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Abstract Given the opposing effects of Akt and AMP-activated protein kinase (AMPK) on metabolic

homeostasis, this study examined the effects of deletion of Akt2 and AMPKa2 on fat diet-induced hepatic

steatosis. Akt2eAmpka2 double knockout (DKO) mice were placed on high fat diet for 5 months.

Glucose metabolism, energy homeostasis, cardiac function, lipid accumulation, and hepatic steatosis

were examined. DKO mice were lean without anthropometric defects. High fat intake led to adiposity

and decreased respiratory exchange ratio (RER) in wild-type (WT) mice, which were ablated in DKO

but not Akt2�/� and Ampka2�/� mice. High fat intake increased blood and hepatic triglycerides and

cholesterol, promoted hepatic steatosis and injury in WT mice. These effects were eliminated in DKO

but not Akt2�/� and Ampka2�/� mice. Fat diet promoted fat accumulation, and enlarged adipocyte size,

the effect was negated in DKO mice. Fat intake elevated fatty acid synthase (FAS), carbohydrate-

responsive element-binding protein (CHREBP), sterol regulatory element-binding protein 1 (SREBP1),

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), peroxisome

proliferator-activated receptor-a (PPARa), PPARg, stearoyl-CoA desaturase 1 (SCD-1), phosphoenolpyr-

uvate carboxykinase (PEPCK), glucose 6-phosphatase (G6Pase), and diglyceride O-acyltransferase 1

(DGAT1), the effect was absent in DKO but not Akt2�/� and Ampka2�/� mice. Fat diet dampened mi-

tophagy, promoted inflammation and phosphorylation of forkhead box protein O1 (FoxO1) and AMPKa1

(Ser485), the effects were eradicated by DKO. Deletion of Parkin effectively nullified DKO-induced meta-

bolic benefits against high fat intake. Liver samples from obese humans displayed lowered microtubule-

associated proteins 1A/1B light chain 3B (LC3B), Pink1, Parkin, as well as enhanced phosphorylation of

Akt, AMPK (Ser485), and FoxO1, which were consolidated by RNA sequencing (RNAseq) and mass

spectrometry analyses from rodent and human livers. These data suggest that concurrent deletion of

Akt2 and AMPKa2 offers resilience to fat diet-induced obesity and hepatic steatosis, possibly through

preservation of Parkin-mediated mitophagy and lipid metabolism.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is characterized by
hepatic steatosis that may progress into non-alcoholic steatohe-
patitis (NASH). NASH is associated with hepatic inflammation,
fibrosis, and increased prevalence of cirrhosis and hepatocellular
carcinoma1e3. NAFLD is closely associated with metabolic syn-
drome in obese or morbidly obese patients4,5. NAFLD presents
with hepatic manifestations of metabolic syndrome including in-
sulin resistance, obesity, and type 2 diabetes mellitus3e5. The
incidence of NAFLD rises concurrently with obesity and type 2
diabetes, and is expected to become the leading cause of liver
transplantation6. Understanding of etiology of NAFLD further
explains the detrimental effects including insulin resistance,
autophagy defect, inflammation, and fibrosis7e12. Minimal phar-
macotherapy has been approved (licensed) for NAFLD to reverse
or halt the progression of steatosis to NASH. Given the high
incidence of NAFLD in obesity, one important issue for over-
weight or obese individuals may be the search for factors that
trigger hepatic steatosis and ultimately liver injury11.

Metabolic disorders, particularly those involved in lipid
metabolism, are important for the transition from metabolic syn-
drome to liver injury. Hepatic steatosis (lipid buildup) plays a
complex and controversial role in the pathogenesis of
NAFLD1,6,11. Increased levels of free fatty acids appear to be a
major risk factor for NAFLD, and evidence has revealed that in-
hibition of triglyceride synthesis counters fatty acid-induced he-
patic lipotoxicity in obesity13e15. A plethora of cytokines and cell-
signaling molecules were identified that reveal the association
between insulin signaling and NAFLD pathogenesis. Insulin
resistance is cardinal to predispose hepatocytes to pathogenic
factors . However, hepatic lipid accumulation was reported to
be independent of insulin action, but rather relied on fatty acid
substrate availability15,16. These findings denote a controversial
role of hepatic lipid accumulation as an indicator or a causative
mediator in metabolic diseases17. Among various signaling mol-
ecules in the regulation of hepatic insulin sensitivity and lipid
metabolism, protein kinase B (Akt) and AMP-activated protein
kinase (AMPK) remain the most prominent signals governing
insulin sensitivity, lipid and energy metabolism18. Both genetic
and high fat diet-induced obesity compromise Akt and AMPK
regulation possibly due changes in nutrients, ATP, and proin-
flammatory cytokine levels19e21. Using genetically engineered
murine models, distinct roles for Akt and AMPK were unveiled in
hepatic lipogenesis and energy metabolism in high fat diet-
induced insulin resistance and obesity22e25. Akt, in particular
Akt2, is essential for activation of hepatic sterol regulatory
element-binding protein 1c (SREBP1c), lipogenesis, and lipid
accumulation in metabolic stress22,23. On the other hand, AMPK
inhibits SREBP1c function, lipid accumulation, hepatic steatosis,
and adiposity, which cause the metabolic benefits of drugs such as
metformin24,26. Nonetheless, interactions between these two
opposing signaling molecules in growth, lipid, and energy meta-
bolism in adiposity and hepatic steatosis remain unclear.

To this end, we generated an Akt2eAmpka2 double knockout
(DKO) murine model to examine the impact of concurrent abla-
tion of Akt2 and AMPKa2 on high fat diet-induced obesity, he-
patic steatosis, and inflammation. Given the established role of
autophagy and mitochondrial autophagy (aka mitophagy) in
adiposity, hepatic steatosis, and injury8,10,17,27, and the apparent
reciprocal regulatory modality of Akt and AMPK on autophagy
and mitophagy27,28, mitophagy was examined in high fat diet-
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induced in obesity and hepatic steatosis. Our results depict con-
current deletion of Akt2 and AMPKa2 rescued high fat diet
intake-induced loss of mitophagy molecule Parkin but not FUN14
domain-containing protein 1 (FUNDC1) and BCL2/adenovirus
E1B 19 kDa protein-interacting protein-3 (BNIP3). To this end, an
Akt2eAmpka2eParkin triple knockout (TKO) murine line was
generated to further discern the role of Parkin. In support of our
experimental findings, RNA sequencing (RNAseq), mass spec-
trometry, and immunoblot analyses from obese rodent and human
liver samples all depicted prominent roles for gene ontology terms
related to cell signaling of Akt, AMPK, autophagy, mitophagy,
and lipid metabolism in liver injury.

2. Materials and methods

2.1. Human samples and liquid chromatographyetandem mass
spectrometry (LCeMS/MS) analysis

Liver specimens were obtained from liver transplants from lean
and obese patients (Supporting Information Table S1) under an
approved protocol (No. B2020-127R) by Zhongshan Hospital
Fudan University Ethics Committee (Shanghai, China) and were
carried out in accordance with the Declaration of Helsinki for
experiments involving humans. LCeMS/MS data acquisition of
human liver samples was carried out on an Orbitrap Exploris 480
mass spectrometer coupled with an Easy-nLC 1200 system
(Thermo Scientific, USA)27. Peptides were first loaded onto a C18
trap column (75 mm � 2 cm, 3 mm particle size, 100 Å pore size,
Thermo Scientific) and then separated in a C18 analytical column
(75 mm � 250 mm, 3 mm particle size, 100 Å pore size, Thermo).
Mobile phase A (0.1% formic acid) and B (80% acetonitrile, 0.1%
formic acid) were used to establish the separation gradient. A
constant flow rate was set at 300 nL/min. For data dependent
acquisition (DDA) mode analysis, each scan cycle consisted of
one full-scan mass spectrum followed by 20 MS/MS events.
Higher energy collision dissociation (HCD) was set to 32. Isola-
tion window for precursor selection was set to 1.2 Da. Former
target ion exclusion was set for 30 s. MS raw data were analyzed
with MaxQuant (V1.6.6) using the Andromeda database search
algorithm. Spectra files were searched against the UniProt human
protein database, and search results were filtered with 1% false
discovery rate (FDR) at both protein and peptide levels. Proteins
denoted as decoy hits, contaminants, or only identified by sites
were removed, and the remaining proteins were used for further
analysis.

2.2. mRNA sequencing (mRNA-Seq)

mRNA-Seq was done by Novogene (Beijing, China) and Cloudseq
Biotech Inc. (Shanghai, China). Standard Illumina protocols were
used for sequencing after preparation of mRNA-seq library. RNAs
were isolated from livers from adult db/db obese mice or rats
(Nanjing Biomedical Research Institute of Nanjing University,
Nanjing, China) following 45% high fat diet intake for 20 weeks
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Twelve-
week-old db/db mice or rats were housed at 21 � 1 �C with a
humidity of 55% � 10% and a 12-h/12-h light/dark cycle. To
remove any contaminating genomic DNA, RNase-free DNase I
(New England Biolabs, MA, USA) was applied to isolated RNAs.
Dynabeads oligo (dT) (Invitrogen) were used to extract mRNA, and
double-stranded complementary DNAs (cDNAs) were synthesized
using Superscript II reverse transcriptase (Invitrogen) and random
hexamer primers. To create mRNA-seq library, cDNAs were frag-
mented by nebulization and standard Illumina protocol was fol-
lowed thereafter. For data analysis, base calls performed using
CASAVA Reads (version 1.8.2 software, Illumina, CA, USA) were
aligned to genome using split read aligner TopHat (version 2.0.7,
Ontario, Canada) and Bowtie2 (http://bowtie-bio.sourceforge.net/
index.shtml). HTSeq (http://www-huber.embl.de/HTSeq) was used
for estimation of their abundance29.

2.3. Functional analysis of differentially expressed proteins
using bioinformatics

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway enrichment analyses were performed
using the OmicShare tools, a free online platform for data analysis
(http://www.omicshare.com/tools).

2.4. Akt2 and Ampka2 knockout mice, generation of
Akt2eAmpka2 double or Akt2eAmpka2eParkin triple knockout
mice, and high fat diet feeding

All animal procedures were approved by the Animal Care and Use
Committee at the Zhongshan Hospital Fudan University
(Shanghai, China) and University of Wyoming (Laramie, WY,
USA). Akt2 knockout (Akt2�/�) mice were obtained from Dr.
Morris J. Birnbaum at the University of Pennsylvania (Philadel-
phia, PA, USA) and Ampka2 knockout (Ampka2�/�) mice were
generated and characterized by Dr. Benoit Viollet at the Institute
Cochin, Université Paris Descartes, CNRS (UMR 8104) in
Paris, France30,31. Akt2�/� and Ampka2�/� mice (both on
C57BL/6J background) were bred to generate DKO mice. To
produce Akt2e/eAmpka2e/eeParkine/e (Prke/e) triple knockout
(TKO) mice, the DKO mice were crossed with Prke/e mice to
generate heterozygotes, which were further crossed to produce
TKO mice. Global Prke/e mice were purchased from the Jackson
Laboratory (B6.129S4-Parktm1Shn/J, stock number 006582). To
confirm genotypes, genomic DNA prepared from tail snips was
analyzed using PCR (Supporting Information Table S2). Mice
were housed under temperature-controlled conditions (22 � 2 �C),
humidity (55% � 5%), and a 12 h/12 h lightedark circadian cycle
with access to food and water ad libitum. Five-week-old male
Akt2�/� or Ampka2�/�, DKO, or TKO mice, and their wild-type
(WT) littermates were placed on a low fat (Cat. D12450B, 10%
calories from fat, 3.91 kcal/g) or high fat (Cat. D12451, 45%
calories from fat, 4.83 kcal/g; Research Diets, New Brunswick,
NJ, USA) diet for 20 weeks25,32. In another cohort of study, five-
week-old male Prke/e or TKO mice and their WT littermates
were placed on a low fat or high fat diet for 20 weeks. Food intake
was recorded using a lab scale. Body fat composition (% lean and
fat mass) was measured at the end of 20-week feeding period
using a Dual Energy X-ray Absorptiometry (GE Lunar Prodigy™
8743; Madison, WI, USA). Animal sample size was determined
using power analysis.

2.5. Intraperitoneal glucose tolerance test (IPGTT), serum
lipid, and insulin measurement

Mice fasted for 12 h and then were given an intraperitoneal injec-
tion of glucose (2 g/kg body weight). Blood samples were collected
from the tail vein immediately before glucose challenge, as well as
15, 30, 60, and 120 min thereafter. Serum glucose levels were
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determined using an Accu-Chek III glucose analyzer (Roche,
Germany). Area under curve (AUC) was calculated using trape-
zoidal analysis32. Serum levels of insulin, triglycerides, and
cholesterol were measured using commercial kits (BioVision, Inc.,
Mountain View, CA, USA; EMD Millipore Corp., Billerica, MA,
USA)32. Serum levels of aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) were determined using colorimetric
assay kits from BioVision per manufacturer’s instructions33.

2.6. Metabolic measurement

A Comprehensive Laboratory Animal Monitoring System
(CLAMS™, Columbus Instruments, Columbus, OH, USA) was
used to monitor global metabolism. Mice were housed in indi-
vidual CLAMS metabolic cages with access to food and water ad
libitum. Following acclimation, metabolic parameters including
carbon dioxide production (VCO2), oxygen consumption (VO2),
respiratory exchange ratio (RER Z VCO2/VO2), heat production
[(3.815 þ 1.232 � RER) � VO2) � 1000], and physical activity
(horizontal beam breaks) were recorded every 12 min over a
period of 24 h (light phase: 7:00 ame7:00 pm; dark phase: 7:00
pme7:00 am)34.

2.7. Hepatic triglycerides

Hepatic triglyceride levels were measured using a colorimetric kit
from BioVision. Following anesthesia (ketamine 80 mg/kg and
xylazine 12 mg/kg, ip), liver tissues were collected and were
homogenized before being heated in 5% NP-40 solution (90 �C
for 5 min). Solubilized triglyceride lysate was centrifuged and
supernatants were employed for triglyceride assay using a Spectra
Max 190 Spectrophotometer (Molecular Devices, Sunnyvale, CA,
USA)35.

2.8. Liver and adipose tissue histology, oil red O staining

Lipid droplet accumulation was determined using oil red O
staining. Following anesthesia, livers and white and brown adipose
tissues were collected and placed in 10% neutral-buffered
formalin at room temperature for 24 h. All samples were
embedded in paraffin, cut in 7-mm sections, and were used for
hematoxylin and eosin (H&E) staining. For oil red O staining,
samples were sliced and snap-frozen in isopentane-cooled liquid
nitrogen and were cut into 10-mm sections using a cryostat. Sec-
tions were fixed with 10% neutral-buffered formalin, rinsed with
60% isopropanol and stained with diluted oil red O solution (0.5 g
oil red O powder in 100 mL isopropanol then diluted by 1.66
times) for 20 min prior to imaging using an Olympus BX-51
microscope (Tokyo, Japan)36.

2.9. Western blot analysis

Tissues were homogenized in a RIPA lysis buffer and centrifuged at
13,000�g for 20 min at 4 �C. Sample (30e50 mg protein/lane) were
then separated on sodium dodecyl sulfate (SDS)-polyacrylamide gels
in a minigel apparatus (Mini-PROTEAN II, Bio-Rad, Hercules, CA,
USA) and were transferred to nitrocellulose membranes. Membranes
were blocked and were incubated overnight at 4 �C with anti-fatty
acid synthase (FAS, 1:1000), anti-phospho-acetyl-CoA carboxylase
(ACC, Ser79, 1:1000), anti-ACC (1:1000), anti-carbohydrate-
responsive element-binding protein (CHREBP, 1:1000), anti-sterol
regulatory element-binding protein 1c (SREBP1c, 1:1000), anti-
peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a, 1:1000), anti-peroxisome proliferator-activated
receptor-a (PPARa, 1:1000), anti-PPARg (1:1000), anti-stearoyl-
CoA desaturase 1 (SCD-1, 1:1000), anti-diglyceride O-acyltransfer-
ase 1 (DGAT1, 1:500), anti-phosphoenolpyruvate carboxykinase
(PEPCK, 1:1000), anti-glucose 6-phosphatase (G6Pase, 1:1000),
anti-tumor necrosis factor-a (TNF-a, 1:500), anti-interleukin-6 (IL-
6, 1:250), anti-microtubule-associated proteins 1A/1B light chain 3B
(LC3B, 1:1000), anti-p62 (1:1000), anti-outer mitochondrial mem-
brane 20 (TOM20, 1:1000), anti-Parkin (1:1000), anti-FUNDC1
(1:1000), anti-BNIP3 (1:1000), anti-phospho-forkhead box protein
O1 (FoxO1, Ser256, 1:1000), anti-FoxO11 (1:1000), anti-Akt
(1:1000), anti-Akt1 (1:1000), anti-Akt2 (1:1000), anti-Akt3
(1:1000), anti-phospho-Akt (Ser473, 1:1000), anti-AMPK (1:1000),
anti-AMPKa1 (1:1000), anti-AMPKa2 (1:1000), anti-phospho-
AMPK (Thr172, 1:1000), anti-phospho-AMPK (Ser485, 1:1000), and
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or anti-
a-tubulin (loading controls, 1:1000) antibodies. All antibodies were
purchased from Cell Signaling Technology (Danvers, MA, USA) or
Abcam (Cambridge, MA, USA). Gel blots were incubated for 1 h
with horseradish peroxidase (HRP)-conjugated secondary antibody
(1:5000) and were quantified using the Quantity One software (Bio-
Rad)35.

2.10. RNA isolation and gene expression

mRNA samples were isolated and purified following the instruction
of Trizol Reagent (Invitrogen). cDNA was synthesized using the
iScriptTM cDNA Synthesis Kit (Bio-Rad) and was mixed with
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and
primers (sequences provided in Table S2). Reactions were executed
using a CFX96TM RT-PCR detection system (Bio-Rad). The
mRNA levels were expressed relative to Gapdh37.

2.11. HepG2 cell culture, treatment, and RNA interference

Small interfering RNA (siRNA) against AMPK, AKT2 (On-
TARGET plus SMART pool siRNA), or control non-targeting
siRNA was obtained from Dharmacon (Lafayette, CO, USA).
HepG2 cells (used for better siRNA efficacy) were grown in the
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY,
USA), and 1% penicillin and streptomycin and maintained in 95%
air and 5% CO2 at 37 �C. Cells were grown to 70% confluence
prior to transfection with siRNA (100 nmol/L) in DMEM using
the Dharma FECT 1 transfection reagent. The AMPK siRNA
sequence was: 5ʹ-CCCTTCCTATGATGCTAACG-3ʹ (forward);
5ʹ-AGAACTCACTGGCTTGGTTC-3ʹ (reverse)38. The AKT2
siRNA sequence was: 5ʹ-GCCTGAGGTGCTAGAGGACAAT-3ʹ
(forward); 5ʹ-GAAGCCGATCTCCTCCATAAGA-3ʹ (reverse)39.
After 72 h of transfection, cells were exposed to palmitate acid
(0.5 mmol/L)40 in the presence or absence of the autophagy in-
hibitor 3-methyladenine (3-MA, 10 mmol/L)41 or the FoxO1 in-
hibitor AS1842856 (100 nmol/L)42 for 72 h followed by fixation.

2.12. Evaluation of lipid accumulation and triglyceride content
in vitro

Lipid accumulation was evaluated using oil red O staining. HepG2
cells were fixed with ice-cold 10% formalin for 30 min. Cells were
washed three times with sterile phosphate-buffered saline (PBS)
and were stained with oil red O for 20 min as described above.
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Images were taken through light microscopy (400�) and the
absorbance for oil Red O dye eluted by isopropanol was measured
at 530 nm wavelength using the Spectra Max 190 Microplate
Spectrophotometer (molecular devices)43,44. Levels of tri-
glycerides from cell lysates were determined using a biochemistry
assay kit (Abcam)45.

2.13. Statistical analysis

Data were shown as mean � standard error of the mean (SEM).
The ShapiroeWilk normality test was used to examine distribu-
tion of experimental data. Statistical significance (P < 0.05) was
estimated using analysis of variance (ANOVA) followed by a
Tukey’s post hoc analysis. Due to the cost and potential mortality
issues, not every single mouse from each group was subjected to
metabolic cage, intraperitoneal glucose tolerance test (IGPTT),
and dual energy X-ray absorptiometry (DEXA) analyses, thus
creating a smaller sample size for these indices.
3. Results

3.1. Changes in cell signaling pathways in livers from diet-
induced rodent and human obesity

To discern possible biological processes and cell signaling path-
ways involved in liver injury in obesity, liver tissues were
collected from adult SpragueeDawley rats fed with high fat diet
for 20 weeks and adult db/db leptin receptor deficient obese mice,
prior to RNAseq analysis. As shown in Fig. 1, comparison be-
tween lean and obese rodents identified 1618 (rats) and 1131
(mice) genes with statistically significant differential expression
[including 939 (rats) and 692 (mice) up-regulated and 679 (rats)
and 439 (mice) down-regulated genes, P < 0.05]. A hierarchical
clustering of the most highly regulated genes showed distinct
patterns between the lean and obese groups (Fig. 1a, rats; Fig. 1e,
mice). Biological function analysis for differentially expressed
genes revealed that GO terms associated with “metabolic pro-
cesses” were notably changed (Fig. 1b, rats; Fig. 1f, mice).
Cellular processes of KEGG class analysis revealed that obesity
(diet-induced or db/db genetic) affected proteins involved in
autophagy and mitophagy processes (Fig. 1c, rats; Fig. 1g, mice).
Environmental information processing of KEGG class analysis
indicated that obesity-regulated proteins were enriched in phos-
phoinositide 3-kinases (PI3K)eAkt, AMPK, and FoxO signaling
pathways (Fig. 1d, rats; Fig. 1h, mice). To confirm altered proteins
in obesity, lean and obese human liver tissues were examined
using LCeMS/MS. The 406 differentially expressed proteins were
found (including 131 up-regulated and 275 down-regulated; fold
change > 2). The most highly regulated proteins were displayed
with distinct patterns in these two human groups (Fig. 2a). Similar
to RNAseq findings from rodents, biological process enrichment
analyses of human samples revealed that GO terms associated
with “metabolic processes” were notably altered (Fig. 2b).
Cellular processes of KEGG class analysis showed that obesity-
regulated proteins were enriched in autophagy and mitophagy
processes (Fig. 2c). Environmental information processing of
KEGG class analysis indicated that obesity-regulated proteins
were clustered in PI3KeAkt, AMPK, and FoxO signaling path-
ways (Fig. 2d). These results indicate a possible role of
PI3KeAkt, AMPK, FoxO, autophagy and mitophagy signaling in
obesity-associated liver injury.

3.2. Biometric parameters and glucose sensitivity

As shown in Supporting Information Fig. S1a and S1b, DKO of
both Akt2 and Ampka2 had little effect on Akt1, Akt3, and
AMPKa1 in hearts, livers, and muscles. Levels of pan-Akt and
-AMPK were significantly downregulated in all tissues from DKO
mice (except Akt levels in the hearts and muscles). High fat diet
intake significantly increased body weight in WT, Akt2�/� and
Ampka2�/� mice starting from 12 weeks of diet feeding. This
effect was absent in DKO mice. Food intake was comparable
among all groups (Fig. 3aec). High fat diet intake overtly
compromised glucose sensitivity in WT mice, the effect of which
was absent in DKO but not Akt2�/� and Ampka2�/� mice, as
demonstrated by the IPGTT test (Fig. 3d and e). Along the same
line, high fat diet intake increased serum insulin levels in WT
mice, the effect of which was absent in DKO but not Akt2�/� and
Ampka2�/� mice (Fig. 3f). The 5-month high fat diet intake
significantly lowered lean mass percentage (without affecting
absolute lean mass) and increased both absolute and normalized
fat mass in WT mice, the effect of which was absent in DKO but
not Akt2�/� and Ampka2�/� mice (Fig. 3gej).

3.3. Global metabolism, hepatic steatosis and liver function

To discern the possiblemechanisms behind fat diet intake- andDKO-
inducedbiometric andmetabolic action, CLASMmetabolic cagewas
employed to monitor global metabolism over a 24-h cycle. Our data
revealed that high fat intake visibly lowered O2 consumption, CO2

production and RER in WT mice, the effect of which was absent in
DKO but not Akt2�/� and Ampka2�/� mice. Ablation of Akt2,
AMPKa2, or both, had little effects on O2 consumption, CO2 pro-
duction, and RER under low fat intake (Fig. 4aei). Heat production
and total activitywere not notably affected by high fat intake, ablation
of Akt2, AMPKa2, or both (Fig. 4jeo). To evaluate high fat diet-
induced hepatic steatosis and liver injury, if any, hepatic
morphology, levels of triglycerides, AST, ALT, and cholesterol were
assessed. Compared to normal lobular architecture in low fat-fed
mice, high fat diet intake induced a microvesicular lipid accumula-
tion, especially in centrilobular zone and hepatocyte ballooning with
rarefaction of hepatocyte cytoplasm (Fig. 5a). Oil red O staining
revealed hepatic steatosis following high fat intake (Fig. 5b). High fat
intake also significantly increased liver weight (Fig. 5c and Sup-
porting Information Fig. S2a), liver triglyceride content (Fig. 5d),
serum levels of AST (Fig. 5e), ALT (Fig. 5f), triglycerides (Fig. 5g),
and cholesterol (Fig. 5h). These signs of hepatic steatosis, were
abrogated in DKO mice but not Akt2�/� and Ampka2�/� mice.
Ablation of Akt2, AMPKa2, or both, did not display any effects on
hepatic morphology, triglyceride or serum profiles of liver injury and
dyslipidemia in the face of low fat diet intake (Fig. 5aeh). Moreover,
our data revealed enlarged size of adipocytes, brown adipose tissues,
white adipose tissues (inguinal, epididymal, and retroperitoneal), and
ectopic fat accumulation (in the form of triglycerides) in muscles in
high fat diet-fed WT mice. The effects of which were removed in
DKO but notAkt2�/� andAmpka2�/�mice following high fat intake
(Supporting Information Fig. S2beS2g).Ablation ofAkt2,AMPKa2,
or both, did not display any discernible effects on these biometric
and metabolic parameters under low fat diet intake (Fig. S2).



Figure 1 High fat diet intake and leptin receptor deficient obesity-modulated molecular events and cell signaling pathways in livers. Liver

tissues of rats fed high fat diet for 20 weeks (aed) or db/db obese and C57BL/6J lean mice (eeh) were subjected to RNAseq analysis. (a and e)

Heatmap displays significantly regulated genes in signaling pathways of PI3KeAkt, AMPK, and FoxO, as well as cellular processes of autophagy

and mitophagy in rat (a) and mice (e), respectively. (b and f) GO analysis was conducted with all altered genes, and 20 highest-ranking biological

process terms are shown, rat (b) and mice (f), respectively; (c and g) KEGG pathway analyses of all significantly regulated genes were performed,

and the enrichment for cellular process of KEGG pathway is shown using bubble plot, rat (c) and mice (g), respectively; (d and h) Bubble plot

shows the enrichment for signal transduction of KEGG pathway, rat (d) and mice (h), respectively.
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3.4. Hepatic lipid metabolism

To evaluate the impact of DKO on high fat diet-induced hepatic
lipid metabolism, lipid synthesis, uptake, and transport genes were
evaluated using RT-PCR and Western blot analyses. High fat diet
intake clearly upregulated mRNA levels of the key enzyme for
fatty acid synthesis including Fas, transcription factors in lipo-
genesis including Chrebp and Srebp1, essential enzymes involved
in lipid metabolism such as Pgc-1a and Ppara, lipid storage such
as Pparg, unsaturated fatty acid synthesis catalyzing enzymes



Figure 2 Biological process, molecular events, and cell signaling pathways in livers from lean and obese human liver samples were analyzed

using label-free quantitative proteomics and LCeMS/MS to identify differentially expressed proteins. (a) Heatmap displays significantly regu-

lated proteins in signaling pathways of PI3KeAkt, AMPK, and FoxO, as well as cellular processes of autophagy and mitophagy. (b) GO analysis

was conducted with all altered proteins, and 20 highest-ranking biological process terms are shown. (c) KEGG pathway analyses of all signif-

icantly regulated proteins were performed, and the enrichment for cellular process of KEGG pathway is shown using bubble plot. (d) Bubble plot

displays the enrichment for signal transduction of KEGG pathway.
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including Scd-1, gluconeogenesis including Pepck and G6pase,
and triglycerides synthesis including Dgat1 in WT groups. The
effects were reconciled by DKO but not ablation of either Akt2 or
AMPKa2. Removal of Akt2, AMPKa2, or both, did not affect
expression of these lipid metabolic genes under low fat diet intake
condition (Fig. 6). This is supported by findings from Western blot
analysis where high fat diet intake upregulated protein levels of
FAS, CHREBP, SREBP1, PGC-1a, PPARa, PPARg, SCD-1,
GDAT1, PEPCK, and G6Pase in conjunction with decreased
phosphorylation of fatty acid synthesis enzyme ACC (no change
in pan-ACC) in WT groups. Ablation of Akt2, AMPKa2, or both,
failed to affect protein expression of these lipid metabolic en-
zymes under low fat diet intake condition (Fig. 7).

3.5. Changes in inflammation, autophagy, mitophagy, and
autophagy signaling (Akt, AMPK, and FoxO1)

To determine the mechanisms behind DKO-offered protection
against high fat diet-induced changes, body weight, hepatic injury,
levels of inflammatory, autophagy, mitophagy, and regulatory
signaling were monitored in hepatic tissues from trial mice. Our
data revealed that high fat diet intake significantly upregulated
levels of the proinflammatory makers TNF-a and IL-6. Addi-
tionally, high fat diet intake decreased levels of autophagy and
mitophagy marker LC3BII, Parkin, FUNDC1, and BNIP3 while
elevating p62 and mitophagy marker TOM20 in WT mice. These
effects, with the exception of FUNDC1 and BNIP3, were abol-
ished in DKO but not Akt2�/� and Ampka2�/� mice (Fig. 8aeh).
Moreover, high fat diet intake promoted phosphorylation of the
autophagy regulatory signal FoxO1 without affecting pan protein
level of FoxO1 in WT mice, the effects of which were nullified in
DKO but not Akt2�/� and Ampka2�/� mice (Fig. 8i). Ablation of
Akt2, AMPKa2, or both, failed to display any effects on inflam-
mation, autophagy, and mitophagy markers in the low fat diet
setting (Fig. 8). Our further study revealed that high fat diet intake
suppressed phosphorylation of AMPK at Thr172, the effect of
which was not restored in DKO, Akt2�/�, or Ampka2�/� mice.
Ampka2�/� and DKO mice both displayed reduced AMPK Thr172



Figure 3 Five week-old WT, Ampka2�/�, Akt2�/�, and DKO mice were placed on a 45% high fat (HF) or nutritionally matched low fat (LF)

diet for 20 weeks. (a) Representative photographs of mice (prone and supine positions) and white adipose tissues. (b) Food intake (per mouse

daily, P > 0.05). (c) Trajectory of body weight of WT and DKO mice. (d) Intraperitoneal glucose tolerance test (IPGTT). (e) Area under curve

(AUC) for IPGTT. (f) Serum insulin level. (g) Lean mass weight. (h) Lean mass percentage. (i) Fat mass weight. (j) Fat mass percentage. Data are

expressed as mean � SEM (nZ 11e13 for panels bee, nZ 7 for panels fej). *P < 0.05 vs.WT mice; #P < 0.05 vs. WT-HF mice; yP < 0.05 vs.

DKO-HF mice.
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phosphorylation and pan-AMPK level (due to Ampka2 knockout)
with low fat intake (Fig. 9a, d, and g). Meanwhile, high fat diet
intake promoted phosphorylation of AMPKa1 at Ser485 (but not
pan-AMPKa1 protein) and Akt Ser473 in WT mice (with excep-
tion of corresponding single ablation group), the effects of which
were nullified in DKO and Akt2�/�, but not Ampka2�/� mice
(Fig. 9b, c, e, and f). Basal Akt phosphorylation was dampened in
DKO and Akt2�/� mice receiving low fat diet (Fig. 9f). Deletion
of Akt2, AMPKa2, or both, explicitly decreased pan protein levels
of corresponding gene without affecting levels of the non-targeted
protein including AMPKa1 subunit (Fig. 9aeh and Supporting
Information Fig. S1).

3.6. Role of autophagy and FoxO1 signaling in palmitic acid-
induced lipid accumulation

To describe a possible role of autophagy and FoxO1 signaling in
high fat diet-induced hepatic steatosis, HepG2 cells were



Figure 4 Metabolic properties (24-h cycle) of WT, Ampka2�/�, Akt2�/�, and DKO mice fed LF or HF diet for 20 weeks. (a) O2 consumption in

DKO and WT groups. (b) O2 consumption in Ampka2�/� and Akt2�/� mice. (c) Pooled data of O2 consumption (24 h). (d) CO2 production in

DKO and WT mice. (e) CO2 production in Ampka2�/� and Akt2�/� mice. (f) Pooled data of CO2 production (24 h). (g) Respiratory exchange

ratio (RER) in DKO and WT mice. (h) RER in Ampka2�/� and Akt2�/� mice. (i) Pooled data of RER (24 h). (j) Heat production in DKO and WT

mice. (k) Heat production in Ampka2�/� and Akt2�/� mice. (l) Pooled data of heat production (24 h). (m) Total physical activity in DKO and WT

mice. (n) Total physical activity in Ampka2�/� and Akt2�/� mice. (o) Pooled data of total physical activity (24 h). Data are expressed as

mean � SEM (n Z 7). *P < 0.05 vs. WT mice; #P < 0.05 vs. WT-HF mice; yP < 0.05 vs. DKO-HF mice.
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transfected with siRNA against AKT2 and AMPK (or scramble
RNA as control) prior to exposure to palmitic acid for 72 h in the
presence or absence of the autophagy inhibitor 3-MA or the
FoxO1 inhibitor AS1842856. Lipid accumulation was assessed
using oil red O staining. Our data revealed that palmitic acid
promoted lipid accumulation, the effect of which was negated by
silencing AKT2 and AMPK concurrently with little effect from
silencing AKT2 and AMPK individually. Interestingly, both 3-MA
and AS1842856 nullified AKT2eAMPK silencing-induced pro-
tection against palmitic acid-induced lipid accumulation without
effect itself (Fig. 9i and j). This is consistent with the finding that
3-MA and AS1842856 removed AKT2eAMPK silencing-induced
beneficial effect against palmitic acid-induced rise in cellular tri-
glyceride levels (Fig. 9k).



Figure 5 Effects of Ampka2�/�, Akt2�/�, and DKO on NAFLD. (a) Hematoxylin and eosin (H&E) staining of liver cross-sections from mice

fed LF or HF diet for 20 weeks. (b) Representative oil red O staining micrographs. (c) Liver weight. (d) Liver triglyceride content. (e) Serum AST

levels. (f) Serum ALT levels. (g) Serum triglyceride levels. (h) Serum cholesterol levels. Data are expressed as mean � SEM (n Z 8). *P < 0.05

vs. WT mice; #P < 0.05 vs. WT-HF mice; yP < 0.05 vs. DKO-HF mice.
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3.7. Role of Parkin in DKO-offered benefit against high fat diet-
induced obesity, adiposity, and hepatic steatosis

Given that Parkin is the only mitophagy marker correlated with
DKO-induced beneficial effect against high fat intake, we went on
to cross DKO mice with Prke/e mice to generate a TKO model.
Our data, shown in Fig. 10, revealed that high fat diet intake
significantly increased body weight in WT mice starting from 12
weeks of diet feeding. However, this effect was spared in Prke/e

or TKO mice (Fig. 10a and b). In addition, high fat diet overtly
increased white adipose tissues (inguinal, epididymal, and
retroperitoneal), brown adipose tissues, and spleen (but not kid-
ney) weight in WT mice, the effect of which was not seen in
Prke/e or DKO mice (Fig. 10a and cef). To evaluate the role of
Parkin in fat diet intake- and DKO-induced hepatic steatosis,
levels of triglycerides and cholesterol were evaluated. High fat
intake promoted hepatomegaly, hepatic steatosis, liver triglyceride
accumulation, and hyperlipidemia in WT mice although Prke/e or
TKO mice were unaffected. Ablation of Parkin or triple knockout
did not display any effects on hepatic morphology, triglycerides,
or serum profiles of lipid in the face of low fat diet intake (Sup-
porting Information Fig. S3). These findings suggested that Parkin



Figure 6 Effect of Ampka2�/�, Akt2�/�, and DKO on levels of lipid regulatory genes in livers from mice fed LF or HF diet using real time-

PCR analysis. (aej) The mRNA levels of Fas (a), Chrebp (b), Srebp1c (c), Pgc-1a (d), Ppara (e), Pparg (f), Scd-1 (g), Dgat1 (h), Pepck (i), and

G6pase (j) were examined. Data are expressed as mean � SEM (n Z 8e9). *P < 0.05 vs. WT mice; #P < 0.05 vs. WT-HF mice; yP < 0.05 vs.

DKO-HF mice.
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ablation removed the DKO-induced benefit on adiposity, hepatic
steatosis, and dyslipidemia.

3.8. Role of Parkin in DKO-offered benefits against fat diet-
induced hepatic lipid anomalies

To evaluate the impact of Parkin on DKO-induced benefit against
high fat diet-induced hepatic lipid metabolic anomalies, lipid
synthesis, uptake, and transport genes were evaluated using
Western blot analysis. As depicted in Supporting Information
Fig. S4, high fat diet intake clearly upregulated protein levels of
FAS, CHREBP, SREBP1, PGC-1a, PPARa, PPARg, SCD-1,
DGAT1, PEPCK, and G6Pase, as well as reduced ACC phos-
phorylation in WT mice. These effects were unaffected by Prke/e

or TKO. Parkin knockout or TKO did not display any effects on
these lipid metabolic enzymes themselves under low fat diet
intake.

3.9. Changes of Akt, AMPK, FoxO1, autophagy, and mitophagy
in obese human livers

Levels of Akt, AMPK, FoxO1, autophagy, and mitophagy along
with hepatic morphology were evaluated in liver specimens taken
from lean and obese human subjects. Our data revealed micro-
vesicular lipid accumulation and hepatocyte ballooning with
rarefaction of hepatocyte cytoplasm along with hepatic steatosis
(oil red deposition) in obese human liver specimens (Fig. 11a).
Similar to the rodent model of obesity, phosphorylation of Akt,
AMPK (Ser485), and FoxO1 was elevated, while markers of
autophagy and mitophagy (LC3B, Pink1, and Parkin) were
downregulated in human obese livers (Fig. 11beg).

4. Discussion

The salient findings from our study indicate that concurrent
ablation of Akt2 and AMPKa2 protects against high fat diet
intake-induced adiposity, hepatic steatosis, and liver injury. Our
study revealed that high fat intake-induced hepatic steatosis is
closely associated with suppressed mitophagy and activation of
proinflammatory responses in the liver in the absence of altered
food intake, energy expenditure, and physical activity. Double
ablation of Akt2 and AMPKa2, but not either alone, protected
against high fat feeding-induced rises in mRNA and protein
levels of enzymes governing lipogenesis (FAS, CHREBP, and
SREBP1), lipid metabolism (PGC-1a and PPARa), lipid storage
(PPARg), unsaturated fatty acid synthesis (SCD-1), gluconeo-
genesis (PEPCK and G6Pase), and triglyceride synthesis
(DGAT1). These changes in lipid metabolism were consistent
with findings from serum and hepatic levels of triglycerides and
cholesterol in single or DKO mice receiving low or high fat diet.
Furthermore, double rather than single ablation of Akt2 and
AMPKa2 protected against high fat diet-induced



Figure 7 Effects of Ampka2�/�, Akt2�/�, and DKO on the levels of lipid regulatory proteins in livers from mice fed LF or HF diet. (ael) The

protein levels of lipid synthesis, metabolism, and storage enzymes, including FAS (a), ACC (phosphorylated ACC and pan-ACC, pACC-to-ACC

ratio, b), pan-ACC (c), CHREBP (d), SREBP1c (e), PGC-1a (f), PPARa (g), PPARg (h), SCD-1 (i), DGAT1 (j), PEPCK (k), and G6Pase (l), were

examined using Western blot analysis. Representative gel blots which depicted the levels of lipid regulatory proteins (using GAPDH or a-tubulin

as loading control) were shown. Data are expressed as mean � SEM (n Z 7e10). *P < 0.05 vs. WT mice; #P < 0.05 vs. WT-HF mice; yP < 0.05

vs. DKO-HF mice.
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phosphorylation (inactivation) of nuclear transcriptional factor
FoxO1, an essential regulator for autophagy, glucose homeosta-
sis, and lipid metabolism27,46. In vitro findings revealed that
AKT2eAMPK co-silencing rescued against palmitic acid-
induced lipid accumulation likely through an autophagy- and
FoxO1-dependent mechanism. Data from obese human livers
provided supporting evidence of overactivated Akt2, AMPK
(Ser485), and FoxO1 along with compromised autophagy/
mitophagy. RNAseq and mass spectrometry analyses from rodent
and human livers validated the GO terms (e.g., lipid catabolic and
fatty acid metabolic processes), KEGG pathways (e.g., auto-
phagy and mitophagy) and involvement of Akt, AMPK, and
FoxO signaling as the most relevant enriched KEGG pathways in
obese livers. Taken together, our current data demonstrated a
beneficial role of concurrent ablation of Akt2 and AMPKa2
against high fat diet intake-induced obesity, hepatic steatosis, and
liver injury related to regulation of FoxO1-mediated autophagy/
mitophagy and inflammation.
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Hepatic injury due to a chronic high fat diet intake is likely
caused by overconsumption of fatty acids, which interrupts he-
patic ability for fat metabolism and storage. Triglycerides, the
main form of fat to accommodate energy metabolism, accumulate
within liver cells leading to steatosis, a hallmark of NAFLD.
These features are consistent with the elevated serum ALT/AST,
serum and hepatic cholesterol and triglycerides along with hepatic
steatosis and hepatomegaly following high fat diet intake in our
current experimental setting. Notably, results from our study
indicated that high fat diet intake-induced hepatomegaly, hepatic
steatosis, and liver injury were negated by Akt2eAmpka2 DKO
(but not single knockout or TKO). These findings favor a bene-
ficial role of Akt2eAmpka2 DKO in preserving hepatic homeo-
stasis against high fat diet intake. Moreover, DKO of
Akt2eAmpka2 protected against high fat diet-induced adiposity.
Assessment of global metabolism using CLAMS did not favor a
major contribution for altered food intake or energy expenditure in
Akt2eAMPKa2 double ablation. Heat production did not change
Figure 8 Effects of Ampka2�/�, Akt2�/�, and DKO on the levels of in

livers from mice fed LF or HF diet. The protein levels of TNF-a (a), IL-6

(h), and FoxO1 (phosphorylated and pan-, pFoxO1-to-FoxO1 ratio, i) were

depicted the levels of TNF-a, IL-6, LC3BI/II, p62, TOM20, Parkin, FUND

expressed as mean � SEM (n Z 6e9). *P < 0.05 vs. WT mice; #P < 0
across experimental groups. RER, the ratio between CO2 pro-
duction and O2 consumption, denotes the type of energetic sub-
strate utilized. A RER value around 0.8 in low fat diet-fed mice
usually indicates fatty acid oxidation and carbohydrate oxidation
as the main energy source47. Our data revealed significantly lower
RER (along with decreased O2 consumption and CO2 production)
following high fat diet intake in WT, Akt2�/�, and Ampka2�/�

mice, denoting predominant usage of fat over carbohydrate for
oxidation48. Intriguingly, Akt2eAmpka2 DKO reduced high fat
diet intake-induced anomalies in global metabolism.
Akt2eAMPKa2 ablation favored utilization of carbohydrates as
the main energy source. DKO also exerted positive effects on
glucose tolerance tests and serum insulin levels, indicating pre-
served glucose metabolism. Perhaps the most interesting finding
from our current study was DKO-offered protection against high
fat diet-induced increases in mRNA and protein levels of enzymes
governing lipid metabolism, the effect which vanished in the TKO
model. DKO of Akt2eAmpka2 reversed high fat diet-induced rises
flammatory cytokines, autophagy/mitophagy markers, and FoxO1 in

(b), LC3BII (c), p62 (d), TOM20 (e), Parkin (f), FUNDC1 (g), BNIP3

examined using Western blot analysis. Representative gel blots which

C1, BNIP3, FoxO1, and phosphorylated FoxO1 were shown. Data are

.05 vs. WT-HF mice; yP < 0.05 vs. DKO-HF mice.



Figure 9 Effect of Ampka2�/�, Akt2�/�, and DKO on pan- and phosphorylated levels of AMPK and Akt in mice livers and the effects of Ampk

and Akt2 knockdown on palmitic acid (PA)-induced lipid accumulation in HepG2 cells. (aec) Representative gel blots of panels deh depicting

pan- and phosphorylated AMPK and Akt as well as AMPKa1, AMPKa2, and Akt2 subunits using specific antibodies. (d) pAMPK (Th172)-to-

GAPDH ratio. (e) pAMPK (Ser485)-to-GAPDH ratio. (f) pAkt (Ser473)-to-GAPDH ratio. (g) AMPK levels. (h) Akt level. (iek) Cells were treated

with scrAMPK-scrAkt2 or siAMPK-siAkt2 prior to exposure to PA (0.5 mmol/L) in the presence or absence of the autophagy inhibitor 3-MA

(10 mmol/L) and the FoxO1 inhibitor AS1842856 (100 nmol/L) for 72 h. Representative oil red O staining images from the indicated HepG2

groups (i), quantification of oil red O (j), and cellular triglyceride levels (k) were shown. Data are expressed as mean � SEM (n Z 7e9 mice per

group, panels aeh; n Z 5 independent experiments, panels j and k). *P < 0.05 vs. WT mice or scrAMPK-scrAKT group; #P < 0.05 vs. WT-HF

mice or scrAMPK-scrAKT-PA group; yP < 0.05 vs. DKO-HF mice or siAMPK-siAKT-PA group.
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in lipid synthetic, metabolic and storage enzymes. These meta-
bolic effects were absent in single knockout and TKO groups. The
observations utilizing lipid enzyme profiles were supported by
anthropometric, CLAMS metabolic data, glucose tolerance tests,
and serum lipid profiles.

Our results further indicated that 5-month of chronic high fat
intake suppressed hepatic autophagy, mitophagy, and promoted
inflammation in WT mice. These effects were reconciled by
Akt2eAmpka2 DKO but not Akt2�/� and Ampka2�/� mice. These
findings suggested potential contribution of mitophagy and
inflammation in DKO-elicited beneficial effects on hepatic stea-
tosis and liver function in the face of high fat diet intake. This is
supported by evidence from our lab and others, favoring an
essential role for disturbed autophagy and promoted inflammation
in genetic and diet-induced obesity, hepatic steatosis and liver
injury8,10,27,33,35. Finally, ablation of Parkin nullified
Akt2eAmpka2 DKO-induced protection against hepatic steatosis.
Induction of mitophagy in particular Pink1eParkin-dependent
mitophagy was demonstrated to suppress lipid accumulation
through downregulation of de novo lipogenesis genes including



Figure 10 Five week-old WT, Prke/e, Akt2e/eeAmpka2e/eePrke/e triple knockout (TKO) mice were placed on a 45% HF or nutritionally

matched LF diet for 20 weeks. (a) Representative photographs of mice (prone and supine positions) and white adipose tissues. (b) Trajectory of

body weight of WT, Prke/e, and TKO mice. (c) White adipose tissue (WAT). (d) Brown adipose tissue (BAT). (e) Spleen weight. (f) Kidney

weight. Data are expressed as mean � SEM (n Z 7). *P < 0.05 vs. WT mice.
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PPARa, SREBP1c, FAS, and ACC in high fat diet challenged
livers49,50. Although it is beyond the scope of current study,
proinflammatory responses are likely an effector of disturbed
autophagy in high fat diet-induced hepatic steatosis and liver
injury27. Further examination of FoxO1, a nuclear transcriptional
factor downstream of both Akt and AMPK51, suggested that
Akt2eAmpka2 DKO reduced high fat diet-induced FoxO1 phos-
phorylation (denoting inactivation), a response that was absent in
either Akt2�/� or Ampka2�/� mice. Among various transcription
factors regulating autophagy, FoxO is perhaps the most prominent
one with its regulation governed by phosphorylation and thus
nuclear exclusion for inactivation26,46,52. FoxO1 is capable of
regulating mitochondrial b-oxidation through PPARa-dependent
mechanism to govern a wide array of cellular processes, including
glucose and lipid metabolism52. Earlier evidence depicted distinct
stimulatory and inhibitory roles for AMPK and Akt on FoxO1
activity, respectively26, thus leading to disparate responses on
glucose, lipid, and protein metabolism, as well as cell survival.
These actions may underlie Akt- and AMPK-induced biological
responses in obesogenesis, insulin sensitivity, and NAFLD.
Several studies have depicted a role for Akt in controlling hepatic
steatosis through an mTOR-dependent mechanism. Elevated Akt
phosphorylation was noted in livers from NAFLD patients
alongside with dysregulated autophagy53. Akt activation, partic-
ular Akt2 was shown to foster hepatic steatosis through SREBP1c
regulation, suggesting its therapeutic value in the management of



Figure 11 Morphology, steatosis, cell signaling, autophagy, and Pink1eParkin mitophagy in obese human liver specimen. (a) H&E staining of

liver cross-sections and oil red O staining micrographs in lean and obese human liver samples. (b) pAkt-to-Akt ratio. (c) pAMPK (Ser485)-to-

AMPK ratio. (d) pFoxO1-to-FoxO1 ratio. (e) LC3BII-to-LC3BI ratio. (f) Pink1. (g) Parkin. Representative gel blots depicting pan- and phos-

phorylated Akt, AMPK (Ser485), and FoxO1, as well as LC3BI/II, Pink1, and Parkin (GAPDH as loading controls) using specific antibodies were

shown. Data are expressed as mean � SEM (n Z 6e7). *P < 0.05 vs. lean group. h: Scheme depicting possible mechanism(s) for the role of

Akt2, AMPK, and Parkin-mediated mitophagy in high fat diet-induced obesity and hepatic steatosis. Chronic high fat diet intake suppresses

FoxO1-mediated mitophagy through parallel regulation of Akt and AMPK. On one hand, high fat intake promotes Akt phosphorylation leading

to inhibition of FoxO1 (phosphorylation) and suppressed autophagy. On the other hand, high fat intake suppressed AMPK phosphorylation at

Thr172 and inhibition of autophagy. Hyperactivated Akt (phosphorylation) fosters AMPK phosphorylation at Ser485, disturbing AMPK phos-

phorylation at Thr172 indirectly. Compromised FoxO1 signaling contributes to compromised lipid metabolism and lipid accumulation due to poor

mitophagy, resulting in obesity, hepatic steatosis. Arrowheads denote stimulation whereas the lines with a “T” ending represent inhibition.
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NAFLD23,54. Yecies and colleagues22 revealed that Akt stimulated
hepatic SREBP1c and lipogenesis via parallel mTOR-dependent
and -independent pathways. These findings noted that
mTORC1-independent pathway involves Akt-mediated decrease
in the liver-specific transcript encoding the SREBP1c inhibitor
INSIG222. Data from our current study suggested that Akt2-
promoted hepatic steatosis and liver injury in the face of high
fat diet intake also required the “presence” of AMPK. Earlier
reports supported a role for AMPK in Akt2-mediated hepatic lipid
accumulation using ACC as the AMPK target23. AMPK is an
essential cell fuel molecule with therapeutic benefit against high
fat diet-induced hepatic steatosis and NAFLD55. Early findings
from our lab showed worsened cardiac geometry and function
with AMPK deficiency in the face of chronic high fat diet intake,
without notable changes in global metabolism32. Our data
revealed that Akt2eAmpka2 DKO nullified high fat diet-induced
activation of Akt and AMPKa1 subunit (Ser485). Our results did
not favor a “compensatory” role for AMPKa1 in the face of
AMPKa2 ablation. Early evidence noted compromised AMPKa2
signaling but not that of AMPKa1 in livers following high fat diet
intake56, in line with our current finding. Phosphorylation of
AMPKa1 Ser485 occurs downstream of Akt, to inhibit AMPK
Thr172 phosphorylation. As depicted in Fig. 11h, high fat diet
intake may promote FoxO1 phosphorylation and autophagy/
mitophagy inhibition via parallel hyperphosphorylation of Akt and
dephosphorylation of AMPK, These findings are in line with
stimulatory and inhibitory effects of autophagy, for AMPK and
Akt, respectively26,57. In our hands, Akt2eAMPKa2 double
ablation was unable to restore fat diet-induced dephosphorylation
of AMPK Thr172 (possibly due to AMPKa2 ablation). Instead
DKO abrogated Akt-induced suppression of FoxO1 and auto-
phagy under high fat diet intake, an effect which was absent in
Akt2�/� model. In addition, DKO of Akt2eAmpka2 removed Akt-
induced AMPKa1 Ser485 phosphorylation to improve “residual”
AMPK Thr172 phosphorylation58,59 in the face of high fat diet
intake. It is plausible to speculate that FoxO1 and Parkin
mitophagy may serve as common converging points for Akt2 and
AMPK signaling in high fat diet-induced obesity and hepatic
steatosis.

Autophagy/mitophagy is essential for lipid droplet breakdown
while defective autophagy perturbs lipid turnover and promotes
lipid accumulation and fat storage60,61. It is noteworthy that un-
checked autophagy was also reported in response to lipid over-
load, such as excess cholesterol or fatty acids62,63, as a
compensatory defense mechanism to remove excess lipids27.
Restored hepatic autophagy and mitophagy in Akt2eAmpka2
DKO mice noted in our study should help to remove excessive
lipid droplets and preserve liver function. It should be mentioned
that intrahepatic synthesis of triglycerides may function as an
adaptive response to counter toxicity of triglyceride metabolites in
high energy challenged models and obese individuals64,65. FoxO1
and mitophagy in DKO mice offered protection against high fat
diet-induced hepatic steatosis and received consolidation from an
in vivo study where Parkin ablation nullified Akt2eAMPKa2
ablation-induced benefit. Additionally, our in vitro finding noted
that inhibition of FoxO1 or autophagy abrogated Akt2eAmpka2
knockdown-induced benefit against palmitic acid-induced lipid
accumulation. Given that uncorrected obesity serves as the main
contributing factor for disturbed autophagy and lipid metabolism,
hepatomegaly and liver injury8,27, it is possible that
Akt2eAMPKa2 double ablation-induced beneficial hepatic re-
sponses against high fat diet intake is secondary to DKO-induced
resistance of high fat diet-induced obesity. Last but not least, data
from obese human livers supported the findings from mice.
Further study is warranted to elucidate the direct hepatic response
of Pink1eParkin on lipid spillover and adiposity in the face of
high fat diet intake.

5. Conclusions

Data from our study offers evidence that double ablation of Akt2
and AMPKa2 protects against high fat diet-induced obesity, he-
patic steatosis and liver injury. Our study consolidated the notion
of disturbed autophagy and augmented inflammation in hepatic
steatosis and injury following high fat diet intake. More impor-
tantly, our findings favored that Akt2eAmpka2 DKO protects
against hepatic steatosis, liver injury, and inflammation using
FoxO1 and Parkin as the converging points. These findings should
help explain the etiology of NAFLD in high fat diet-induced
obesity and more importantly, the unique parallel regulation
(and interaction) between Akt2 and AMPKa2 in global meta-
bolism, glucose, and lipid metabolism, as well as hepatic ho-
meostasis. These findings suggest the therapeutic promises of
targeting Akt2 and AMPKa2 for drug development in the man-
agement of NAFLD and obesity.
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