipocyte area, and adipocyte number 
in eWAT revealed no difference between HFHC diet-fed 
i12AKO mice and controls (Fig. 6I–K). Nobiletin im-
proved adipocyte area distribution and decreased mean 
adipocyte area and number to similar levels in both geno-
types. Similar patterns were observed for nobiletin-induced 
reductions in iWAT adipocyte size and number in both 
i12AKO mice and controls (supplemental Fig. S2A–C). 
As adipose tissue browning of iWAT has been shown to be 
important for weight loss in some studies and may be mod-
ulated by nobiletin (42), we measured the expression of 
Ucp1 and other known regulators of adipose tissue brown-
ing. Despite the same nobiletin-induced decreases in iWAT 
mass (Fig. 6F), nobiletin treatment increased the mRNA of 
Ucp1 and Tbx1 in control iWAT but not in i12AKO iWAT. 
Furthermore, nobiletin increased Cd137 mRNA in i12AKO 
iWAT but not in control iWAT (Fig. 6L–O). This inconsis-
tency in expression of browning markers between geno-
types together with the marked reduction by nobiletin of 
adipose tissue depots in both genotypes suggests that the 
effect of nobiletin did not involve browning of WAT.

Parameters for total ANCOVA-adjusted energy expendi-
ture, RER, and activity levels were not different between 
HFHC diet-fed i12AKO and control mice (Fig. 7A–C). 

Nobiletin induced a similar increase in energy expendi-
ture (30%) in both i12AKO and control mice (Fig. 
7A). RER and activity levels were unaffected by genotype 
or nobiletin treatment (Fig. 7B, C). Plasma concentrations 
of total TG and cholesterol in HFHC diet-fed i12AKO 
mice were not different from controls (Fig. 7D, E). Nobi-
letin supplementation significantly decreased plasma TG 
and cholesterol to similar extents in each genotype (Fig. 
7D, E). FPLC profiles of plasma lipoproteins indicated 
that the nobiletin-induced reductions in LDL-C (65%) 
and HDL-C (50%) were similar for i12AKO and con-
trol mice (Fig. 7F–H).

Consistent with previous studies (32), fasting blood glu-
cose, glucose intolerance, plasma insulin, and insulin in-
tolerance were elevated in HFHC diet-fed i12AKO mice 
compared with controls; although in the present study, 
these genotype differences were not statistically significant 
(Fig. 7I–N). Addition of nobiletin to the HFHC diet de-
creased fasting blood glucose (36%) and improved glu-
cose tolerance (46%) similarly in both genotypes (Fig. 
7I–K). Nobiletin decreased plasma insulin (90%) and 
improved insulin tolerance (27%) in i12AKO mice 
to the same extent as in control mice (Fig. 7L–N). Diet-
induced hepatic steatosis was similar in i12AKO mice 
and control mice (Fig. 7O, P). Nobiletin significantly 
decreased TG (86%), FC (25%), and CE (80%) such 
that the marked reduction of each lipid was similar in both 
genotypes.

Fig.  5.  Nobiletin improves glucose and insulin tolerance, decreases hepatic steatosis, and enhances hepatic FA oxidation in both HFHC 
diet-fed AccDKI and WT mice. WT and AccDKI mice were fed a HFHC diet (HF) alone or a HFHC diet plus nobiletin (+Nob) for 18 weeks, 
n = 6 per group. A: Blood glucose concentrations. B: iGTT. C: AUC for iGTT. D: Plasma insulin concentrations. E: ITT, as percent of base-
line glucose. F: AUC for ITT. G: Hepatic TG concentrations. H: Hepatic FC and CE concentrations. I: Hepatic FA oxidation. Data represent 
the mean ± SEM. Different letters indicate statistical differences by ANOVA with post hoc Tukey’s test (P < 0.05). N.S., no significant 
difference.
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Fig.  6.  Nobiletin attenuates body weight and adiposity and normalizes adipocyte morphology in both HFHC diet-fed i12AKO and WT 
mice. WT and i12AKO mice were fed a HFHC diet (HF) alone or a HFHC diet plus nobiletin (+Nob) for 12 weeks, n = 8–9 per group. A: 
Immunoblot of pAMPK, AMPK, pACC, and ACC in liver lysates from WT and i12AKO mice fed a HFHC diet (HF) or a HFHC diet + nobi-
letin (N). Lysates were run on the same immunoblot. B: Adipose tissue (iWAT) Ampkb1 mRNA. C: Adipose tissue (iWAT) Ampkb2 mRNA. D: 
Body weight measured weekly. * or # indicates a statistical difference from nobiletin-treated mice within the same genotype, determined by 
two-way ANOVA with repeated measures analyses, P < 0.05. E: Mean daily caloric intake measured weekly. F: Adiposity assessed as inguinal fat 
pad weight/total body weight. G: Adiposity assessed as epididymal fat pad weight/total body weight. H: Representative images of iWAT, 
eWAT, and BAT stained with H&E. Scale bar is 100 m. I: Frequency distribution of adipocyte area in eWAT. J: Mean adipocyte area in eWAT. 
K: Total adipocyte number in eWAT calculated as the mean number of cells per field of view X weight of eWAT. L–O: Adipose tissue (iWAT) 
Ucp1, Tbx1, Serca2b, and Cd137 mRNA. Data represent the mean ± SEM. Different letters indicate statistical differences by ANOVA with post 
hoc Tukey’s test (P < 0.05). N.S.; no significant difference.
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Fig.  7.  Nobiletin decreases plasma lipids, enhances energy expenditure, improves glucose and insulin tolerance, and decreases hepatic 
steatosis in both HFHCdiet-fed i12AKO and WT mice. WT and i12AKO mice were fed a HFHC diet (HF) alone or a HFHC diet plus 
nobiletin (+Nob) for 12 weeks, n = 8–9 per group. A: ANCOVA adjusted mean energy expenditure (kilocalories per hour) over 24 h. B: RER 
over 24 h. C: Mean ambulatory activity (breaks per hour) over 24 h. D: Plasma TG concentrations. E: Plasma cholesterol concentrations. F: 
Plasma cholesterol FPLC tracing. G: Plasma LDL-C AUC calculations. H: Plasma HDL-C AUC calculations. I: Blood glucose concentrations. 
J: iGTT. K: AUC for iGTT. L: Plasma insulin concentrations. M: ITT, as percent of baseline glucose. N: AUC for ITT. O: Hepatic TG concen-
trations. P: Hepatic FC and CE concentrations. Data represent the mean ± SEM. Different letters indicate statistical differences by ANOVA 
with post hoc Tukey’s test (P < 0.05). N.S., no significant difference.
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DISCUSSION

The specific mechanisms by which nobiletin mediates 
metabolic protection in high-fat-fed mice have not been 
established. The central role of AMPK as an energy sensor 
together with studies in cultured cells suggested that 
AMPK is a primary target of nobiletin. In the present stud-
ies, nobiletin induced a moderate increase in phosphory-
lation of AMPK and its downstream target ACC in primary 
mouse hepatocytes, which was associated with suppressed 
FA synthesis and increased FA oxidation. As expected, nob-
iletin-induced ACC phosphorylation was lost in Ampk1/ 
hepatocytes. However, nobiletin continued to suppress FA 
synthesis and enhance FA oxidation in hepatocytes from 
both Ampk1/ and WT mice. In mice fed a HFHC diet, 
nobiletin supplementation robustly prevented obesity, 
hepatic lipid accumulation, dyslipidemia, insulin resistance, 
and improved energy expenditure in Ampk1/, AccDKI, 
and i12AKO mice to the same extent as their respective 
WT controls. These studies demonstrate that metabolic 
protection by nobiletin in vivo is conferred independently 
of hepatic or adipocyte AMPK.

Nobiletin treatment of primary mouse hepatocytes in-
creased the phosphorylation of AMPK and ACC, which 
was associated with reduced FA synthesis and increased 
FA oxidation. However, in nobiletin-treated Ampk1/ 
hepatocytes, which were incapable of AMPK and ACC 
phosphorylation, the suppression of FA synthesis and en-
hancement of FA oxidation were maintained, indicating 
that the ability of nobiletin to regulate FA metabolism did 
not require AMPK. While previous studies in primary 
mouse hepatocytes (21) and HepG2 cells (22) have sug-
gested a role for AMPK in the mechanism of action of 
nobiletin, cells deficient in AMPK or ACC phosphoryla-
tion were not used to establish the dependency of nobile-
tin-induced regulation of cellular lipid metabolism on 
AMPK. It is not entirely clear why nobiletin increased the 
phosphorylation of AMPK and ACC in cultured hepato-
cytes but not in vivo in mouse liver. It is possible that the 
modest activation of AMPK in hepatocytes by nobiletin 
is unique to cell culture. It is likely that active metabolites 
of nobiletin generated by the gut microbiota (43) or by 
hepatic CYP450 conversion of the parent compound (44) 
contribute significantly to the metabolic protection ob-
served in mice, whereas nobiletin itself is the primary 
metabolic effector in cultured hepatocytes [(7) and Fig. 
1]. It is possible that nobiletin activates AMPK in cul-
tured hepatocytes, whereas active nobiletin metabolites 
generated in vivo do not. Contrary to this idea, our acute 
studies in mice (supplemental Fig. S1) revealed that intra-
peritoneal administration of nobiletin (bypasses the gut) 
followed by analyses of liver samples obtained 90 min 
postinjection (prior to significant hepatic metabolism of 
nobiletin) did not induce phosphorylation of AMPK and 
ACC. Nevertheless, nobiletin-induced AMPK phosphory-
lation in cultured hepatocytes is not responsible for nobi-
letin’s ability to regulate cellular FA synthesis or oxidation. 
These results underscore the importance of examining 
hepatocytes deficient in AMPK for defining the functional 

role of AMPK in the mechanism of action of metabolic 
regulators.

It was anticipated that in Ampk1/ mice with hepatic 
deficiency of AMPK, the metabolic protection by nobiletin 
would be attenuated; however, this was not the case. Addi-
tion of nobiletin to the HFHC diet attenuated adiposity, 
hepatic steatosis, and hyperlipidemia, and improved en-
ergy expenditure and glucose homeostasis as effectively in 
Ampk1/ mice as in WT mice, indicating that nobiletin-
induced prevention of metabolic dysregulation was inde-
pendent of hepatic AMPK. These results have parallels to 
the effects of the ATP citrate lyase inhibitor, bempedoic 
acid, which activates AMPK in cultured hepatocytes and 
in the livers of high-fat fed Apoe/ mice (45). However, 
bempedoic acid lowered liver lipids, hepatocyte lipogene-
sis, LDL-C, and aortic cholesterol to the same extent in 
Apoe/;Ampk1/ double knockout mice as it did in 
Apoe/ mice (45). In addition, although salicylate at high 
concentrations activates hepatic AMPK in WT mice, clini-
cally relevant concentrations of salicylate (2.5 g/kg of diet) 
decreased adiposity and liver lipid content and improved 
glucose homeostasis just as effectively in Ampk1/ mice 
as in WT mice (46). Rather, the salicylate-induced meta-
bolic effects were shown to be due to the ability of salicylate 
to stimulate mitochondrial conductance resulting in mito-
chondrial uncoupling. It is possible that nobiletin also acts 
as a metabolic uncoupler, although this has not been ex-
amined. Previous studies demonstrating an increase in he-
patic mitochondrial DNA in nobiletin-treated high-fat 
diet-fed mice is consistent with this idea (7).

In Ampk1/ mice, approximately 10% of hepatic AMPK 
activity is retained (30), which may be sufficient to mediate 
some downstream phosphorylation. Furthermore, it is pos-
sible that aspects of nobiletin-mediated regulation of lipid 
metabolism involve ACC phosphorylation independent of 
AMPK. Nevertheless, nobiletin was equally effective in pre-
venting metabolic dysregulation in HFHC diet-fed AccDKI 
mice and in WT mice, clearly demonstrating that the pro-
tective effects of nobiletin were independent of inhibitory 
phosphorylation of ACC. These results differ from the 
effects of metformin. In contrast to nobiletin, high-fat 
diet-fed AccDKI mice were refractory to the lipid-lowering 
and insulin-sensitizing effects of metformin, and metfor-
min had no effect on body weight or adiposity in either 
genotype (36). These findings imply that the mechanisms 
underlying nobiletin-induced metabolic protection differ 
from those of metformin.

Obesity is associated with reduced AMPK activity in adi-
pose tissue, and dysfunctional BAT contributes to diet-
induced obesity and insulin resistance (47–49). Recent 
studies reported that adult i12AKO mice had impair-
ments in cold tolerance and were resistant to -adrenergic 
activation of BAT and browning of WAT due to impaired 
mitochondrial structure and function (32). In addition, 
hepatic steatosis and glucose and insulin intolerance were 
amplified in high-fat-fed i12AKO mice (32). Therefore, 
we investigated the impact of nobiletin in HFHC diet-fed 
i12AKO mice. Reductions in iWAT and eWAT mass and 
adipocyte number and area, and the improvement in 
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adipocyte morphology in nobiletin-treated i12AKO mice 
were the same as in control mice. Furthermore, nobiletin 
supplementation attenuated hepatic steatosis, dyslipidemia, 
and insulin resistance, and improved energy expenditure 
to a similar extent in both genotypes, indicating that pre-
vention of metabolic dysregulation by nobiletin does not 
require adipocyte AMPK. The only differences between 
genotypes in response to nobiletin were the increases in 
the browning markers Ucp1 and Tbx1 mRNA in control 
iWAT but not in i12AKO iWAT, and the increase in 
Cd137 mRNA in nobiletin-treated i12AKO iWAT but not 
control iWAT. Previous studies in chow-fed i12AKO 
mice demonstrated that chronic -adrenergic receptor ag-
onist treatment did not lower iWAT mass but increased the 
number of multilocular beige adipocytes and increased 
Ucp1 expression in the iWAT of control mice, but not in 
i12AKO mice (32). Consistent with these results, nobiletin 
increased Ucp1 expression only in control mice; however, 
nobiletin decreased iWAT mass equally and multilocular 
beige adipocytes were not observed in either nobiletin-
treated genotype. Taken together with the similar improve-
ments in other adipocyte parameters in both genotypes, 
these findings suggest that adipocyte browning was not 
involved in nobiletin’s ability to attenuate adiposity. In ad-
dition, these results imply that the beneficial effects of 
nobiletin on adipose tissue mass and other metabolic pa-
rameters do not involve -adrenergic activation of BAT or 
WAT.

The mechanism(s) through which nobiletin regulates 
lipid metabolism, adiposity, and insulin sensitivity are not 
fully understood. In mice, nobiletin suppressed hepatic FA 
synthesis and upregulated hepatic FA oxidation, indepen-
dent of peroxisomal proliferation (7); however, the upstream 
effectors governing these effects have remained elusive. 
Experiments in cultured hepatocytes and murine liver in-
dicated that nobiletin does not activate PPAR, PPAR, or 
PPAR/ (7). The effects of nobiletin are not mediated by 
leptin or Fgf21, as evidenced by metabolic protection in 
Ob/Ob mice (50) or in high-fat diet-fed Fgf21/ mice [(4) 
and unpublished observations]. The ability of nobiletin to 
prevent metabolic dysregulation has been associated with 
the direct activation of the retinoic acid receptor-related 
orphan receptor (ROR), resulting in enhanced amplitude 
of circadian rhythms in obese mice (51). However, the spe-
cific metabolic pathways affected have not been identified. 
Recent studies in mouse skeletal muscle revealed that nobi-
letin activation of ROR-dependent gene expression stimu-
lated mitochondrial respiratory complex function and 
suppressed formation of reactive oxygen species (52), con-
sistent with our previous in vivo studies linking nobiletin to 
mitochondrial expansion in liver (7). In HepG2 cells, Qi 
et al. (21) reported that nobiletin amplified glucose uptake 
and suppressed palmitate-induced lipogenesis, which re-
quired activation of AMPK in a clock gene (Bmal1)-depen-
dent manner. The present study clearly demonstrates that 
any ROR-dependent metabolic effects of nobiletin in vivo 
do not require AMPK activation in the liver or adipose tissue.

Metabolites of nobiletin derived from gut microbes have 
been identified and shown to accumulate in mouse colonic 

mucosa at concentrations exceeding that of nobiletin by 
20-fold (43). These demethylated nobiletin metabolites 
have been shown to have stronger anti-cancer effects than 
the parent compound in human colon cancer cells (43), 
raising the possibility that metabolic protection by nobile-
tin in vivo is primarily conferred by these metabolites. Fur-
thermore, these metabolites have been shown to inhibit 
the induction of iNOS, the inflammatory response, and 
scavenger receptor expression in LPS-treated macrophage 
cell lines (53–55), properties that may be related to cardio-
vascular protection. However, the molecular targets and 
cardiometabolic effects of these metabolites in vivo have 
not been reported. Thus, the extent to which microbiota-
derived nobiletin metabolites contribute to the prevention 
of metabolic dysregulation and atherosclerosis in mice war-
rants further investigation.

In summary, the mechanism underlying the ability of 
nobiletin to achieve metabolic protection in mice is inde-
pendent of AMPK activation, thereby bypassing the central 
regulator of cellular energy homeostasis. In primary mouse 
hepatocytes, nobiletin suppressed FA synthesis and en-
hanced FA oxidation to the same extent in both Ampk1/ 
and WT cells. Compared with WT or control mice, nobile-
tin was equally effective in preventing metabolic dysregula-
tion in three models of HFHC diet-fed mice: mice deficient 
in hepatic AMPK, mice incapable of inhibitory phosphory-
lation of ACC, and mice with adipocyte-specific deficiency 
of AMPK. These studies highlight the potential therapeutic 
utility of the citrus flavonoid nobiletin, especially in the 
context of metabolic syndrome, and the need for further 
studies to investigate primary mechanisms of action.
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