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Introduction

Adipocytes play an important role in maintaining energy 
homeostasis of our body by storing and releasing lipids in 
response to nutritional state or energy demand. The function of 
adipocytes to maintain energy homeostasis is often compromised 
in obesity and insulin resistance.1,2 Recent studies have shown 

that autophagy is upregulated in adipocytes from diabetic mice 
or obese patients.3-8 Adipose-specific deletion of a key autophagy 
gene, such as atg5 or atg7, led to lean mice and improved insulin 
sensitivity and glucose homeostasis in the whole body of mice.6,7,9 
One of the key features with the mouse models was a reduction 
in the white adipose tissue (WAT) mass, and an increase in the 
brown adipose tissue (BAT) mass. Since the higher mass of 
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ULK1 (unc-51 like kinase 1) is a serine/threonine protein kinase that plays a key role in regulating the induction of 
autophagy. Recent studies using autophagy-defective mouse models, such as atg5- or atg7-deficient mice, revealed 
an important function of autophagy in adipocyte differentiation. Suppression of adipogenesis in autophagy-defective 
conditions has made it difficult to study the roles of autophagy in metabolism of differentiated adipocytes. In this study, 
we established autophagy defective-differentiated 3T3-L1 adipocytes, and investigated the roles of Ulk1 and its close 
homolog Ulk2 in lipid and glucose metabolism using the established adipocytes. Through knockdown approaches, 
we determined that Ulk1 and Ulk2 are important for basal and MTORC1 inhibition-induced autophagy, basal lipolysis, 
and mitochondrial respiration. However, unlike other autophagy genes (Atg5, Atg13, Rb1cc1/Fip200, and Becn1) Ulk1 
was dispensable for adipogenesis without affecting the expression of CCAAT/enhancer binding protein α (CEBPA) 
and peroxisome proliferation-activated receptor gamma (PPARG). Ulk1 knockdown reduced fatty acid oxidation and 
enhanced fatty acid uptake, the metabolic changes that could contribute to adipogenesis, whereas Ulk2 knockdown 
had opposing effects. We also found that the expression levels of insulin receptor (INSR), insulin receptor substrate 1 
(IRS1), and glucose transporter 4 (SLC2A4/GLUT4) were increased in Ulk1-silenced adipocytes, which was accompanied by 
upregulation of insulin-stimulated glucose uptake. These results suggest that ULK1, albeit its important autophagic role, 
regulates lipid metabolism and glucose uptake in adipocytes distinctly from other autophagy proteins.
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BAT relative to WAT can improve glucose homeostasis in the 
body,10-12 the metabolic benefit in those mouse models might 
be related to the differential switch favoring BAT over WAT 
during the tissue development. A recent study identified Atg5- 
and Atg7-independent but Ulk1-dependent macroautophagy.13 
This led us to ask whether the phenotypes observed with atg5- 
or atg7-deficient mice are due to autophagy inhibition or rather 
due to specific events caused by atg5 or atg7 deficiency. Because 
of the phenotypic switch of WAT to BAT during the tissue 
development,6,7,9 it has been difficult to establish autophagy 
defective-differentiated adipocytes for studying the roles of 
autophagy in metabolism of differentiated adipocytes.

ULK1 is an evolutionarily conserved serine/threonine protein 
kinase that plays a key role in the regulation of autophagy,14-19 and 
is responsible for Atg5- and Atg7-independent macroautophagy.13 
ULK1 is phosphorylated by MTORC1 (mechanistic target 
of rapamcyin complex 1) and AMPK (5́  AMP-activated 
protein kinase), and is acetylated by a histone acetyltransferase 
KAT5/TIP60.14-18,20-22 Ulk1 has been shown to be important 
for macroautophagy and mitophagy in various cell types 
including reticulocytes, hepatocytes, and fibroblasts.14-18,20-23 
ULK1 participates in forming the early membrane structure of 
autophagosomes.24-27 ULK1 is dispersed in the cytoplasm under 
nutrient-enriched conditions. In starvation, ULK1 is redistributed 
to initiate the formation of autophagosomes on the endoplasmic 
reticulum (ER).25 ULK1 also regulates ATG9 trafficking and 
thereby facilitates the autophagic membrane elongation.28,29

The human genome has five ULK1 homologs: ULK1, 
ULK2, ULK3, ULK4, and STK36 (Ser/Thr kinase 36). Among 
them, only ULK1 and ULK2 are currently known to regulate 
autophagy.15-19 ULK1 and ULK2 have 52% of identity in the 
amino acid sequences,30 and they share their binding partners 
such as ATG13, RB1CC1/FIP200 (focal adhesion kinase family 
interacting protein of 200 kDa), and C12orf44/ATG101 (whose 
mouse ortholog is termed 9430023L20RIK).15-17,19,30-33 Mice 
lacking either ulk1 or ulk2 in the whole body were viable without 
any significant defect in autophagy or apparent developmental 
defect.34 Mice lacking both ulk1 and ulk2 died within 24 h of 
birth,35,36 implying that they appear to compensate for the loss 
of each other. Although these studies indicate that ULK1 and 
ULK2 might have some shared functions in the autophagy 
pathway, their specific roles in autophagy and nonautophagic 
cellular processes have yet to be elucidated.

In this study, we sought to determine if Ulk1 and Ulk2 
have any specific function in regulating lipid and glucose 
metabolism in adipocytes. Through knockdown approaches, we 
found that both kinases are important for autophagy, lipolysis, 
mitochondrial respiration, and protection of adipocytes against 
oxidative stress. Interestingly, however, unlike ULK2 and other 
autophagy proteins, ULK1 was dispensable for adipogenesis in 
3T3-L1 cells. We found that ULK1 has a positive effect on fatty 
acid oxidation and a negative effect on fatty acid uptake. Ulk1 
knockdown enhanced the expression levels of INSR, IRS1 and 
SLC2A4/GLUT4, and upregulated insulin-stimulated glucose 
uptake in 3T3-L1 adipocytes. Ulk2 knockdown had opposing 
effects on many of the metabolic changes caused by Ulk1 

knockdown. These findings demonstrate that Ulk1 and Ulk2, 
despite their shared functions in autophagy, play distinct roles 
in the regulation of lipid metabolism and insulin-responsive 
glucose uptake in adipocytes.

Results

Ulk1 is dispensable for adipogenesis in 3T3-L1 cells
Knockdown of Atg13, Ulk2, Rb1cc1, Atg5, and Becn1 inhibited 

the accumulation of lipid droplets in 3T3-L1 cells that were 
induced to be differentiated by insulin, methylisobutylxanthine, 
and dexamethasone (Fig.  1A).37 The contents of triglycerides 
were reduced by more than 2-fold in the knockdown cells at 
day 8 after induction of differentiation (Fig. 1B). This result is 
consistent with the previous reports showing that Atg5 and Atg7 
are important for adipogenesis.6,7,9 Interestingly, however, Ulk1 
knockdown did not inhibit adipogenesis and even moderately 
increased adipogenesis at day 8 (Fig.  1C; Fig. S1A). We 
confirmed the result using 2 different shRNAs targeting Ulk1 
to exclude any off-target effect of shRNA (Fig. S1B and S1C). 
Consistent with the result above, the expression levels of PPARG 
and CEBPA, which are positive regulators of adipogenesis,38 
were drastically reduced in cells with knockdown of Ulk2 or 
Atg5 (Fig. 1D and E). We could not observe such reductions in 
Ulk1-silenced cells (Fig.  1D and E; Fig. S1D). We considered 
a possibility that no inhibitory effect of Ulk1 knockdown 
on adipogenesis might be due to lack of Ulk1 expression 
in adipocytes. This was not the case, since we detected the 
expression of Ulk1 in 3T3-L1 adipocytes (Fig.  1E) and in 
adipocytes isolated from mice (Fig. S1E).

A noteworthy change in Ulk1-silenced adipocytes was 
upregulation of Ulk2 mRNA level (Fig.  1E). Reciprocally, 
knockdown of Ulk2 increased ULK1 protein level in 3T3-
L1 adipocytes (Fig.  1E). Knockdown of both Ulk1 and Ulk2 
suppressed adipogenesis along with reduction in the expression 
levels of PPARG and CEBPA to similar extents as Ulk2 
knockdown alone (Fig.  1F–H). This result suggests that the 
upregulation of ULK1 in Ulk2-silenced cells did not contribute 
to adipogenesis in 3T3-L1 cells, whereas it is possible that 
the upregulation of ULK2 in Ulk1-silenced cells might have 
contributed to adipogenesis. To further clarify the effects of 
Ulk1 and Ulk2 on adipogenesis, we attempted to generate 3T3-
L1 cells that stably express ULK1 or ULK2. 3T3-L1 cells stably 
transduced to express exogenous ULK1 or ULK2 could not 
survive after several passages during selection. This might be 
because of toxic effects by exogenous ULK1 or ULK2 expressed 
at nonphysiological levels in 3T3-L1 cells. Knockdown of both 
Ulk1 and Atg5 in 3T3-L1 cells suppressed adipogenesis to a 
similar extent as Atg5 knockdown alone (Fig. S1F and S1G). 
This indicates that Atg5 is important for adipogenesis in Ulk1-
silenced 3T3-L1 cells and that Ulk1 knockdown may not disturb 
the functions of Atg5 that are critical for adipogenesis.

ULK1, ULK2, and MAP1LC3-II are upregulated during 
3T3-L1 differentiation

To clarify whether the distinct effect of Ulk1 knockdown on 
adipogenesis is related to autophagy, we analyzed the molecular 
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changes in the autophagy proteins MAP1LC3/LC3, ULK1, and 
ULK2 and MTORC1 activity in differentiating 3T3-L1 cells. 
Interestingly, MAP1LC3-II level was increased along with the 
day of differentiation, suggesting that basal autophagy might be 
upregulated during differentiation of 3T3-L1 cells. The levels 
of ULK1 and ULK2 were largely increased in vehicle-treated 

3T3-L1 cells at day 4 and 6 after differentiation. This implies 
that ULK1 and ULK2 might have important functions in 
differentiating or differentiated adipocytes. MTORC1 activity, 
which is reflected by RPS6KB1/S6K1 phosphorylation, was 
also increased in vehicle-treated cells during differentiation 
(Fig.  2A). When 3T3-L1 cell differentiation was induced 

Figure 1. Ulk1 is not required for adipogenesis in 3T3-L1 cells. (A) Knockdown of autophagy genes, except Ulk1, suppresses adipogenesis. 3T3-L1 cells 
were transduced by shRNAs specific to each autophagy gene. As a control, 3T3-L1 cells were transduced by scrambled (SC) shRNA. The shRNA-trans-
duced cells were induced to be differentiated into adipocytes in medium containing methylisobutylxanthine, dexamethasone, and insulin as described 
previously.37 At day 8, cells were stained with Oil Red O. (B) Quantitative analysis of intracellular triglyceride content at day 8. Triglycerides were extracted 
from Oil Red O-stained cells with isopropanol, and the contents were analyzed by measuring the optical density at 490 nm. Values were normalized by 
protein concentration and presented as mean ± SD *P < 0.01 relative to shRNA-SC cells. (C) Quantitative analysis of intracellular triglyceride content over 
the period of differentiation. Mean ± SD from 3 independent experiments. *P < 0.01 relative to scrambled control cells. (D) western blot analysis of CEBPA 
and the gene knockdown in shRNA-transduced cells. (E) ULK1 and ULK2 reciprocally regulate their expression in adipocytes. The expression levels of 
ULK1, ULK2, and ATG5 in shRNA-transduced adipocytes at day 8 were analyzed by western blotting and quantitative real time RT-PCR. (F) Knockdown of 
both Ulk1 and Ulk2 suppresses adipogenesis to a similar extent as knockdown of Ulk2 alone. (G) Quantitative analysis of intracellular triglyceride content 
over the period of differentiation. Values are mean ± SD from 5 independent experiments. *P < 0.01 relative to control cells. (H) western blot analysis of 
the effects of knocking down both Ulk1 and Ulk2 on the expression of PPARG and CEBPA.
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in the presence of rapamycin, an MTORC1 inhibitor that 
induces autophagy, the level of MAP1LC3-II was much largely 
increased (Fig.  2A). Rapamycin almost completely suppressed 
3T3-L1 differentiation as already shown by other studies (Fig. 
S2A).39 Rapamycin also suppressed the increases of ULK1 
and ULK2 induced during differentiation (Fig. 2A), implying 
that their expression or stability might be regulated by an 
MTORC1-dependent process during differentiation. This result 
is consistent with the positive roles of MTORC1 and basal 
autophagy in differentiation of 3T3-L1 cells, whereas MTORC1 

inhibition-induced autophagy might not be necessary for 
adipogenesis.

Ulk1 and Ulk2 are important for MTORC1 inhibition-
induced autophagy in preadipocytes

In order to understand how Ulk1 and Ulk2 affect basal and 
rapamycin-induced autophagy in 3T3-L1 cells, we analyzed the 
effect of the autophagy gene knockdown on MAP1LC3 levels 
in 3T3-L1 preadipocytes. Knockdown of Ulk1, Ulk2, or Atg5 
suppressed rapamycin-induced accumulation of MAP1LC3-II in 
the presence of a lysosomal inhibitor hydroxychloroquine (HCQ) 

Figure  2. Ulk1 and Ulk2 are important for basal and rapamycin-induced autophagy in adipocytes. (A) The levels of MAP1LC3-II, ULK1 and ULK2, 
and MTORC1 activity were increased during differentiation of 3T3-L1 cells. Rapamycin induced a large increase in MAP1LC3-II level but suppressed 
the increases of ULK1, ULK2, CEBPA and P-RPS6KB1 during differentiation. 3T3-L1 cells were differentiated in the presence or absence of rapamycin  
(50 nM) as described in Materials and Methods. (B) Knockdown of Ulk1, Ulk2, or Atg5 suppressed rapamycin-induced autophagy in 3T3-L1 preadipocytes. 
3T3-L1 cells stably transduced by shRNA were treated with rapamycin (50 nM) or DMSO (vehicle) for 4 h in the presence or absence of HCQ (10 μM).  
(C) Knockdown of Ulk1, Ulk2, or Atg5 suppressed basal and rapamycin-induced autophagy in 3T3-L1 adipocytes. The shRNA-transduced 3T3-L1 cells were 
fully differentiated in the presence of troglitazone as described in Materials and Methods. At day 8, cells were treated with rapamycin (100 nM) for 5 h, 
and the proteins were analyzed by western blotting. (D) Knockdown of Ulk1, Ulk2 or Atg5 inhibited the formation of autophagosome in adipocytes. The 
shRNA-transduced adipocytes were treated with rapamycin for 5 h in the presence of pepstatin A and E-64 (10 μg/ml each), the inhibitors of lysosomal 
proteases. Autophagosomes were analyzed by electron microscopy (EM) and immunostaining of endogenous MAP1LC3. Representative EM images and 
MAP1LC3-positive autophagosomes are shown. Red arrows point to autophagosome. Nucleus was stained by DAPI (blue). (E) Quantitative analysis of 
the number of autophagosome per cell from EM images. Horizontal bars are mean ± SD.
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(Fig.  2B). This implies that Ulk1, Ulk2, and Atg5 might be 
important for MTORC1 inhibition-induced autophagy flux in 
3T3-L1 preadipocytes. We were not able to detect MAP1LC3-II 
levels in 3T3-L1 preadipocytes treated with vehicle, suggesting 
that the basal level of autophagy might be relatively low in 
preadipocytes. Since MTORC1 negatively regulates ULK1,40-

42 we considered the possibility that rapamycin might inhibit 
adipogenesis via ULK1 activation. Rapamycin could still suppress 
adipogenesis in Ulk1-silenced 3T3-L1 cells (Fig. S2B and S2C), 
suggesting that MTORC1 inhibition suppresses adipogenesis 
not through ULK1 activation. The result also suggests that 
MTORC1 activity is important for adipogenesis even in Ulk1-
silenced cells. From these results, we conclude that MTORC1 
inhibition-induced autophagy depends on Ulk1, Ulk2, and Atg5 
in preadipocytes. Since Ulk1 knockdown suppressed MTORC1 
inhibition-induced autophagy but not adipogenesis, the result 
suggests that MTORC1 inhibition-induced autophagy might 
not be important for adipogenesis.

Ulk1 and Ulk2 are important for basal and MTORC1 
inhibition-induced autophagy in adipocytes

The suppression of adipogenesis in autophagy-defective 
3T3-L1 cells had not allowed us to study the functions of the 
autophagy genes in differentiated adipocytes. To overcome this 
difficulty, we treated cells with troglitazone, an agonist of PPARs, 
that is used to enforce adipogenesis.39,43-46 When troglitazone was 
added during the first two days of differentiation, all the shRNA-
transduced cells accumulated lipid droplets to similar extents as 
control cells (Fig. S2D and S2E). Using the troglitazone-treated 
cells, we assessed the effects of knockdown on autophagy in fully 
differentiated adipocytes, minimizing the effects on autophagy 
due to differentiation. In the fully differentiated adipocytes, 
most of MAP1LC3 existed as MAP1LC3-II in the control 
shRNA-transduced adipocytes (Fig.  2C, lane 1). The increase 
of MAP1LC3-II was largely suppressed by knockdown of 
Ulk1, Ulk2, or Atg5 (Fig. 2C), suggesting that Ulk1, Ulk2, and 
Atg5 might be important for basal autophagy in differentiated 
adipocytes. The finding that the autophagy gene-silenced 
cells were fully differentiated in the presence of troglitazone 
implies that PPARG activation might overcome the inhibitory 
effects of defective autophagy on adipogenesis. Supporting the 
involvement of PPARG in autophagy-dependent adipogenesis, 
knockdown of Ulk2 or Atg5 suppressed the expression of PPARG 
in troglitazone-untreated 3T3-L1 cells (Fig. 1E). On the other 
hand, Ulk1 knockdown did not suppress the expression of 
PPARG, suggesting that the distinct effect of Ulk1 knockdown 
on adipogenesis might be related to its nonsuppressive effects on 
the PPARG pathway.

Knockdown of Ulk1 or Atg5 also suppressed the rapamycin-
induced increase of MAP1LC3-II level (Fig.  2C). Rapamycin 
reduced the level of SQSTM1/p62, a protein that is degraded 
through autophagy, in control cells but not in the autophagy 
gene knockdown cells. Knockdown of Ulk2 suppressed the 
rapamycin-induced increase of MAP1LC3-II to a less extent 
compared with Ulk1 knockdown (Fig.  2C), implying that 
Ulk2 might be less important than Ulk1 for rapamycin-induced 
autophagy in 3T3-L1 adipocytes. Electron microscopy and 

immunostaining analysis revealed that knockdown of Ulk1, 
Ulk2, or Atg5 reduced the number of autophagosomes in 3T3-
L1 adipocytes (Fig.  2D and E; Fig. S3). Knockdown of the 
autophagy genes did not completely suppress the formation of 
MAP1LC3-II and autophagosomes (Fig.  2D and E; Fig. S3). 
This might imply the existence of distinct types of autophagy 
that are differently regulated by Ulk1, Ulk2, and Atg5 (Fig. 2D; 
Fig. S3). Ulk1 might be dispensible for a certain type of 
autophagy that is regulated by Ulk2 and Atg5 and is critical 
for PPARG activation and adipogenesis. Further investigation 
is necessary to clarify whether Ulk1 and Ulk2 regulate distinct 
types of autophagy that have different effects on adipogenesis.

Ulk1 and Ulk2 negatively regulate MTORC1 signaling in 
adipocytes

Using the autophagy-defective adipocytes that we established 
above, we were able to study the roles of autophagy in metabolism 
of differentiated adipocytes. We first investigated whether 
knockdown of the autophagy genes affects the activity of the 
insulin/insulin-like growth factor 1-AKT-MTORC1 pathway 
that is important for adipogenesis and adipocyte metabolism.39,47 
In previous studies, Ulk1 and Ulk2 were shown to negatively 
regulate MTORC1 activity in multiple cell types.40-42 Consistent 
with the previous studies, we found that knockdown of either 
Ulk1 or Ulk2 in 3T3-L1 adipocytes enhanced the effect of 
insulin to stimulate the phosphorylation of RPS6KB1 at 
Thr389 (Fig.  3A and B). The increase of insulin-stimulated 
phosphorylation of RPS6KB1 was also observed in Atg5-
silenced adipocytes (Fig. 3B), suggesting that insulin signaling 
to MTORC1 might be upregulated in the autophagy-defective 
adipocytes. Insulin increased the phosphorylation of AKT at 
Ser473 to similar extents between the shRNA-transduced cells at 
earlier time points, whereas a prolonged incubation with insulin 
over 120 min reduced the AKT phosphorylation in all the 
shRNA-transduced adipocytes except Ulk1 shRNA-transduced 
adipocytes (Fig. 3A and B). Ulk1 knockdown also suppressed the 
reduction of RPS6KB1 phosphorylation at the prolonged insulin 
treatment. Given the important role of insulin-AKT-MTORC1 
signaling in adipogenesis, this result supports a possibility that 
the distinct effect of Ulk1 knockdown on adipogenesis might 
be related to the sustained activation of AKT and MTORC1 in 
Ulk1-silenced cells during the prolonged insulin treatment.

Ulk1 and Ulk2 are important for mitochondrial respiration, 
ATP production, and protection of adipocytes from oxidative 
stress

Using the autophagy-defective adipocytes established 
above, we analyzed a variety of other metabolic changes that 
can affect adipogenesis. Previous studies have shown that 
autophagy inhibition in adipocytes induces a large accumulation 
of mitochondria.6,7,9 Since mitochondria are the major cellular 
place where fatty acid oxidation occurs, we considered a 
possibility that Ulk1 and Ulk2 might regulate the mitochondrial 
content and thereby affect lipid metabolism. Consistent with 
this possibility, we found that knockdown of Ulk1, Ulk2, or 
Atg5 drastically increased the mitochondrial DNA content in 
adipocytes (Fig.  4A). Despite the increases in mitochondrial 
content, a significant decrease was observed with the oxygen 
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Figure 3. Ulk1 and Ulk2 negatively regulate MTORC1 in 3T3-L1 adipocytes. (A) Knockdown of Ulk1 enhanced the MTORC1 activity and showed a sus-
tained phosphorylation of RPS6KB1 and AKT in 3T3-L1 adipocytes. At day 8 of differentiation, shRNA-transduced cells were starved of serum overnight 
and incubated with insulin (10 nM) for the indicated period of minutes. (B) Knockdown of Ulk2 or Atg5 enhanced MTORC1 activity, but did not show a 
sustained phosphorylation of RPS6KB1 and AKT. The shRNA-transduced adipocytes were prepared as in (A).

Figure 4. Ulk1 and Ulk2 are important for mitochondrial respiration and ATP production. (A) Knockdown of Ulk1, Ulk2, or Atg5 (day 8) enhanced mito-
chondrial DNA (mtDNA) content. The detailed procedure to analyze the mtDNA content is described in Supplemental Information. (B) Knockdown of 
Ulk1, Ulk2, or Atg5 in adipocytes reduced the mitochondrial oxygen consumption rate. The oxygen consumption rate was measured using a XF24 extra-
cellular flux analyzer following the manufecturer’s protocol. (C) Knockdown of Ulk1, Ulk2, or Atg5 reduced the ATP turnover rate, which was also mea-
sured using a XF24 flux analyzer. (D) Intracellular ROS levels were measured using CM-H2DCFDA, a cell permeable nonfluorescent precursor. The y-axis 
represents fluorescence value per μg of protein amount. (E) The level of matrix superoxides in isolated mitochondria was measured using MitoSOX red 
(Invitrogen). The y-axis represents the product of OH-TPP-E+ per g/ml of mitochondrial protein. (F) Knockdown of Ulk1, Ulk2, or Atg5 increased protein 
carbonylation. Carbonylation was assayed using EZ-link Biotin Hydrazide. (G) Quantitative analysis of protein carbonylation. The values were obtained 
from the band intensities of carbonylated proteins labeled with * in (F). The y-axis represents values relative to the intensities in scrambled shRNA cells. 
All values in this figure are presented as mean ± SD *P < 0.05; **P < 0.01 relative to control cells. Detailed procedures for the experiments in this figure 
are described in the Materials and Methods section.
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consumption rate and ATP turnover rate (Fig. 4B and C). This 
indicates that the majority of the accumulated mitochondria 
might be defective or inefficient in producing ATP.

The mitochondria with the reduced functionality can be the 
major source of the reactive oxygen species (ROS) and oxidative 
stress.48 Indeed, we found that knockdown of Ulk1, Ulk2 ,  or 
Atg5 in 3T3-L1 adipocytes increased the intracellular ROS 
level by 2–3 fold (Fig. 4D). We isolated mitochondria from the 
shRNA-transduced adipocytes and confirmed that the increases 
of the ROS production occurred with mitochondria (Fig. 4E). 
Oxidative stress can influence many cellular events in adipocytes 
including the stress-responsive signal transduction pathway 
involving MAPK14.49,50 Consistent with the upregulation of 
oxidative stress, knockdown of Ulk1, Ulk2, or Atg5 increased 
the phosphorylation of MAPK14 at Thr180/Tyr182 (Fig. S4). 
The increase in the ROS level was also accompanied by 3- to 
7-fold increases in the carbonylation of cellular proteins (Fig. 4F 
and G). Carbonylation of mitochondrial proteins could disrupt 
the electron transport chain and thereby cause mitochondrial 
dysfunction reducing the ATP production.44 This result 
suggests that Ulk1, Ulk2, and Atg5 are important for protecting 
adipocytes from oxidative stress and the loss of the mitochondrial 
functionality.

Ulk1 regulates lipid breakdown positively and lipid 
accumulation negatively in adipocytes, whereas Ulk2 has 
opposing effects

Knowing the changes in the mitochondrial content and 
functionality induced by the autophagy gene knockdown, 
we investigated whether the autophagy genes regulate the 
mitochondrial capacity to oxidize free fatty acids. Consistent 
with the reduction in the mitochondrial respiration, knockdown 
of Ulk1 suppressed the β-oxidation of oleic acids (Fig. 5A). By 
contrast, knockdown of Ulk2 or Atg5 increased the β-oxidation 
of oleic acids by about 20–25%. This result is consistent with 
previous studies showing that atg7 deficiency increased fatty 
acid oxidation in adipocytes.6,7 We wondered how Ulk2, Atg5, 
and Atg7 negatively regulate the β-oxidation of oleic acids, 
despite their important roles in the mitochondrial respiration. 
The mitochondrial respiration in adipocytes may depend on 
the availability of intracellular free fatty acids from lipolysis 
of triglycerides. We found that knockdown of Ulk1, Ulk2, or 
Atg5 significantly reduced basal lipolysis in 3T3-L1 adipocytes 
(Fig.  5B). This reduction of lipolysis might be due to a 
reduced autophagic clearance of lipid droplets as shown in a 
previous study with atg7-deficient hepatocytes,51 rather than 
the hormone-sensitive, lipase-mediated lipolysis (Fig. S5). 
The mitochondrial respiration might be reduced due to the 
reduction in basal lipolysis and the subsequential reduction 
in the intracellular free fatty acids as well as the accumulated, 
dysfunctional mitochondria (Fig. 4). Distinctly, the β-oxidation 
in our assay reflects the oxidation of the isotope-labeled oleic 
acids added to cells rather than free fatty acids derived from 
lipolysis. The higher content of mitochondria or increased 
levels of enzymes involved in the fatty acid oxidation might 
have positively contributed to oleic acid oxidation in Ulk2- or 
Atg5-silenced adipocytes, although the oxidation might be 

compromised to some extent by the accumulated, dysfunctional 
mitochondria.

Other metabolic activities that can affect the accumulation of 
triglyceride are fatty acid synthesis and uptake. Ulk1 knockdown 
significantly increased the expression levels of acetyl CoA 
carboxylase 1 (ACACA/ACC1), ACACB/ACC2 and fatty 
acid synthase (FASN), the key enzymes involved in fatty acid 
synthesis, whereas Ulk2 knockdown reduced the expression 
levels of ACACB and FASN (Fig. 5C). This result suggests that 
Ulk1 might play a negative role in the regulation of fatty acid 
synthesis. We also analyzed fatty acid uptake by measuring the 
cellular influx of 3H-labeled oleic acids. The oleic acid uptake 
was increased about 33% by Ulk1 knockdown and reduced 
about 28% by Ulk2 knockdown (Fig. 5D). This result suggests 
that Ulk1 and Ulk2 have opposing effects on fatty acid uptake 
by adipocytes. Atg5 knockdown increased fatty acid uptake, 
indicating that Ulk2 and Atg5 have opposing functions in the 
regulation of fatty acid uptake. Collectively, these results suggest 
that Ulk1 knockdown might make 3T3-L1 cells to accumulate 

Figure  5. Ulk1 regulates lipid breakdown positively and lipid accumu-
lation negatively in adipocytes, whereas Ulk2 has opposing effects.  
(A) Ulk1 and Ulk2 have opposing effects on fatty acid β-oxidation in adi-
pocytes. Fatty acid oxidation in 3T3-L1 adipocytes (day 8) was assayed 
by incubating cells with [1-14C]-oleic acids. (B) Knockdown of Ulk1, Ulk2 or 
Atg5 reduced basal lipolysis in adipocytes The content of non-esterified 
fatty acids was analyzed at the indicated period of time. (C) Expression 
of ACACA, ACACB, and FASN is differently affected by Ulk1 and Ulk2. The 
mRNA levels were analyzed by quantitative real-time RT-PCR. (D) Ulk1 
and Ulk2 have opposing effects on fatty acid uptake. The update of oleic 
acids was analyzed using 3T3-L1 adipocytes at day 8. All the values in 
this figure are presented as mean ± SD *P < 0.05; **P < 0.01 relative to 
control cells. Detailed procedures for the experiments in this figure are 
described in the Materials and Methods section.
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triglycerides by increasing fatty acid synthesis and uptake and 
decreasing fatty acid oxidation and lipolysis.

Ulk1 and Ulk2 have opposing effects on insulin-stimulated 
glucose uptake

Another key factor that can contribute to adipogenesis is 
a change in glucose metabolism. Adipocytes have a capacity 
to uptake glucose and convert it into triglycerides for energy 
storage. By monitoring the cellular uptake of isotope-labeled 
2-deoxyglucoe (2-DG), an analog of glucose, we analyzed how 
Ulk1 and Ulk2 affect glucose uptake. We found that knockdown 
of Ulk1, Ulk2, or Atg5 enhanced the basal rate of 2-DG uptake 
(Fig.  6A). The increase was accompanied by upregulation of 
glucose transporter 1 (SLC2A1/GLUT1) expression, which is 
responsible for basal glucose uptake (Fig.  6B). There was no 
significant difference in the 2-DG uptake rates between the 
shRNA-transduced adipocytes, suggesting that all of Ulk1, 
Ulk2, and Atg5 might have a negative effect on glucose uptake 
at basal state in 3T3-L1 adipocytes. On the other hand, insulin-
stimulated 2-DG uptake was increased 40% in Ulk1-silenced 
adipocytes but reduced 28% and 40% in Ulk2 and Atg5-
silenced adipocytes, respectively, compared with control cells 
(Fig.  6C). Ulk1 knockdown increased the expression level of 

Figure  6. Ulk1 and Ulk2 have opposing effects on insulin-stimulated glucose uptake.  
(A) Knockdown of Ulk1, Ulk2, and Atg5 in 3T3-L1 adipocytes (day 8) enhanced basal glucose 
uptake. Values are mean ± SD from 3 independent experiments. (B) Western blot analysis 
of protein expression in cells from (A). (C) Knockdown of Ulk1 in 3T3-L1 adipocytes (day 8) 
enhanced insulin-stimulated glucose uptake, whereas knockdown of Ulk2 or Atg5 showed 
opposing effects. Glucose uptake rate was indirectly measured using 2-DG, an analog of glu-
cose. Values are mean ± SD **P < 0.01 relative to control cells. (D) Dual functional model for 
ULK1 in the regulation of metabolism in adipocytes.

SLC2A4, the glucose transporter responsible 
for insulin-stimulated glucose uptake, as well 
as INSR and IRS1 that are the critical factors 
for activation of AKT (Fig. 6B). Such increases 
were not observed in Ulk2- or Atg5-silenced 
adipocytes. AKT activation is a key event 
for insulin-stimulated glucose uptake.52-54 As 
shown in Figure 3, AKT activity was sustained 
highly during a long-term insulin treatment 
in Ulk1-silenced adipocytes. This result is 
consistent with a negative role of Ulk1 in 
the regulation of the insulin-AKT-SLC2A4 
pathway. Thus, the increase of the insulin-
responsive glucose uptake via insulin-AKT 
signaling and the subsequent conversion of 
glucose into triglycerides might have positively 
contributed to adipogenesis in Ulk1-silenced 
3T3-L1 cells.

Discussion

In this study, we identified that Ulk1 
regulates lipid and glucose metabolism in 
adipocytes distinctly from other autophagy 
genes. We found that all the tested autophagy 
genes, including Ulk2, Atg5, Becn1, Atg13, 
and Rb1cc1, except Ulk1 are important for 
adipogenesis in 3T3-L1 cells (Fig.  1). Since 
Ulk1 knockdown could still suppress basal 
and MTORC1 inhibition-induced autophagy 
in 3T3-L1 adipocytes (Fig.  2), the distinct 
effect of Ulk1 knockdown on adipogenesis 
might not be due to autophagy inhibition. 
However, we do not rule out the possibility 

that an Ulk1-independent autophagy might exist and play a 
role in adipogenesis. Supporting this possibility, we could still 
observe autophagosomes and a moderate increase in MAP1LC3 
flux in Ulk1-silenced adipocytes (Fig.  2). This observation is 
consistent with a recent study showing that MAP1LC3-II and 
autophagosome formation could still occur in ulk1-deficient 
cells.55 Furthermore, knockdown of both Ulk1 and Atg5 
suppressed adipogenesis to a similar extent as Atg5 knockdown 
alone (Fig. S1), suggesting that Atg5-dependent autophagy, 
but not Ulk1-dependent autophagy, might be critical for 
adipogenesis.

Alternatively, the distinct effect of Ulk1 knockdown 
might be due to a dual function for Ulk1 in the regulation of 
adipogenesis in adipocytes (Fig.  6D). ULK1 may positively 
contribute to adipogenesis via autophagy as played by other 
autophagy proteins, whereas ULK1 may negatively contribute 
to adipogenesis in a manner dependent upon IRS1 and AKT or 
metabolic enzymes. Such a negative function of ULK1 might 
be beneficial for rapid metabolic adjustment that would not be 
possible through autophagy regulation. The dual functional 
model is supported by the finding that the autophagy-defective 
3T3-L1 cells could be fully differentiated in the presence 
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of troglitazone. This implies that adipogenesis could occur 
in autophagy-defective 3T3-L1 cells if PPARG is activated. 
Knockdown of Ulk2 or Atg5 suppressed PPARG expression, 
suggesting that Atg5 and Ulk2 are critical factors in the PPARG 
pathway. On the other hand, Ulk1 knockdown did not reduce 
PPARG level, suggesting that ULK1 might not function in the 
PPARG pathway.

The dual functional model for ULK1 is also supported 
by our analysis of fatty acid metabolism. We found that Ulk1 
knockdown has opposing effects on fatty acid oxidation from 
Ulk2 or Atg5 knockdown (Fig.  5). The opposing effects in 
fatty acid oxidation occurred despite the similar accumulation 
of dysfunctional mitochondria and the autophagy inhibition 
induced by knockdown of Ulk1, Ulk2, or Atg5 (Fig. 4). The dual 
functional model could be explained by a compensatory effect 
by ULK2 that is upregulated in Ulk1-silenced adipocytes. This 
possibility is supported by the finding that knocking down both 
Ulk1 and Ulk2 suppressed adipogenesis to a similar extent as 
Ulk2 knockdown alone (Fig. 1D–H). However, since autophagy 
was suppressed in Ulk1-silenced cells, Ulk2 does not appear to 
have fully compensated Ulk1 functions.

The reduction in the mitochondrial oxygen consumption, 
despite the high capacity for fatty acid oxidation in Ulk2- or 
Atg5-silenced adipocytes, might be in large part related to the 
reduction of lipolysis in those cells (Fig.  5B). The fatty acid 
oxidation was measured by adding isotope-labeled oleic acids to 
medium and analyzing the production of CO

2
 from the oleic acid 

oxidation specifically. The increase in the mitochondrial content 
and a subsequent increase in the mitochondrial enzymes involved 
in fatty acid oxidation might have contributed to the cellular 
capacity to oxidize free fatty acids in Ulk2- or Atg5-deficient 
adipocytes. On the other hand, the oxygen consumption rate was 
measured at basal state without adding free fatty acids, which 
may mostly depend on intracellular free fatty acids that become 
available from lipolysis of trigylcerides. Knockdown of Ulk2 
or Atg5 significantly reduced lipolysis thereby decreasing free 
fatty acids available intracellularly for mitochondrial oxidation 
(Fig.  5B). Fatty acid oxidation could also be affected by fatty 
acid uptake. In Atg5-silenced adipocytes, the increased oxidation 
of oleic acids might be at least in part attributed to upregulation 
of fatty acid uptake (Fig. 5A and D).

Ulk1 knockdown led to a sustained activation of insulin-
stimulated phosphorylation of AKT (Fig.  3A), the protein 
kinase playing an important role in SLC2A4 translocation to 
plasma membrane.52-54 Such a sustained upregulation of AKT 
phosphorylation was accompanied by an increase in the insulin-
responsive glucose uptake by Ulk1-silenced adipocytes (Fig. 5B 
and C). Since glucose can be converted into triglycerides 
in adipocytes, the sustained activation of AKT and the 
accompanied increase in the insulin-responsive glucose uptake 
could contribute to adipogenesis in Ulk1-silenced adipocytes. 
Glucose uptake in adipocytes is also regulated by other factors, 
such as osmotic stress in adipocytes.56,57 One of the key regulators 
of the osmotic stress-responsive glucose uptake is PTK2/FAK 
(protein tyrosine kinase 2).56 PTK2 interacts with RB1CC1, a 
binding protein of ULK1 and ULK2.33 This implies a potential, 

interesting link between the ULK complexes and the insulin-
responsive glucose uptake via RB1CC1.

Our study suggests that Ulk1 inhibition might have both 
beneficial and harmful effects on insulin-responsive metabolism 
in 3T3-L1 adipocytes. For the beneficial side, Ulk1 inhibition 
would increase insulin-responsive glucose uptake and lipid 
accumulation in adipocytes. For the harmful side, Ulk1 
inhibition would increase oxidative stress that can contribute to 
insulin resistance development in adipocytes. The harmful effect 
might be shared with other autophagy proteins. If we understand 
more clearly how Ulk1 inhibition could contribute to the 
beneficial metabolic outcomes, the knowledge might contribute 
to better understanding of energy metabolism in adipocytes and 
designing a better therapeutic strategy for diabetes and obesity. 
Defining more clearly the distinct functions of Ulk1 and ULK2 
in cellular metabolism might provide important insight into how 
the protein kinases have evolved to acquire their specific cellular 
functions in the autophagy and non-autophagy pathways.

Materials and Methods

Antibodies
Primary antibodies were from the following sources: 

anti-MAP1LC3 (5F10) from Nanotools; anti- SQSTM1/
p62 (610832) from BD Biosciences; anti-INSR (3025), anti-
IRS1 (2382), anti-AKT (9272), anti-phospho-AKT (9271), 
RPS6KB1/S6K1 (9202), anti-phospho-RPS6KB1/S6K1 (9205), 
and anti-MAPK14 (9212) from Cell Signaling Technology; 
anti-CEBPA (sc-61), anti-PPARG (sc-7196), anti-GAPDH 
(sc-25778), and anti-TUBA1 (sc-12462) from Santa Cruz 
Biotechnology; anti-ATG5 antibody (110-53818) and anti-
MAP1LC3 (100-2220) from Novus Biologicals; anti-ULK1 
(A7481) from Sigma-Aldrich; anti-ACTB (612657) from BD 
Biosciences; anti-SLC2A4/GLUT4 (AB1346) from Millipore; 
anti-SLC2A1/GLUT1 antibody from Dr Xiaoli Chen 
(University of Minnesota).

Chemicals
Chemicals were purchased from the following sources: 

rapamycin (EMD Chemicals, 553210); hydroxychloroquine 
(HCQ) (H0915), insulin (I6634), methylisobutylxanthine 
(I5879), dexamethasone (D4902), troglitazone (T2573), 
Oil Red O (0625), pepstatin A (P5318), cytochalasin B 
(C6762), puromycin (82595), forskolin (F3917), and E-64 
(E3132) from Sigma-Aldrich; DAPI (D1306), chloromethyl 
2 ,́7 -́dichlorodihydrofluorescein diacetate (CM-H

2
DCFDA) 

(C6827), TRIzol reagent (15596-018), and APO-BrdU 
Terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) assay kit (A35125 and A35126) from Invitrogen; 
EZ-link Biotin Hydrazide (21339) from Pierce; NEFA-HR 
(999-34691, 995-34791, 991-34891, and 993-35191) from Wako 
Diagnostics; RNase free DNase I (Ambion, AM2222), iScript 
cDNA Synthesis Kit (170-8891) and iQ SYBR Green Supermix 
(170-8880) from Bio-Rad; glutaraldehyde, sodium cacodylate, 
osmium tetroxide, tannic acid, 2:1 ethanol: Embed 812 resin, 
and 20-mm gelatin capsules from Electron Microscopy Sciences; 
mouse TNF/TNFα (5178) from Cell Signaling Tech.
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Lentiviral preparation, viral infection, and stable cell line 
generation

pLKO.1 clones for GFP, scrambled sequence, Ulk1, Ulk2, 
and Atg5 shRNAs were obtained from Open Biosystems. The 
shRNA sequences are listed in Table S1. Stable transduction of 
3T3-L1 preadipocytes with lentiviral shRNA was performed as 
described previously.17

Adipocyte differentiation, lipid staining, and triglyceride 
measurements

3T3-L1 preadipocytes were differentiated into adipocytes 
as described previously.37 In brief, 3T3-L1 cells were treated 
with methylisobutylxanthine (0.5 mM), dexamethasone  
(0.25 μM), and insulin (170 μM) 2 d after cells were confluent. 
Two days after the treatment, the medium was replaced by 
medium containing only insulin. Insulin was removed after 
2 more days. Differentiated adipocytes were maintained 
in DMEM with 10% fetal bovine serum. For experiments 
requiring full differentiation, we added 5 μM troglitazone 
to the differentiation-inducing medium during the first two 
days following the procedure described previously.39,43-46 To 
quantitatively assess the extent of differentiation, cells were 
stained with Oil Red O. Oil Red O was extracted from cells 
with isopropanol. Optical density was measured at a wavelength 
of 490 nm. Triglyceride levels were normalized by protein 
concentration.

Autophagy assay
shRNA-transduced preadipocytes were plated on glass 

coverslips and differentiated into adipocytes. Autophagy was 
induced by 100 nM rapamycin in the presence or absence of 
pepstatin A and E-64 (10 μg/ml each). After 5 h, cells were 
fixed with formaldehyde, permeabilized using 1% Triton X-100, 
and stained with anti-MAP1LC3 antibody (Novus Biological). 
Cells were visualized under an Olympus Fluoview 1000 IX2 
inverted confocal microscope (Olympus) or a Deltavision 
Personnel DV microscope (Applied Precision). Multiple fields 
were randomly collected. Cell lysates were also obtained from the 
shRNA-transduced adipocytes and the levels of MAP1LC3-I, 
MAP1LC3-II and SQSTM1/p62 were analyzed by western 
blotting.

Lipolysis assay
3T3-L1 adipocytes were washed with phosphate-buffered 

saline (PBS) and incubated at 37 °C in Krebs–Ringer’s HEPES 
(KRH, 130 mM NaCl, 5 mM KCl, 1.3 mM CaCl

2
, 1.3 mM 

MgSO
4
, and 25 mM HEPES pH 7.4) supplemented with 

2% fatty acid-free BSA and 5 mM glucose with or without  
40 μM forskolin. The culture medium was collected after  
1 h of incubation. The content of non-esterifed fatty acids was 
determined using the NEFA-HR assay kit according to the 
manufacturer’s instruction.

Fatty acid β-oxidation
shRNA-transduced adipocytes were starved of serum for  

2 h, and subsequently incubated in DMEM containing 5.4 
mM glucose, 4 mM glutamine, 1% fatty acid-free BSA, and  
0.25 mM oleate. β-oxidation was initiated upon addition of  
0.2 mM [1-14C]-oleic acid (0.8 μCi/ml) buffered with 1% fatty 
acid-free BSA and incubated for 90 min at 37 °C and 5% CO

2
.46 

Each well was covered immediately by a piece of Whatman 
paper. After incubation, 150 μl of 3 M NaOH was dropped 
on the paper, and 70% perchloric acid was added to each well. 
CO

2
 trapped on filter membrane from each well was analyzed 

by liquid scintillation and 14CO
2
 content was measured by a 

scintillation counter (Beckman).
Analysis of fatty acid uptake
Fatty acud uptake measurement was conducted following the 

procedured described previously.46 shRNA-transduced adipocytes 
were preincubated for 3 h in KRH buffer supplemented with  
5 mM glucose. Fatty acid uptake was initiated by incubating cells 
with 50 μM [3H]-oleic acid bound to fatty acid-free BSA in a 
ratio adjusted to generate a free fatty acid concentraiton of 5 nM. 
The ratio of FA/BSA was calculated based on long-chain fatty 
acid binding constants for BSA as described previously.58 After 
5 min, cells were washed 3 times in ice-cold KRH containing 
0.1% BSA and 200 uM phloretin. Cells were then incubated 
at RT in 0.5% SDS for 30 min, and the radioactive fatty acids 
incorporated into cells were determined by liquid scintillation 
counting.

2-deoxyglucose uptake assay
Adipocytes were serum-starved overnight in KRH buffer 

supplemented with 0.5% BSA and 2 mM sodium pyruvate 
and incubated either with or without 100 nM insulin for 1 h at  
37 °C. Glucose uptake was initiated by adding [3H]-2-deoxy-
D-glucose (PerkinElmer Life and Analytical Sciences) to a final 
concentration of 100 μM at 37 °C. After 5 min, 2-deoxyglucose 
uptake was terminated by washing with ice-cold KRH buffer 
3 times. Cells were solubilized with 0.8 ml of KRH buffer 
containing 1% Triton X-100. The incorporated radioactivity 
was determined by scintillation counting. Nonspecific 
2-deoxyglucose uptake was measured in the presence of 20 μM 
cytochalasin B (Sigma-Aldrich) and subtracted from the total 
glucose uptake rate.

Other experimental procedures
Measurements of mitochondrial respiration, ATP production 

rate, intracellular ROS, matrix superoxide from isolated 
mitochondria, protein carbonylation, and mitochondrial 
DNA content, real-time RT-PCR, and electron microscopy 
experiments are described in detail in the Supplemental 
Information.

Statistical analysis
Data are presented as means ± SD (standard deviation). 

Statistical significance was determined using the 2-tailed 
Student t test assuming unequal variances using the Prism 6 
(GraphPad Software Inc.).
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