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Abstract 

A lack of physical activities and excess in food intake in modern life style play 

important role in the development of overweight and obesity.  Yet the underlying 

mechanisms are still being elucidated in details.  Leptin, an adipocyte-derived 

hormone, centrally regulates energy homeostasis by accelerating energy expenditure 

and suppressing food intake.  However, leptin resistance is a hallmark of obese 

subjects.  We and others have previously reported the involvement of endoplasmic 

reticulum (ER) stress in the pathophysiology of leptin resistance.  Thus, being able to 

identify the factors involved in and the novel target for ameliorating leptin resistance 

would provide a potential therapeutic approach for obesity and related diseases.  The 

aims of the present studies are to identify physiological factors and pharmacological 

targets for ameliorating leptin resistance in obesity. 

First, we identified pathophysiological factors mediated leptin resistance including 

excess in dehydroascorbic acid (DHAA) and excess in saturated fatty acids (SFAs) in 

defective leptin signaling.  DHAA, an oxidized form of vitamin C, was found to be 

diabetogenic.  In the current study, we hypothesized the drawback effect of DHAA on 

defective leptin signaling.  A human neuroblastoma cell line stably transfected with 

the Ob-Rb leptin receptor (SH-SY5Y-ObRb), was treated with DHAA and leptin 

signaling was then analyzed.  Interestingly, we found that an elevated of DHAA 

inhibited leptin-induced STAT3 phosphorylation.  We found that DHAA increased 

mRNA expression levels of ER stress-related genes such as glucose-regulated protein 

78 (GRP78), C/EBP homologous protein (CHOP) and X-box-binding protein 1 

(XBP1) splicing.  Theses results suggested that DHAA plays important role in the 

development of leptin resistance through ER stress.  
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High-fat rich diet is associated with lipotoxicity and ER stress.  Accordingly, 

using SH-SY5Y-ObRb cells, we found that the principle source of SFAs, palmitate 

inhibited leptin-induced STAT3 in neuronal cells.  To further confirm the harmful 

effect of excess SFAs on leptin signaling, an inhibition of stearoyl-CoA desaturase-1 

(SCD1), an enzyme that catalyzes the synthesis of monounsaturated fatty acids 

(MUFAs) from SFAs, was then evaluated.  To achieve this hypothesis, disruption of 

SCD1 was carried out through the use of SCD1 inhibitor, CAY10566 and SCD1 

knockdown, respectively.  As expected, leptin-induced phosphorylation of STAT3 

was inhibited in SCD1 inhibitor-treated and SCD1-knockdown SH-SY5Y-ObRb 

cells.  Moreover, SCD1 inhibitor induced ER stress responsive gene, GRP78 in 

HEK293-ObRb cells.  Thus, excess in SFA levels is involved in the pathophysiology 

of leptin resistance. 

Second, we aimed to search for pharmacological targets for ameliorating leptin 

resistance in obesity.  ER stress is known to implicate in the pathogenesis of multiple 

diseases including leptin resistance.  Therefore, an intervention that alleviates ER 

stress would provide a useful therapeutic approach for obesity and ER stress-related 

diseases.  In response to ER stress, cells activate an adaptive response termed 

unfolded protein response (UPR).  One of the protective mechanisms of UPR is the 

induction of ER chaperone, i.e., glucose-regulated protein 78 (GRP78).  GRP78, a 

major chaperone located in the lumen of the ER, protects against ER stress by 

promoting folding of proteins to prevent aggregation.  Therefore, the induction of 

GRP78 is critical in maintaining normal cell functions.  In the present study, using 

SH-SY5Y-ObRb cells we demonstrated that leptin induces GRP78 expression.  In 

addition, leptin-induced GRP78 was not depended on its classical upstream activation 

pathway, IRE1-XBP1, as we could not detect IRE1 and XBP1 activation in our 
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experimental conditions.  In contrast, we showed that PI3K, LY294002, and mTOR 

inhibitor, rapamycin, blocked leptin’s effect on the induction of GRP78.  Of note, ER-

apoptotic marker, CHOP, was not induced by leptin treatment in our experiments.  

Thus, leptin may specifically induce the expression of GRP78.  Moreover, we showed 

that leptin protects against ER stress-induced cell death in human neuronal cell line.  

Therefore, leptin may induce the expression of GRP78, thereby protecting against ER 

stress related to obesity. 

To date, the overlaps in the regulation of glucose and energy homeostasis have 

been reported between leptin and insulin.  However, the effects of insulin on leptin’s 

actions in hypothalamus have not yet been completely elucidated.  In the current 

work, we found that insulin potentiates leptin-induced STAT3 phosphorylation 

through GRP78.  The role of GRP78 in leptin’s actions was also confirmed by 

defective leptin-induced STAT3 phosphorylation in SH-SY5Y-ObRb and HEK293-

ObRb cells in which GRP78 was knocked down.  Indeed, we found that the 

overexpression of GRP78 enhanced leptin-induced STAT3 phosphorylation.  Based 

on the important role of GRP78 on leptin-induced signal, we also investigate the 

detailed mechanisms of which GRP78 modulated leptin signaling.  We hypothesized 

that GRP78 may directly bind to ObRb long isoform of leptin receptor which leads to 

potentiation of leptin-induced signals.  To do this, we first co-overexpressed ObRb 

receptor and GRP78 in HEK293T cells prior to an immunoprecipitation of ObRb.  

GRP78 was then analyzed by western blotting.  As the result, we found that GRP78 

binds to the long isoform of leptin receptor ObRb.  

Our results highlight the novel pathophysiological factors of leptin resistance such 

as excess in SFAs and DHAA.  ER stress, indeed, may play important role in the 

pathophysiology of leptin resistance induced by DHAA or SFAs. Moreover, we 
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demonstrated that leptin upregulate the expression of GRP78 through the PI3K-

mTOR pathway, and protects against ER stress.  We also showed that GRP78 plays 

an important role in leptin’s actions. We demonstrated that insulin enhanced the 

leptin-induced activation of STAT3 by inducing GRP78.  To this, GRP78 would be a 

new mediator between leptin and insulin in the regulation of energy homeostasis. 

Together our data may provide useful information for further understanding of the 

pathophysiological factors as well as target molecule for attenuating leptin resistance 

in obesity. 
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Background 

Over the last few decades, the incidence of obesity has been increasing at a rapid 

rate (Kelly et al., 2005). Obesity is a risk factor for life-threatening diseases such as 

diabetes mellitus, hypertension, dyslipidemia, nonalcoholic fatty liver disease, 

cardiovascular disease, and other chronic diseases (Malnick et al., 2006).  The 

hypothalamus plays important roles in the regulation of energy balance (Morton et al., 

2006), which is crucial for combating weight gain (Hall et al., 2012). 

Leptin, a hormone secreted by white adipocytes, is considered to have anti-

obesity effects by suppressing food intake and enhancing energy expenditure (Ahima 

et al., 1996; Halaas et al., 1995).  In the hypothalamus, the binding of leptin to the 

long isoform of its receptor, ObRb, leads to an activation of multiple signaling 

cascades, such as Janus kinase 2-signal transducer and activator of transcription 3  

(JAK2-STAT3) (Fei et al., 1997), mitogen-activated protein kinase/extracellular 

signal-regulated kinase (MAPK/ERK) (Takahashi et al., 1997; Cui et al., 2006), and 

phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) pathways (Niswender et 

al., 2001). The major anti-obesity effects of leptin are initiated by the phosphorylation 

of JAK2-STAT3 pathway.  Although leptin has been considered a potential anti-

obesity candidate protein, the majority of people with obesity are unresponsive to 

leptin’s action, i.e., leptin resistant (Münzberg et al., 2005).  However, the underlying 

mechanisms are still being elucidated.  Currently, studies on the underlying 

mechanism of leptin resistance have become a central focus in the search for a 

possible treatment of obesity. 

Endoplasmic reticulum (ER) is an important organelle for assembling, folding, 

maturation, and transportation of proteins (Helenius et al., 1992). Disruption of these 

processes, due to various factors that induce an accumulation of unfolded or 
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misfolded proteins, leads to ER stress.  In response to ER stress, an adaptive response, 

named unfolded protein response (UPR), will be activated to restore normal function 

of the cells by attenuating protein translation to reduce the loading of unfolded 

proteins in the ER through the promotion of protein folding and activation of 

degradation pathways (Harding et al., 1999; Mori, 2000; Friedlander et al., 2000). 

However, prolonged and severe ER stress activates apoptotic signals and causes cell 

death (Wang et al., 1996; Zinszner et al., 1998; Nakagawa et al., 2000).  The UPR 

system signals mediate by activating ER transmembrane sensors, such as the inositol-

requiring protein-1 (IRE1), protein kinase RNA (PKR)-like ER kinase (PERK), and 

activating transcription factor-6 (ATF6) arms (Ron et al., 2007). Of note, Glucose-

regulated protein 78 (GRP78), a major up-regulated UPR chaperone located in the 

lumen of the ER, is a required protein to maintain ER capacity and protect against ER 

stress by assisting in protein folding, which prevents aggregation (Kaufman, 1999; 

Rao et al., 2002; Lee, 2005). 

ER stress is known to implicate in the pathogenesis of a wide range of diseases 

(Sai et al., 2002; Imai al., 2001; Harding et al., 2002).  Our group (Hosoi et al., 2008), 

and others (Ozcan et al., 2009; Won et al., 2009), reported the involvement of ER 

stress in the pathophysiology of resistance in obesity.  

Taken together, an identification of the mechanisms of obesity pathogenesis as 

well as the molecules that control food intake would be useful for the therapeutic 

approach of obesity.  Therefore, the aims of our studies are to investigate the 

pathophysiological factors and the target molecule for attenuating of leptin resistance 

associated with obesity. 
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Part 1: Dehydroascorbic acid (DHAA) 

1.1. Introduction 

Vitamin C, a water-soluble vitamin, exists in two major forms: the reduced form, 

ascorbic acid (AA), and the oxidized form, dehydroascorbic acid (DHAA).  AA is 

transported across the cell membrane via a family of sodium/vitamin C co-

transporters (SVCT).  AA is oxidized to DHAA outside the cells, and then enters the 

cells through the glucose transporter (GLUT) (Vera et al., 1993; Ngkeekwong et al., 

1997).  The reduction of DHAA to AA inside the cells is necessary for maintaining 

sufficient intracellular levels of AA, which is essential for its antioxidant properties 

(Bendich et al., 1986; Frei et al., 1989).  High plasma levels of DHAA are found in 

patients with diabetes (Sinclair et al., 1999; Som et al., 1981).  In addition, DHAA 

was also suggested to be diabetogenic (Patterson, 1949).  Currently, little is known 

about the mechanisms of the harmful effects of DHAA.  In the present study, we 

hypothesized the possibility that high levels of DHAA might cause defective anti-

obesity action of leptin through ER stress; thereby promote leptin resistance in human 

neuronal cells.   

 

1.2. Materials and methods 

1.2.1. Reagents 

Human leptin was obtained from Enzo Life Science (NY).  (L)-Dehydroascorbic 

acid was purchased from Sigma-Aldrich (St. Louis, MO).  
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1.2.2. Stimulation of dehydroascorbic acid (DHAA) 

 

 

 

 

DHAA was prepared in incubation buffer (IB), 15 mM HEPES, 135 mM NaCl, 

5 mM KCL, 1.8 mM CaCl2, 0.8 mM MgCl2, pH 7.4 (S. KC et al, 2005).  Cells were 

washed twice with PBS and changed to IB in the presence of glucose (0.1 mM) 

followed by DHAA stimulation (1mM) for 8 h.  

 

1.2.3. Cell culture 

Human neuroblastoma (SH-SY5Y) cell line stably transfected with the Ob-Rb 

long form of the leptin receptor (SH-SY5Y-ObRb) (Hosoi, T. et al, 2006) was 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 

10% (v/v) heat-inactivated fetal calf serum at 37°C in humidified 5% CO2/95% air.  

 

1.2.4. Reverse transcription-polymerase chain reaction (RT-PCR)   

 Total RNA was extracted from fresh cells using TriPure Isolation Reagent 

(Roche).  cDNA was reverse transcribed  from 2 µg of total RNA by using 25 U of  

Supercript Reverse Transcriptase (ReverTra Ace) and 0.25 µg of Oligo(dt) 12-18 

primer  (Life Technology) in a reaction mixture containing buffer, 1 mM dNTP mix, 

10 mM DTT and 40 U of RNase inhibitor.  The total RNA and Oligo(dt)  12-18 

primer were incubated at 70 oC for 10 min before RT. After incubation for 1.5 h at 46 

oC, the RT reaction was terminated by denaturing the reverse transcriptase for 5 min 

at 100 oC. Regarding PCR amplification, 1.2 µl of cDNA was added to 10.8 µl of a 
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reaction mix containging 0.2 µM of each primer, 0.2 µM of dNTP mix, 0.6 U of Taq 

polymerase and reaction buffer.  PCR was performed in a DNA Thermal Cycler (MJ 

Research, PTC-220 and TaKaRa PCR Thermal Cycler Dice TP 600).  The following 

primers were used: XBP-1; upstream, 5’- CCT TGT AGT TGA GAA CCA GG -3’, 

and downstream, 5’- GGG GCT TGG TAT ATA TGT GG -3’.  CHOP; upstream, 5’-

GCA CCT CCC AGA GCC CTC ACT CTC C-3’, and downstream, 5’-GTC TAC 

TCC AAG CCT TCC CCC TGC G-3’.  GRP78; upstream, 5’-TGC TTG ATG TAT 

GTC CCC TTA-3’, and downstream, 5’-CCT TGT CTT CAG CTG TCA CT-3’. 

GAPDH; upstream, 5’-AAA CCC ATC ACC ATC TTC CAG-3’, and downstream 

5’-AGG GGC CAT CCA CAG TCT TCT-3’ was used as an internal control.  

 The PCR products (10 µl) were resolved by electrophoresis in an 8% polyacrylamide 

gel in TBE buffer.  The gel was stained with ethidium bromide and photographed 

under ultraviolet light. 

 

1.2.5. Western Blotting Analysis  

 Western blotting was performed as described previously (Hosoi et al., 2006).  

Cells were washed with ice-cold phosphate-buffered saline and lysed in buffer 

containing 10 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 1 mM EGTA, 1 mM 

Na3VO4, 10 mM NaF, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 1 mM 

phenylmethylsulfonyl fluoride, and 1% Nonidet P-40 for 20 min. Lysates were 

centrifuged at 15,000 rpm at 4°C for 20 min, and supernatants were collected.  

Samples were boiled with Laemmli buffer for 3 min, fractionated using SDS-

polyacrylamide gel electrophoresis, and transferred at 4°C to nitrocellulose 

membranes.  Five-percent skimmed milk was prepared in 20 mM Tris-HCl (pH 7.6), 

137 mM NaCl, and 0.1% Tween 20 (TBST) buffer, and was then used to block 
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membranes at room temperature for 1 h. The membranes were then incubated with 

rabbit anti-phospho-STAT3 (Tyr705) (#9145S, Cell Signaling) and rabbit anti-STAT3 

(#9132, Cell Signaling), antibodies, and this was followed by incubation with an anti-

horseradish peroxidase-linked antibody.  Peroxidase was detected using enhanced 

chemiluminescence with an ECL system (Amersham). 

 phospho-STAT3 (Tyr705) (#9145, Cell Signaling) 

- Blocking: 5 % milk (TBST); 1h, room temperature (RT)  

- 1st antibody: diluted 1/2,000 in 5 % BSA; overnight 

- Secondary antibody: anti-rabbit, diluted 1/5,000 in 5% milk (TBST); 1 h 

 STAT3 (# 9132, Cell Signaling) 

- Blocking: 5 % milk (TBST); 1h, RT  

- 1st antibody: diluted 1/1000 in TBST; overnight 

- Secondary antibody: anti-rabbit, diluted 1/5, 000 in 5% milk (TBST); 1 h 

 

1.2.6. Statistics 

 A student’s t-test was used for comparison between two groups.  Significance 

was defined as a P value. 

 

1.3. Results  

1.3.1. Dehydroascorbic acid induced leptin resistance  

DHAA is transported into the cells through GLUT (Rumsey et al., 1997).  It was 

known that DHAA competes with glucose for an uptake (Siushansian et al., 1997).  

Based on these concepts, we speculated that DHAA would compete with glucose to 

be transported into the cells. To achieve this, we used 0.1 mM glucose and 1 mM 

DHAA in our experiments.  SH-SY5Y-ObRb cells were washed twice with PBS, 
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changed to incubation buffer (IB), and stimulated with DHAA (1 mM, 8 h), following 

leptin stimulation (0.03 µg/ml, 15 min).  The result showed that leptin-induced 

STAT3 phosphorylation was significantly inhibited by DHAA in SH-SY5Y-ObRb 

cells (Fig. 1). 

 

 
 
 
 
 
 
 
 
 
Figure 1. DHAA induced leptin resistance in neuronal cells.   

SH-SY5Y-ObRb cells were washed with PBS twice and changed to incubation buffer 

(IB) in the presence of glucose (0.1 mM).  Cells were stimulated with DHAA (1 mM) 

for 8 h, followed by leptin (0.03 µg/ml, 15 min).  Phospho-STAT3 (Tyr705) and 

STAT3 levels were analyzed by western blotting.  A. DHAA inhibited leptin-induced 

STAT3 phosphorylation.  B. A densitometric analysis of phospho-STAT3 (Tyr705) 

was performed using image analysis software.  Data are expressed as the mean ± S.E. 

of 4 independent experiments (n = 4).  * P < 0.05. 

 

1.3.2. Dehydroascorbic acid induced ER stress 

We and others have previously reported that ER stress is involved in the 

pathophysiology of leptin resistance (Hosoi et al., 2008; Ozcan et al., 2009; Won et 

al., 2009).  Since we found that DHAA caused leptin resistance, we further examined 

whether DHAA induces ER stress.  The activation of UPR results in an upregulation 

of UPR-related genes, such as GRP78, an ER chaperone, or the splicing of X-box-

binding protein 1 (XBP1).  We therefore analyzed ER stress-responsive genes.  SH-

A B 
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SY5Y-ObRb cells were washed twice with PBS, changed to incubation buffer (IB), 

and stimulated with DHAA (1 mM) in the presence of glucose 0.1 mM for 8 h.  The 

expression of UPR-related genes was then analyzed by RT-PCR. We showed that 

DHAA induced GRP78 and XBP1 splicing, signifying activation of ER stress (Fig. 

2).  

In the case of severe ER stress, or UPR malfunction, C/EBP homologous protein 

(CHOP), an ER stress-induced apoptotic transcription factor, is activated (Zinszner et 

al., 1998; Maytin et al., 2001).  As we found that DHAA activated ER stress-related 

genes, such as GRP78 and spliced-XBP1 mRNA levels, we next investigated whether 

DHAA also induced CHOP.  DHAA (1 mM, 8 h) significantly induced CHOP mRNA 

expression levels in SH-SY5Y-ObRb cells (Fig. 2). These results suggested that 

DHAA may induce ER stress in neuronal cells. 

 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

A 

B C 

D 
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Figure 2.  DHAA activated UPR-related genes in neuronal cells. 

A. SH-SY5Y-ObRb cells were washed with PBS twice and changed to incubation 

buffer (IB) in the presence of glucose (0.1 mM).  Cells were stimulated with DHAA 

(1 mM) for 8 h, and the expression level of GRP78, CHOP and spliced XBP1 were 

analyzed by RT-PCR. DHAA induced GRP78, CHOP and a spliced form of XBP1 

mRNA expression B. A densitometric analysis of GRP78 mRNA was performed 

using image analysis software.  Data are expressed as the mean ± S.E. of 4 

independent experiments (n = 4). *** P < 0.001.  C. A densitometric analysis of 

CHOP mRNA was performed using image analysis software.  Data are expressed as 

the mean ± S.E. of 4 independent experiments (n = 4). * P < 0.05.  D. A 

densitometric analysis of spliced/total XBP1 and total XBP1 mRNA (unspliced and 

spliced XBP1 mRNA) was performed using image analysis software.  Data are 

expressed as the mean ± S.E. of 4 independent experiments (n = 4).  *** P < 0.001. 

 

1.4. Discussion 

We found that increased DHAA, an oxidized form of vitamin C, causes ER stress 

and induces leptin resistance in a human neuroblastoma cell model.  As a result of the 

conversion of DHAA to AA inside the cell (Bendich et al., 1986), the intracellular 

concentration of reducing agents such as NADPH and glutathione (GSH) is 

decreased, and oxidative stress will be generated (Siushansian et al., 1997; May et al., 

2001).  Oxidative stress is linked to neuronal cell death (Ratan et al., 1995), apoptosis 

(Zamzami et al., 1995) and ER stress (Holtz et al., 2006), one of the core events in the 

pathogenesis of leptin resistance in obesity (Hosoi et al., 2008; Ozcan et al., 2009; 

Won et al., 2009).  Of note, neurons are sensitive to DHAA-induced cell death 

(García-Krauss et al., 2015).  In the present study, we found that DHAA upregulated 
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the expression of ER stress-responsive genes such as GRP78, CHOP, and spliced 

XBP1.  This effect of DHAA may be related to the pathophysiology of leptin 

resistance, as signified by the inhibition of leptin-induced STAT3 phosphorylation in 

neuronal cells by DHAA.  
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Part 2: Saturated fatty acids (SFAs) 

2.1. Introduction  

Elevated plasma concentration of free fatty acids (FFAs) are observed in obesity 

and type 2 diabetes (Roden et al., 1996; Eizirik et al., 2008).  Current evidence 

suggests that excess in food intake may contribute to the development of ER stress 

and activation of the UPR signaling pathway (Ozcan et al., 2004; Ozcan et al., 2009). 

High-fat rich diets drove the link between lipotoxicity and ER stress.  However, the 

underlying mechanism of how excess FFA contributes to leptin resistance remains 

poorly understand.  In the present study, we hypothesized the possibility that elevated 

FFA might interfere with anti-obesity action of leptin in hypothalamus, which in turn 

might provoke leptin resistance 

 

2.2. Materials and methods 

2.2.1. Reagents 

Human leptin was obtained from Enzo Life Science (NY).  Palmitate was purchased 

from Tokyo Chemical Industry.  BSA was provided by Sigma (MO). SCD1 inhibitor 

(CAY10566) was obtained from Cayman Chemical. 

 

 

2.2.2. Palmitate preparation 

Palmitate was prepared as described previously (Mayer et al., 2010). Briefly, 100 

mM solution of palmitate was prepared by dissolving 27.8 mg sodium palmitate in 1 

ml sterile water by alternating heating and vortexing until the palmitate was dissolved, 

once the solution reached 700C. Immediately, 200 µl of the 100-mM palmitate 

solution were added to 3.8 ml of serum-free medium containing 0.1 % NEFA-free 
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BSA to get a final concentration of 5 mM palmitate solution. The 5 mM palmitate 

solution was shaken at 140 rpm at 400C for 1 h. The palmitate solution was then 

immediately used to treat the cells. Serum-free medium containging 0.1 % BSA was 

used as the control. 

 

2.2.3. Cell culture 

Human neuroblastoma (SH-SY5Y) and human HEK293 cell lines stably 

transfected with the Ob-Rb long form of the leptin receptor (SH-SY5Y-ObRb and 

HEK293-ObRb, respectively) (Hosoi, T. et al, 2006) were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% (v/v) heat-inactivated 

fetal calf serum at 37°C in humidified 5% CO2/95% air.   

 

2.2.4. Western Blotting Analysis   

 As described in 1.2.5.  Additional antibodies used:  

 anti-SCD1 (#2438, Cell Signaling)  

- Blocking: 3 % milk (TBST); 1h, RT  

- 1st antibody: diluted 1/1,000 in 5 % BSA; two overnight 

- Secondary antibody: anti-rabbit, diluted 1/5,000 in 5% milk (TBST); 1 h 

anti-GAPDH (ACR001P, Acris). 

- Blocking: 5 % milk (TBST); RT  

- 1st antibody: diluted 1/2, 000 in TBST; overnight 

- Secondary antibody: anti-mouse, diluted 1/5, 000 in 5% milk (TBST); 1 h 

 

2.2.5. Statistics 

 As described in 1.2.6. 
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2.2. Results 

2.2.1. Palmitate induced leptin resistance 

The SFAs i.e., palmitate has been shown to induce leptin resistance (Kleinridders 

et al., 2009; Zheng et al., 2013).  Using SH-SY5Y-ObRb cell line, we showed that 

palmitate (100 µM, 2 h) inhibited leptin-induced phosphorylation of STAT3 (Fig. 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Palmitate attenuated leptin signaling in neuronal cells. 

A. SH-SY5Y-ObRb cells were treated with 0.1% BSA vehicle or final concentration 

of 100 µM palmitate for 2 h followed by leptin 0.03 µg/ml for 15 min. Phospho-

STAT3 (Tyr705) and STAT3 levels were analyzed by western blotting. B. A 

densitometric analysis of phospho-STAT3 (Tyr705) was performed using image 

analysis software.  Data are expressed as the mean ± S.E. of 4 independent 

experiments (n = 4).  *** P < 0.001.  

A 

B 
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2.2.2. Stearoyl-CoA desaturase-1 (SCD1) inhibitor induced leptin resistance 

SCD1 catalyzes the synthesis of monounsaturated fatty acids from saturated fatty 

acids. Therefore, we reasoned that inhibition of SCD1 would increase SFAs levels. 

We further assessed the function of SCD1 on leptin signaling in neuronal cells. To do 

this, we used SCD1 inhibitor CAY10566 (CAY).  SH-SY5Y-ObRb cells were treated 

with CAY (10 µM, 2, 4 and 8 h), followed by leptin (0.03 µg/ml, 15 min).  We then 

analyzed leptin-induced signal by western blotting.  We found that SCD1 inhibitor 

inhibited leptin-induced STAT3 phosphorylation in time-dependent manner (Fig. 4).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  SCD1 inhibitor attenuated leptin signaling in neuronal cells. 

A. SH-SY5Y-ObRb cells were treated with CAY10566 (CAY) 10 µM for 2, 4 and 8 

h.  Leptin 0.03 µg/ml was stimulated for another 15 min. Phospho-STAT3 (Tyr705) 

and STAT3 levels were analyzed by western blotting. B. A densitometric analysis of 

phospho-STAT3 (Tyr705) was performed using image analysis software.  Data are 

A 

B 
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expressed as the mean ± S.E. of 4 independent experiments (n = 4). * P < 0.05; ** P 

< 0.01.  

 

2.2.3. SCD1 knockdown induced leptin resistance 

To further confirm the involvement of SCD1 in leptin resistance, we performed 

SCD1 knockdown experiment in SH-SY5Y-ObRb cells. Cells were transfected with 

SCD1 siRNA (5 nM) for 72 h.  As an indicator of transfection efficacy, the expression 

of SCD1 was subjected to a western blotting analysis. We confirmed that SCD1-

specific siRNA efficiently inhibited its expression in SH-SY5Y-ObRb cells (Fig. 5).  

Under these conditions, we analyzed leptin-induced STAT3 signaling. We found that 

the knockdown of SCD1 significantly reduced the leptin-induced phosphorylation of 

STAT3 in the SH-SY5Y-ObRb cells (Fig. 5).  Together, theses results indicated that 

excess in SFAs plays important role in pathophysiology of leptin resistance. 

 

 
 
 
 
 
 
 
 

A 

B 
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Figure 5.  Leptin signaling was attenuated in SCD1-knocked down neuronal 

cells. 

A. SH-SY5Y-ObRb cells were transfected with control or SCD1 siRNAs (5 nM) for 

72 h.  Seventy-two hours after the transfection, cells were treated with leptin (0.03 

µg/ml, 15 min).  Phospho-STAT3 (Tyr705), STAT3, SCD1 and GAPDH levels were 

analyzed by western blotting.  Leptin-induced STAT3 phosphorylation was attenuated 

in SCD1-knocked down cells.  B. A densitometric analysis of phospho-STAT3 

(Tyr705) and SCD1 was performed using image analysis software.  Data are 

expressed as the mean ± S.E. of 4 independent experiments (n=4).  ** P < 0.01.  

 

2.2.4. SCD1 inhibitor induced ER stress 

Because we found that SCD1 inhibitor caused leptin resistance, we investigated 

whether SCD1 inhibitor induces ER stress.  We therefore analyzed an ER stress-

response gene, GRP78.  HEK293-ObRb cells treated with CAY (10 µM) for 2, 4 and 

8 h.  CAY up-regulated the expression of GRP78 (Fig. 6).  This result suggested that 

inhibition of SCD1 may induce ER stress. 
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Figure 6.  SCD1 inhibitor induced ER stress in HEK293-ObRb cells.  

A. HEK293-ObRb cells were treated with SCD1 inhibitor, CAY10566 (CAY) 10 µM 

for 2, 4 and 8 h.  GRP78 and GAPDH levels were analyzed by western blotting. B. A 

densitometric analysis of GRP78 was performed using image analysis software.  Data 

are expressed as the mean ± S.E. of 3 independent experiments (n = 3). * P < 0.05,  

** P < 0.01.  

 
2.4. Discussion 
 

Current evidence suggests that a high-saturated-fat diet induces leptin resistances 

(Lin et al., 2000) and contribute to the development of ER stress and activation of the 

UPR signaling pathway (Zhang et al., 2008).  Palmitate, a principal source of 

saturated fatty acids in diet, is known to have a strong lipotoxic effects in induction of 

inflammation and ER stress (Weigert et al., 2004; Borradaile et al., 2006).  SCD1, on 

the other hand, plays a key role in modulating the toxicity effects of SFAs 

(Pinnamaneni et al., 2010; Peter et al., 2008).  It was previously reported that 

palmitate induced ER stress (Karaskov et al., 2006; Lu et al., 2012; Yin et al., 2015) 

and leptin resistance (Kleinridders et al., 2009; Zheng et al., 2013).  ER stress is one 

of the core mechanisms of the pathogenesis of leptin resistance in obesity (Hosoi et 

al., 2008; Ozcan et al., 2009; Won et al., 2009).  In the present study, we figured out 

the hypothesis of which the loss of SCD1 activity impaired leptin-induced signal, as 

signified by the inhibition of leptin-induced STAT3 in response to SCD1 inhibitor 

and knocking down of SCD1.  These results suggested that SCD1 may play important 

role in the regulation of saturation levels thereby prevent lipotoxicity.  In this aspect, 

elevated SCD1 provided a protective effect against fatty acid-induced insulin 

resistance (Pinnamaneni et al., 2006).  Moreover, SCD1 knockout mice displays and 

inflammation and ER stress (Flowers et al., 2008).  Accordingly, we showed in the 
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present study that SCD1 inhibitor induces ER stress, as signified by the induction of 

GRP78 (Fig. 6).  Thus, ER stress may account for the impairment of leptin signaling 

induced by reduction of SCD1.  Of note, overexpression of SCD1 in rat muscle cells 

protected against fatty acid-induced insulin resistance (Pinnamaneni et al., 2006).  

From MIN6 β-cell line, upregulation of SCD1 expression results in resistance to 

SFAs-induced cell death (Busch et al., 2005).  So, the inhibition of conversion of 

SFAs to MUFAs by SCD1 knockdown may cause harmful effect in our studies.  

However, controversies on the role of SCD1 have been reported.  SCD1 expression 

levels are strongly upregulated in obese mice (Asilmaz et al., 2004).  The inhibition of 

SCD1 activity in mice, as signified by the use of SCD1-specific antisense 

oligonucleotide inhibitors (ASOs) and deletion of SCD1 (SCD1-/-), prevented diet-

induced obesity (Jiang et al., 2005, Ntambi et al., 2002).  Since SCD1 is thought to 

mediate fat storage in adipose tissue, it has been suggested that attenuation of SCD1 

activity might inhibit body weight through the blockage of fat storage (Popeijus et al., 

2008).  The controversial biological outcome of SCD1 may be explained by 

difference in specific organ’s SCD1 activity.  Notably, we used human neuronal 

cellular model in the present study.  Therefore, further studies should be conducted in 

brain-specific deletion of SCD1 models for more understanding about the function of 

SCD1 in the CNS. 
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Part 3: Leptin induced GRP78 expression through the PI3K-mTOR 

pathway in neuronal cells 

3.1. Introduction 

ER stress is one of the core mechanisms mediated the pathophysiology of leptin 

resistance, a pathogenesis of obesity (Hosoi et al., 2008; Ozcan et al., 2009; Won et 

al., 2009).  Still, the mechanisms underlying ER stress and activation of UPR 

signaling in obesity have yet to be fully illustrated.  In the present study, we 

hypothesized that leptin may be able to activate the UPR in neuronal cells.  

 
3.2. Materials and methods  

3.2.1. Reagents 

Rapamycin was purchased from Santa Cruz (CA).  Tunicamycin (Tm) and 

thapsigargin (Tg) were obtained from Wako Pure Chemical Ltd. (Japan).  LY294002 

was purchased from Sigma (MO).  PD98059 was provided by Research Biochemical 

International (MA). 

 

3.2.2. Cell culture 

As described in 1.2.3. 

 

3.2.3. Lactate Dehydrogenase Leakage (LDH) Assay 

 The viability of cells was estimated by the lactate dehydrogenase   (LDH) leakage 

method using a cytotoxicity detection kit (Roche Molecular Biochemicals, 

Indianapolis, IN, USA) according to the manufacturer’s directions.  LDH activity was 

measured at the optimal density 492 nm. 
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3.2.4. WST-1 Assay 

 Cell viability was measured using WST-1 reagent (Roche) according to the 

manufacturer’s directions, a mixture of 100 µl medium and 10 µl cell proliferation 

WST-1 reagent was added in to the cells, followed by an incubation at 37°C and 5% 

CO2 for 4 h.  The samples were then analyzed for optical density (440 - 600 nm).  

 

3.2.5. Reverse transcription-polymerase chain reaction (RT-PCR)   

 As described in 1.2.4. 

 

3.2.6. Western blotting analysis  

 As described in 1.2.5.  Additional antibodies used:  

 anti-phospho-Akt (Thr308) (#9275, Cell Signaling),  

- Blocking: 5 % milk (TBST); 1h,  RT  

- 1st antibody: diluted 1/1, 000 in 5 % BSA (TBST); two overnight 

- Secondary antibody: anti-rabbit, diluted 1/5, 000 in 5% milk (TBST); 1 h 

 rabbit anti-phospho-ERK (Thr202/Tyr204) (39191S, Cell Signaling) 

- Blocking: 5 % milk (TBST); 1h, RT  

- 1st antibody: diluted 1/1, 000 in 5 % BSA (TBST); overnight 

- Secondary antibody: anti-rabbit, diluted 1/5, 000 in 5% milk (TBST); 1 h 

 rabbit anti-CHOP (G1708, Santa Cruz),  

- Blocking: 5 % milk (TBST); 1h, RT  

- 1st antibody: diluted 1/500 in TBST; two overnight 

- Secondary antibody: anti-rabbit, diluted 1/5, 000 in 5% milk (TBST); 1 h 

 rabbit anti-phospho-IRE1α (phospho S724) (ab48187, Abcam),  

- Blocking: 0.5 % BSA (TBST); 1h, RT  
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- 1st antibody: diluted 1/1, 000 in TBST; two overnight 

- Secondary antibody: anti-rabbit, diluted 1/5, 000 in 1 % BSA (TBST); 1 h 

 anti-KDEL (Enzo Life Sciences; #02231116),  

- Blocking: 5 % milk (TBST); 1h, RT  

- 1st antibody: diluted 1/1, 000 in TBST; overnight 

- Secondary antibody: anti-mouse, diluted 1/5, 000 in 5% milk (TBST); 1 h 

 anti-phospho-S6K (Thr389) (#9234, Cell Signaling), 

- Blocking: 5 % milk (TBST); 1h, RT  

- 1st antibody: diluted 1/1, 000 in 5 % BSA (TBST); overnight 

- Secondary antibody: anti-rabbit, diluted 1/5, 000 in 5% milk (TBST); 1 h 

 anti-ERK1/2 (SPC-120C, StressMarq),  

- Blocking: 5 % milk (TBST); 1h, RT  

- 1st antibody: diluted 1/5, 000 in TBST; overnight 

- Secondary antibody: anti-rabbit, diluted 1/5, 000 in 5% milk (TBST); 1 h 

 anti-AKT (#9272, Cell signaling), 

- Blocking: 5 % milk (TBST); 1h, RT  

- 1st antibody: diluted 1/1, 000 in 5 % BSA (TBST); overnight 

- Secondary antibody: anti-rabbit, diluted 1/5, 000 in 5% milk (TBST); 1 h 

 anti-IRE1α (#3294, Cell Signaling),  

- Blocking: 5 % milk (TBST); 1h, RT  

- 1st antibody: diluted 1/1, 000 in 5 % BSA (TBST); overnight 

- Secondary antibody: anti-rabbit, diluted 1/5, 000 in 5% milk (TBST); 1 h 

 rabbit anti-S6K (#2708, Cell Signaling) antibodies. 

- Blocking: 5 % milk (TBST); 1h, RT  

- 1st antibody: diluted 1/1, 000 in TBST; overnight 
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- Secondary antibody: anti-rabbit, diluted 1/5, 000 in 5% milk (TBST); 1 h 

 anti-ATF6 (22799, Santa Cruz) 

- Blocking: 5 % milk (TBST); 1h, RT  

- 1st antibody: diluted 1/500 in TBST; overnight 

- Secondary antibody: anti-rabbit, diluted 1/5, 000 in 5% milk (TBST); 1 h 

 anti-GAPDH (#MAB374, Millipore) 

- Blocking: 5 % milk (TBST); RT  

- 1st antibody: diluted 1/1, 000 in TBST; overnight 

- Secondary antibody: anti-mouse, diluted 1/5, 000 in 5% milk (TBST); 1 h 

 

3.2.7. Statistics 

A one-way analysis of variance analysis was used with Bonferroni’s post hoc 

analysis for comparison between multiple groups.  A student’s t-test was used for 

comparison between two groups.  Significance was defined as a P value.	

3.3. Results 

3.3.1. Leptin-induced signalling  

 By binding to the Ob-Rb long isoform of the leptin receptor, leptin activates a 

number of signaling pathways such as JAK2-STAT3 (Vaisse et al., 1996), mitogen-

activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) (Cui et 

al., 2006), and phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) (Niswender 

et al., 2001) signaling pathways.  In accordance with previous observations (Vaisse et 

al., 1996; Cui et al., 2006; Niswender et al., 2001), we showed that leptin (0.5 µg/ml, 

30 min) induced the activation of STAT3, Akt, and ERK in the SH-SY5Y-ObRb cells 

(Fig. 7).  These results indicated that the leptin signal was functionally activated under 

the present experimental conditions. 
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Figure 7. Leptin activated STAT3, ERK and Akt in SH-SY5Y-ObRb cells. 

A. SH-SY5Y-ObRb cells were treated with leptin (0.5 µg/ml, 30 min). Phospho-

STAT3 (Tyr705), STAT3, phospho-ERK1/2 (Thr202/Tyr204), ERK, phospho-Akt 

(Thr308), Akt, and GAPDH levels were analyzed by western blotting.  Leptin induced 

the phosphorylation of STAT3 (Tyr705), ERK (Thr202/Tyr204), and Akt (Thr308).  

B. A densitometric analysis of phospho-STAT3 (Tyr705), phospho-ERK1/2 

(Thr202/Tyr204), and phospho-Akt (Thr308) was performed using image analysis 

software.  Data are expressed as the mean ± S.E. from 3 independent experiments 

(n=3).  ** P < 0.01; *** P < 0.001. 

 

3.3.2. Leptin induced GRP78 expression  

GRP78, a major ER chaperone, plays protective roles against ER stress by 

promoting folding to prevent the aggregation of proteins (Mori, 2000).  We examined 

whether leptin could induce the expression of GRP78 in SH-SY5Y-ObRb cells. Cells 

B 

A 
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were treated with leptin (0.5 µg/ml) for 0.5, 2, 4, and 24 h. Leptin significantly 

increased the expression of GRP78 after 4 and 24 h (Fig. 8A).  

We then determined the mechanism of leptin-induced the expression of GRP78. 

The induction of GRP78 is known to be a downstream of the classical inositol-

requiring enzyme 1-X-box-binding protein 1 (IRE1-XBP1) pathway. The activation 

of IRE1 induces spliced-XBP1 mRNA. XBP1 translated from spliced mRNA acts as a 

transcriptional factor for UPR-regulated genes such as the GRP78 gene (Yoshida et 

al., 2001).  Thus, we investigated whether leptin could activate the phosphorylation of 

IRE1.  Cells were treated with leptin (0.5 µg/ml) for 0.5, 2, 4, and 24 h.  The ER 

stress inducer, tunicamycin, was used as a positive control.  Leptin did not activate 

IRE1 at the times investigated (Fig. 8B). We at the same time investigated whether 

leptin could activate XBP1 splicing.  Cells were treated with leptin (0.5 µg/ml) for 2, 

4, and 8 h, and XBP1 mRNA expression levels were analyzed by RT-PCR. Tm was 

used as a positive control.  The splicing of XBP1 was not detected in response to 

leptin (Fig. 8C).  These results indicated that leptin-induced GRP78 was not mediated 

through the IRE1-XBP1 pathway.  

 We subsequently investigated whether leptin could also activate CHOP. To 

obtain a positive control for the expression of CHOP, SH-SY5Y-ObRb cells were 

treated with the ER stress inducer, thapsigargin. We successfully detected CHOP in 

SH-SY5Y-ObRb cells after a 4 h treatment with Tg  (Fig. 8D).  We then analyzed the 

expression of CHOP with the leptin stimulation.  Leptin did not induce the expression 

of CHOP (Fig. 8D).  This result suggested that leptin may specifically indicate the 

GRP78. 
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Figure 8. Leptin induced GRP78, but not CHOP or IRE1 phosphorylation. 

SH-SY5Y-ObRb cells were treated with leptin (0.5 µg/ml) for 0.5, 2, 4, and 24 h.  A. 

Leptin significantly increased the expression of GRP78 after 4 and 24 h.  A 

densitometric analysis of GRP78 was performed using image analysis software.  Data 

are expressed as the mean ± S.E. of 3 independent experiments (n = 3).  * P < 0.05.    

B. Leptin did not induce the phosphorylation of IRE1α.  Tunicamycin (Tm) (1 µg/ml, 

4 h) was used as the positive control. Typical data of 3 independent experiments were 

shown. C. Leptin did not induce a spliced form of XBP1.  SH-SY5Y-ObRb cells were 

treated with leptin (0.5 µg/ml) for 2, 4, and 8 h.  Tunicamycin (Tm) (1 µg/ml, 8 h) 

was used as the positive control.  Typical data of 3 independent experiments were 

shown. D. Cells were treated with thapsigargin (Tg) (0.2 µM, 4 h) as the positive 

control. Leptin did not induce the expression of CHOP. Typical data of 3 independent 

experiments were shown.   

 

3.3.3. Involvement of PI3K in the leptin-induced expression of GRP78  

We next examined the mechanism responsible for the leptin-induced expression 
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of GRP78. Based on the activation of Akt and ERK in the SH-SY5Y-ObRb model 

(Fig. 7A and B), we investigated whether leptin-activated Akt and ERK mediated the 

expression of GRP78. We used specific inhibitors of PI3K, LY294002, and MEK, 

PD98059.  We showed the efficacy and specificity of each inhibitor by pretreating 

SH-SY5Y-ObRb cells with LY294002 (5 µM) and PD98059 (10 µM) for 30 min, 

followed by leptin. Phosphorylation levels of Akt and ERK1/2 were then analyzed.  

LY294002 significantly inhibited the phosphorylation of Akt. The slight inhibition of 

ERK phosphorylation was also observed by LY294002. This result was consistent 

with previous findings in which PI3K activity was responsible for activating the 

Raf/MEK1/ERK pathway (Wennström et al., 1999). On the contrary, PD98059 

inhibited the phosphorylation of ERK, but not Akt (Fig. 9A).  Therefore, LY294002 

and PD98059 specifically inhibited the activation of PI3K and MEK. We also 

examined whether the leptin-mediated activation of STAT3 was dependent on Akt 

and ERK1/2 under the same conditions. The pretreatment the cells with LY294002 

and PD98059 did not alter the leptin-mediated phosphorylation of STAT3 (Fig. 9A), 

indicating that the leptin-induced activation of STAT3 was independent of PI3K and 

MEK.   

 To illustrate whether attenuating the Akt and ERK pathways are responsible for 

the leptin-induced GRP78, SH-SY5Y-ObRb cells were pretreated with LY294002 (5 

µM) and PD98059 (10 µM) for 30 min, followed by the leptin stimulation (0.5 µg/ml, 

24 h) and GRP78 levels were then analyzed by western blotting.  The PI3K inhibitor 

blocked the effects of leptin on GRP78 induction (Fig. 9B), whereas the MEK 

inhibitor did not.  These results suggested that the leptin-induced expression of 

GRP78 depended on the PI3K/Akt signaling pathway.   
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Figure 9. Involvement of PI3K in the leptin-induced GRP78 expression. 

A. SH-SY5Y-ObRb cells were pretreated with PD98059 (PD; 10 µM) or LY294002 

(LY; 5 µM) for 30 min followed by leptin (0.5 µg/ml, 30 min).  Phospho-Akt 

(Thr308), Akt, phospho-ERK 1/2 (Thr202/Tyr204), ERK, phospho-STAT3 (Tyr705), 

STAT3, and GAPDH levels were analyzed by western blotting. A densitometric 

analysis of phospho-Akt (Thr308), phospho-ERK1/2 (Thr202/Tyr204), and phospho-

STAT3 (Tyr705) were performed using image analysis software.  The treatment with 

PD inhibited the phosphorylation of ERK, but not Akt.  The treatment with LY 

inhibited the phosphorylation of Akt and also slightly inhibited that of ERK.  The 

treatment with PD or LY did not inhibit the phosphorylation of STAT3.  Data are 

expressed as the mean ± S.E. of 3 independent experiments (n = 3).  * P < 0.05; ** P 

< 0.01.  B. SH-SY5Y-ObRb cells were pretreated with PD98059 (PD; 10 µM) or 

LY294002 (LY; 5 µM) for 30 min followed by leptin (0.5 µg/ml, 24 h). GRP78 and 

GAPDH levels were analyzed by western blotting. A densitometric analysis of 

GRP78 was performed using image analysis software.  LY prevented the effects of 

B 
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leptin on the induction of GRP78 expression.  Data are expressed as the mean ± S.E. 

of 4 independent experiments (n = 4).  ** P < 0.01. 

 

3.3.4. Leptin induced S6K phosphorylation through the PI3K/Akt pathway  

We examined one of the downstream regulators of the PI3K/Akt pathway. The 

activation of Akt is known to participate in important cellular processes through the 

mammalian target of rapamycin (mTOR) pathway (Engelman et al., 2006).  

Therefore, we hypothesized that leptin may activate GRP78 via the Akt/mTOR 

signaling pathway.  SH-SY5Y-ObRb cells were treated with leptin (0.5 µg/ml, 30 

min) and a downstream of mTOR, S6K, was analyzed by western blotting. Consistent 

with previous findings (Maya-Monteiro et al., 2008), we demonstrated that leptin 

increased phosphorylation of S6K (Thr389) levels in SH-SY5Y-ObRb cells (Fig. 10).  

We next examined the effects of LY294002 on S6K phosphorylation. Cells were 

pretreated with LY294002 (5 µM, 30 min) followed by leptin (0.5 µg/ml, 30 min) and 

S6K phosphorylation levels were analyzed by western blotting.  The results showed 

that the phosphorylation of S6K was blocked by LY294002 (Fig. 10).  Therefore, 

these results indicated that S6K activation was located downstream of PI3K under 

leptin-induced signaling in SH-SY5Y-ObRb cells. 
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Figure 10. Leptin induced the phosphorylation of S6K through the PI3K/Akt 

pathway in SH-SY5Y-ObRb cells.   

SH-SY5Y-ObRb cells were pretreated with PD98059 (PD; 10 µM) or LY294002 

(LY; 5 µM) for 30 min followed by leptin (0.5 µg/ml, 30 min).  Phospho-S6K (p-

S6K:Thr389), S6K, and GAPDH levels were analyzed by western blotting.  A 

densitometric analysis of phospho-S6K (p-S6K:Thr389) was done using image 

analysis software. The leptin-induced phosphorylation of S6K was blocked by 

LY294002.  Data are expressed as the mean ± S.E. of 3 independent experiments (n = 

3).  * P < 0.05. 

 

3.3.5. Leptin-induced GRP78 expression was mediated through the mTOR 
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pathway  

To further confirm our results that the leptin-induced expression of GRP78 was 

dependent on the mTOR pathway, we used mTOR-specific inhibitor, rapamycin.  We 

first checked whether rapamycin could inhibit the phosphorylation of S6K.  SH-

SY5Y-ObRb cells were pretreated with rapamycin (10 nM) for 30 min followed by 

leptin (0.5 µg/ml).  We found that rapamycin markedly inhibited the leptin-induced 

phosphorylation of S6K (Fig. 11A).   

We then validated the contribution of the mTOR pathway to the expression of 

GRP78. Cells were treated with rapamycin (10 nM) and leptin (0.5 µg/ml) for 24 h. 

The results showed that rapamycin significantly blocked the leptin-induced 

expression of GRP78 (Fig. 11B).  These results suggested that leptin may activate the 

mTOR pathway, leading to an increase in GRP78 levels. 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. The leptin-induced expression of GRP78 was mediated through the 

mTOR pathway in SH-SY5Y-ObRb cells.  
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A. SH-SY5Y-ObRb cells were pretreated with rapamycin (Rapa; 10 nM) followed by 

leptin (0.5 µg/ml, 30 min).  Phospho-S6K (p-S6K:Thr389), S6K, and GAPDH levels 

were analyzed by western blotting. A densitometric analysis of phospho-S6K level 

was done using image analysis software.  Rapamycin drastically inhibited leptin-

induced S6K phosphorylation.  Data are expressed as the mean ± S.E. of 3 

independent experiments (n = 3).  *** P < 0.001.  B. SH-SY5Y-ObRb cells were 

treated with rapamycin (Rapa; 10 nM) and stimulated with leptin (0.5 µg/ml, 24 h). 

GRP78 and GAPDH levels were analyzed by western blotting.  A densitometric 

analysis of GRP78 was performed using image analysis software. Rapamycin 

significantly blocked the leptin-induced expression of GRP78.  Data are expressed as 

the mean ± S.E. of 3 independent experiments (n = 3).  ** P < 0.01. 

 

3.3.6. Involvement of the PI3K/mTOR pathway in the leptin-induced 

proliferation  

We performed a cell proliferation assay to determine the physiological 

consequences of the effects of leptin.  Since, we showed that the PI3K-mTOR 

pathway played an important role in the induction of GRP78, we next investigated the 

effects of the PI3K inhibitor and mTOR inhibitor on the leptin-induced proliferation. 

Forty-eight hours after seeding, SH-SY5Y-ObRb cells were washed with serum-free 

medium and stimulated with LY294002 (5 µM) or rapamycin (10 nM) for 30 min 

followed by leptin for 24 h.  Cell growth was measured using the WST-1 assay.  As 

shown in Figure 12, both LY294002 and rapamycin reduced leptin-induced 

proliferation. These results signified that activation of the Akt/mTOR pathway 

mediated the cell proliferative effects of leptin in SH-SY5Y-ObRb cells. 

  



	 36 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Involvement of the PI3K/mTOR pathway on the leptin-induced 

proliferation of SH-SY5Y-ObRb cells. 

SH-SY5Y-ObRb cells were pretreated with LY294002 (LY; 5 µM) or rapamycin 

(Rapa; 10 nM) for 30 min and then stimulated with leptin (0.5 µg/ml) for 24 h.  Cells 

were incubated with the WST-1 reagent for 4 h and then analyzed for optical density.  

LY294002 and rapamycin reduced leptin-induced proliferation. Data are expressed as 

the mean ± S.E. of 4 independent experiments (n = 4).  * P < 0.05, ** P < 0.01. 

 

3.3.7. Leptin protected against ER stress-induced cell death  

To evaluate the physiological outcome of leptin against ER stress, we examined 

its effects on ER stress-induced cell death.  SH-SY5Y-ObRb cells were pre-treated 

with leptin (0.5 µg/ml, 8 h) followed by ER stress inducers (tunicamycin, 0.3 µg/ml, 

48 h).  Cell death was then measured using the LDH assay. Treatment the cells with 

tunicamycin caused cell death and this was significantly lessened by leptin (Fig. 13).  

Therefore, these results suggested that leptin may be able to attenuate ER stress-

induced cell death. 
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Figure 13.  Leptin ameliorated ER stress-induced cell death in SH-SY5Y-ObRb 

cells.   

Cells were pretreated with leptin (0.5 µg/ml) for 8 h and followed by tunicamycin 

(Tm, 0.3 µg/ml) for another 48 h.  Lactate dehydrogenase (LDH) activity was 

measured as the indicator of cytotoxicity.  Data are expressed as the mean ± S.E. of 4 

independent experiments (n = 4).  ** P < 0.01. 

 

3.4. Discussion 

We found that leptin induces GRP78 in neuronal cells.  Leptin-induced GRP78 

induction was not mediated through its classical activation pathway, IRE1-XBP1 

pathway, as we could not neither detect an increase in IRE1 phosphorylation nor 

spliced XBP1 in leptin-treated cells (Fig. 8B, C).  Instead of the IRE1-XBP1, we 

showed that the leptin-induced expression of GRP78 was mediated through the PI3K-

mTOR pathway, which was confirmed by the inhibition of leptin-induced GRP78 
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expression by the PI3K inhibitor, LY294002, and mTOR inhibitor, rapamycin (Fig. 

9B and 11B).   

 GRP78 is a key chaperone protein that controls ER homeostasis by enhancing the 

folding and assembly of proteins (Gidalevitz et al., 2013; Ni et al., 2007).  In the 

present study, we showed that leptin itself could induce GRP78 but not a pro-

apoptotic marker, CHOP, in neuronal cells (Fig. 8).  ER stress was shown to increase 

in obesity (Kawasaki et al., 2012; Cnop et al., 2012; Jiao et al., 2011).  Previously, 

our group and others reported that ER stress caused leptin resistance (Hosoi et al., 

2008; Ozcan et al., 2009; Won et al., 2009).  Based on this, we speculated the 

physiological role of leptin-induced GRP78 expression as follows:  In the early phase 

of a stressed condition when leptin resistance has not yet developed, leptin itself may 

protect against ER stress by inducing the expression of GRP78 because we found that 

leptin can protect against ER stress-induced cell death (Fig. 13).  However, resistance 

may develop when ER stress is severe and prolonged, which leptin cannot afford 

(Hosoi et al., 2008; Ozcan et al., 2009). 
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Part 4: Insulin enhanced leptin-induced STAT3 signaling by 

inducing GRP78 

4.1. Introduction 

The convergence in the regulation of glucose and energy homeostasis has been 

reported between leptin and insulin. However, the effects of insulin on leptin’s actions 

in the central nervous system (CNS) remain to be clearly understood. Insulin was 

known to induce GRP78 (Inageda, 2010). Based on this, we aimed to investigate the 

function of GRP78 in leptin signaling in insulin-treated neuronal cells. 

 

4.2. Materials and methods  

4.2.1. Reagents 

Human insulin (Humulin®R) was purchased from Eli Lilly and Company (IN).   

 

4.2.2. Cell culture 

As described in 2.2.3.  HEK293T cells were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% (v/v) heat-inactivated fetal calf 

serum at 37°C in humidified 5% CO2/95% air.   

 

4.2.3. RNAi Experiment 

 The transient transfection of siRNA was conducted in SH-SY5Y-ObRb cells and 

HEK293-ObRb cells.  Lipofectamine RNAiMAX (Life Technologies) was used to 

transfect siRNA according to the manufacturer’s guidelines.  Opti-MEM medium was 

used for transfections. We used the following siRNA in the RNAi experiments: 

Silencer® Select Pre-designed (Inventoried) siRNA (Life Technologies, siRNA ID 
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for GRP78: s6980) and Silencer® Select Negative Control siRNA #1 (Life 

Technologies).  The final concentrations of siRNA were 2 and 5 nM.  Cells were 

harvested 72-96 h after transfections. 

 

4.2.4. Plasmid and transfections 

 pcDNA3.1(+)-GRP78/Bip was a gift from Richard C. Austin (Addgene plasmid # 

32701) (Werstuck, G.H. et al. 2006).  A mock plasmid was used as a negative control.  

Human HEK293-ObRb cells were transfected using the calcium phosphate 

transfection method.  A total of 0.5 µg of DNA was used per 35 mm plate.  2xHEPES 

buffered saline (2xHBS) solution (16.4 g NaCl, 11.9 g HEPES, and 0.54 g Na2HPO4, 

per liter, at pH 7.15) was used to precipitate calcium phosphate/DNA.   Briefly, 3 h 

prior to transfection, we changed to fresh medium and a solution containing the 

plasmid and 2.5 mM CaCl2 was added to 2xHBS solution.  Following a 30 min 

incubation at room temperature, the calcium phosphate-plasmid suspension solution 

was added dropwise to the culture dish.  Eight hours after the incubation, culture 

medium was changed to DMEM containing antibiotics.  Cells were harvested 48 h 

after transfections. 

 

4.2.5. Immunoprecipitation and immunoblotting 

 pEFBOS-OBR-Long-MyC, pcDNA3.1(+)-GRP78/Bip and a mock plasmids (a 

negative control) were transfected in HEK293T cells using the calcium phosphate 

transfection method (as described in 4.2.4). 

Myc-ObRb was immunoprecipitated from HEK293T cells after lysis in modified 

RIPA buffer (50 mM Tris pH 7.4, 1% Triton X-100, 1mM EDTA pH 8.0, 0.2% 

sodium dodecylsulfate, 0.2% sodium deoxycholate, 1 mM Na3VO4, 20 mM NaF, 10 
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µg/ml aprotinin, 10 µg/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride).  

Supernatant was incubated with anti-Myc-tag mAb (MBL, M192-3) or mouse IgG 

(MBL, M077-3) for 1 h (15 rotations/min, at 40C), followed by incubation with 

Protein G Magnetic Beads (Life Technologies) for 10 min (15 rotations/min, at 40C).  

The antibody-coupled Dynabeads Protein G was washed 3 times with lysis buffer.  

The immunopricipitates were then treated with Laemmli containing urea (final 8M) 

and DTT (final 100 mM) analyzed by western blotting.   

 

4.2.6. Western blotting analysis  

 As described in 1.2.5.  Additional antibodies used:  

 anti-GRP78 (GL-19) (G8918, Sigma-Aldrich) 

- Blocking: 5 % milk (TBST); 1 h, RT  

- 1st antibody: diluted 1/3, 000 in TBST; overnight 

- Secondary antibody: anti-rabbit, diluted 1/5, 000 in 5% milk (TBST); 1 h 

 anti-Myc-tag mAb (M192-3, MBL) 

- blocking: 3 % milk (PBST); 1h, RT  

- 1st antibody: diluted 1/5, 000 in TBST; five overnight 

- Secondary antibody: anti-rabbit, diluted 1/5, 000 in 3% milk (PBST); 1 h 

 

4.2.7. Statistics 

 A one-way analysis of variance analysis was used with Bonferroni’s post hoc 

analysis for comparison between multiple groups.  A paired t-test was used for 

comparison between two groups.  Significance was defined as a P value. 

 

4.3. Results 
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4.3.1. Insulin induced the phosphorylation of Akt and S6K 

To begin with, we first analyzed insulin-induced signals in our experimental 

conditions.  Insulin activates PI3K and mTOR pathways resulted in its downstream 

activation of Akt and S6K (Czech et al 1999; Takano et al., 2001).  Accordingly, we 

showed that insulin phosphorylated Akt and S6K in SH-SY5Y-ObRb cells (Fig. 14). 

Thus, insulin signaling was functionally activated in the SH-SY5Y-ObRb cell line. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Insulin induced Akt and S6K activation in SH-SY5Y-ObRb cells. 

SH-SY5Y-ObRb cells were exposed to serum-free medium for 20 h and treated with 

insulin (300 nM) for 4 h.  Phospho-Akt (p-Akt:Thr308), Akt, phospho-S6K (p-

S6K:Thr389), and S6K were analyzed by western blotting.  Insulin increased the 

phosphorylation of Akt (Thr308) and S6K (Thr389). A densitometric analysis of 

phospho-Akt (Thr308) and phospho-S6K (Thr389) was performed using image 

analysis software.  Data are expressed as the mean ± S.E. of 4 independent 

experiments (n=4).  * P < 0.05; ** P < 0.01. 
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4.3.2. Insulin enhanced leptin-induced STAT3 activation 

Anti-obesity effects of leptin carry out through the JAK2-STAT3 signaling 

pathway (Vaisse et al., 1996).  Insulin and leptin target the same hypothalamic area in 

order to suppress eating behavior (Brüning et al., 2000); thus, an investigation of the 

interaction between leptin and insulin may provide a fundamental understanding of 

obesity and its related diseases. In the current study, we examined the effects of leptin 

in the presence or absence of insulin.  SH-SY5Y-ObRb cells were changed to a 

serum-free condition 20 h prior to the exposure of cells to insulin (10 and 300 nM, 4 

h).  Leptin was (0.03 µg/ml, 15 min) then stimulated. We showed that the co-

stimulation with insulin and leptin enhanced leptin induced-STAT3 comparing to the 

leptin treatment alone (Fig. 15A). 

At the same time, we also investigated the effect of insulin alone on STAT3 

phosphorylation. SH-SY5Y-ObRb cells were exposed to serum-free medium for 24 h.  

Different concentration of insulin (10, 30, 100 and 300 nM) was added during the last 

15 min. As a result, treatment with insulin alone did not induce phosphorylation of 

STAT3 (Fig. 15B). 

 

 

 

A 

B 
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Figure 15. Insulin enhanced leptin-induced STAT3 phosphorylation in SH-

SY5Y-ObRb cells. 

A. SH-SY5Y-ObRb cells were exposed to serum-free medium for 20 h.  Cells were 

treated with insulin (300 nM) for 4 h, followed by leptin (0.03 µg/ml, 15 min).  

Phospho-STAT3 (p-STAT3:Tyr705) and STAT3 levels were analyzed by Western 

blotting.  A co-stimulation with insulin and leptin enhanced the leptin-induced 

phosphorylation of STAT3.  A densitometric analysis of phospho-STAT3 (p-

STAT3:Tyr705) was performed using image analysis software.  Data are expressed as 

the mean ± S.E. of 4 independent experiments (n=4).  ** P < 0.01. B. SH-SY5Y-

ObRb cells were exposed to serum-free medium for 24 h.  Cells were then treated 

with insulin (10, 30, 100 and 300 nM).  Leptin (0.03 µg/ml, 15 min) was used as a 

positive control. After 15 min, phospho-STAT3 (p-STAT3:Tyr705) and STAT3 

levels were analyzed by western blotting. Insulin did not induce the phosphorylation 

of STAT3 in SH-SY5Y-ObRb cells.  Typical data of 3 independent experiments were 

shown. 

 

4.3.3. Insulin induced GRP78 

 Both leptin and insulin activate PI3K (Carvalheira et al., 2005; Morton et al., 

2005).  The PI3K-mTOR pathway is one of the upstream pathways involved in the 

induction of GRP78 (Pfaffenbach et al., 2012).  Of note, insulin was previously 

reported to increase GRP78 levels via the PI3K-ATF4 pathway (Inageda, 2010).  

These findings suggest that insulin-induced GRP78 may influence the anti-obesity 

effects of leptin. Therefore, we examined the induction of GRP78 by insulin under 

our experimental conditions. SH-SY5Y-ObRb cells were exposed to serum-free 

medium for 20 h and stimulated with insulin (300 nM) for another 4 h.  In accordance 
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with previous finding (Inageda, 2010), we showed that insulin induced GRP78 in the 

SH-SY5Y-ObRb cell model (Fig. 16).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Insulin induced GRP78 expression in SH-SY5Y-ObRb cells. 

SH-SY5Y-ObRb cells were exposed to serum-free medium for 20 h.  Cells were then 

treated with insulin (300 nM) for 4 h.  GRP78 and GAPDH levels were analyzed by 

western blotting.  Insulin induced GRP78 expression levels.  A densitometric analysis 

of GRP78 was performed using image analysis software.  Data are expressed as the 

mean ± S.E. of 4 independent experiments (n=4).  * P < 0.05. 

 

4.3.4. Involvement of GRP78 in insulin-induced enhancements in leptin’s actions 

We next evaluated whether insulin-induced GRP78 is involved in enhancing 

leptin-induced STAT3 activation. To do this, we knocked down GRP78 in insulin-

treated cells and analyzed leptin-induced STAT3 phosphorylation.  Insulin failed to 
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enhance leptin-induced STAT3 activation in GRP78-knocked down cells (Fig. 17).  

Taken together, these results suggest that insulin enhances leptin-induced STAT3 

phosphorylation via the induction of GRP78. 

 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Insulin-mediated enhancements in STAT3 signaling were mediated 

through GRP78 in SH-SY5Y-ObRb cells. 

SH-SY5Y-ObRb cells were transfected with siRNA (5 nM) for 72 h.  Seventy-two 

hours after the transfection, medium was switched to serum-free medium for another 

20 h. Cells were treated with insulin (300 nM) for 4 h followed by leptin (0.03 µg/ml, 

15 min). Phospho-STAT3 (Tyr705), STAT3, GRP78, and GAPDH levels were 

analyzed by Western blotting. A. Leptin-induced STAT3 phosphorylation in insulin-

treated cells was ameliorated in GRP78-knocked down cells.  B. A densitometric 

A 

B 
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analysis of phospho-STAT3 (p-STAT3:Tyr705) and GRP78 was performed using 

image analysis software.  Data are expressed as the mean ± S.E. of 4 independent 

experiments (n=4).  ** P < 0.01. 

 

4.3.5. Knocking down of GRP78 inhibited leptin-induced STAT3 in HEK293-

ObRb cells 

We then examined the role of GRP78 in leptin-induced STAT3 phosphorylation. 

To achieve this, we performed GRP78 knockdown experiments in HEK293-ObRb 

cells.  Cells were transfected with GRP78 siRNA (2 nM) for 72 h.  The expression of 

GRP78 was subjected to a western blotting analysis as an indicator of transfection 

efficacy. We confirmed that GRP78 specific siRNA efficiently inhibited its 

expression in HEK293-ObRb cells (Fig. 18).  Under these conditions, we found that 

the knockdown of GRP78 significantly reduced the leptin-induced phosphorylation of 

STAT3 in the HEK293-ObRb cell line (Fig. 18).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 
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Figure 18. Leptin-induced STAT3 phosphorylation was inhibited by the 

knockdown of GRP78 in HEK293-ObRb cells. 

HEK293-ObRb cells were transfected with siRNA (2 nM) for 72 h.  Seventy-two 

hours after the transfection, cells were treated with leptin (0.5 µg/ml) for 15 min.  

Phospho-STAT3 (Tyr705), STAT3, GRP78, and GAPDH levels were analyzed by 

western blotting. A. Leptin-induced STAT3 phosphorylation was inhibited in GRP78-

knocked down cells.  B. A densitometric analysis of phospho-STAT3 (Tyr705) and 

GRP78 was performed using image analysis software.  Data are expressed as the 

mean ± S.E. of 4 independent experiments (n=4).  * P < 0.05.   

 

4.3.6. Knocking down of GRP78 inhibited leptin-induced STAT3 in SH-SY5Y-

ObRb cells 

We simultaneously investigated the effect of GRP78 knockdown on leptin-

induced signal in SH-SY5Y-ObRb neuronal cellular model. SH-SY5Y-ObRb cells 

were transfected with GRP78 siRNA (5 nM) for 72 h. Seventy-two hours after the 

transfection, medium was switched to serum-free medium for another 24 h followed 

by leptin stimulation (0.03 µg/ml, 15 min). GRP78 expression was inhibited by 

GRP78 specific siRNA (Fig. 19). We found that leptin-induced STAT3 

phosphorylation was also significantly attenuated in GRP78-knockdown- SH-SY5Y-

ObRb cells (Fig. 19). 
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Figure 19. Leptin-induced STAT3 phosphorylation was inhibited by the 

knockdown of GRP78 in SH-SY5Y-ObRb cells. 

SH-SY5Y-ObRb cells were transfected with control or GRP78 siRNAs (5 nM) for 72 

h. Seventy-two hours after the transfection, medium was changed to serum-free 

medium for another 24 h. Cells were treated with leptin (0.03 µg/ml, 15 min).  

Phospho-STAT3 (p-STAT3:Tyr705), STAT3, GRP78, and GAPDH levels were 

analyzed by western blotting. A. Leptin-induced STAT3 phosphorylation was 

attenuated in GRP78-knocked down cells. B. A densitometric analysis of phospho-

STAT3 (p-STAT3:Tyr705) and GRP78 was performed using image analysis 

software.  Data are expressed as the mean ± S.E. of 4 independent experiments (n=4).  

* P < 0.05. 

 

4.3.7. Overexpression of GRP78 enhanced leptin-induced STAT3 in HEK293-

ObRb cells 

A 

B 
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To elucidate the role of GRP78 in leptin-induced STAT3 signaling, we then 

overexpressed GRP78 and analyzed leptin-induced signaling. The GRP78 construct 

was transfected into HEK293-ObRb cells for 48 h and the expression of GRP78 was 

then analyzed. We showed that the transfection of GRP78 increased its levels in 

HEK293-ObRb cells (Fig. 20). We then stimulated this cellular model with leptin and 

analyzed phosphorylation of STAT3. As shown in Figure 20, STAT3 phosphorylation 

was significantly higher in cells overexpressing GRP78 than in mock-transfected 

cells. These results suggest that GRP78 plays an important role in the activation of 

leptin-induced STAT3 signaling.  

 

 
 
 
 
 
 
 

 
  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 20. Overexpression of GRP78 enhanced leptin-induced STAT3 

phosphorylation in HEK293-ObRb cells. 

HEK293-ObRb cells were transfected with a GRP78 construct. Forty-eight hours after 

the transfection, cells were treated with leptin (0.03 µg/ml) for 15 min.  Phospho-

A 

B 



	 51 

STAT3 (p-STAT3:Tyr705), STAT3, GRP78, and GAPDH levels were analyzed by 

western blotting. A. GRP78 construct enhanced leptin-induced STAT3 activation. B. 

A densitometric analysis of phospho-STAT3 (p-STAT3:Tyr705) and GRP78 was 

performed using image analysis software. Data are expressed as the mean ± S.E. of 4 

independent experiments (n=4).  ** P < 0.01. 

 

4.3.8. Clarification the mechanisms of GRP78-modulated leptin signaling 

Having found the important role of GRP78 on leptin-induced signals, as signified 

by the inhibition of leptin-induced phosphorylation of STAT3 in GRP78 knocked 

down cells and the enhancement of leptin-induced STAT3 phosphorylation in 

overexpression of GRP78, we further studied the mechanism of which GRP78 

mediated modulation on leptin signaling.  

We hypothesized the interaction between GRP78 and the long isoform of leptin 

receptor (ObRb).  To achieve this, we performed an immunoprecipitation assay. 

GRP78 and Myc-ObRb constructs were transfected in HEK293T cells. Seventy-two 

hours after the transfection, proteins were extracted and subjected to 

immunoprecipitation with anti-Myc antibody and analyzed GRP78 expression by 

western blotting.  Myc-ObRb and GRP78 constructs increase their expression levels 

(Fig. 21).  Myc-ObRb was efficiently immunoprecipitated (Fig. 21).  Within this 

condition, GRP78 expression level was observed in immunoprecipitates of Myc-

ObRb (Fig. 21).  These results suggested that GRP78 may directly interact with the 

long isoform of leptin receptor ObRb, which lead to modulation of leptin-induced 

signaling.  
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Figure 21. Interaction between GRP78 and long isoform of leptin receptor 

ObRb. 

HEK293T cells were transfected with GRP78 and Myc-ObRb constructs. Seventy-

two hours after the transfection, total cell lysates were immunopecipitated with anti-

Myc tag antibody and analyzed by western bloting with the indicated antibodies. Myc 

was efficiently immunoprecipitated.  GRP78 level was analyzed by western blotting.  

GRP78 directly binds to ObRb leptin receptor. Typical data of 4 independent 

experiments were shown. 

 
4.4. Discussion 

To date, studies on the interaction between adipocyte-derived hormone, leptin, 

and pancreatic hormone insulin, have been more focused on energy homeostasis 

(Carvalheira et al., 2005).  Insulin was previously shown to potentiate leptin-induced 

STAT3 phosphorylation (Carvalheira et al., 2001).  Furthermore, it was reported to 

induce GRP78 and protect against cell death (Inageda, 2010).  Although a relationship 

between insulin and leptin has already been reported (Carvalheira et al., 2005; 

Nazarians-Armavil et a., 2013), the function of GRP78 in leptin signaling has not yet 

been revealed.  In the present study, we investigated the function of GRP78 on leptin-
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induced signaling in insulin-treated neuronal cells, and found that GRP78 plays an 

important role in the leptin-induced phosphorylation of STAT3. 

Leptin and insulin, centrally regulate nutrient homeostasis by suppressing feeding 

desire (Woods et al., 1979; Ahima et al., 1996). Furthermore, the central 

administration of either peptide is known to reduce appetite (Woods et al., 1979; 

Weigle et al., 1995).  Leptin and insulin share the common PI3K molecular pathway.  

In addition to the JAK2-STAT3 pathway, the PI3K pathway is one of the main 

pathways involved in the anti-obesity effects of leptin (Morton et al., 2005; Roman et 

al., 2010). The intracerebroventricular administration of a PI3K inhibitor was 

previously reported to inhibit the effects of leptin on anorexia (Niswender et al., 

2001).  Furthermore, insulin inhibited feeding through IRS-PI3K signaling 

(Niswender et al., 2003).  Another study demonstrated that insulin induces GRP78 

through the PI3K-ATF4 pathway in neuronal cells (Inageda, 2010).  In the present 

study, we found that insulin induced the expression of GRP78, while the inhibition of 

GRP78 expression ameliorated insulin-induced enhancements in leptin-induced 

STAT3 phosphorylation.  Taken together, these results suggest that by inducing 

GRP78, insulin has the ability to enhance leptin-induced STAT3 signaling. 

Furthermore, we found that the knockdown of GRP78 inhibited leptin-induced 

STAT3 phosphorylation, and leptin-induced STAT3 phosphorylation was enhanced 

by its overexpression.  Hence, GRP78 may play an important role in leptin-induced 

STAT3 phosphorylation.  Leptin resistance is a hallmark for obese patients 

(Münzberg and Myers, 2005), while its underlying mechanism are still being 

illustrated in detail.  A saturated fatty acid, palmitate, was shown to induce ER stress 

(Karaskov et al., 2006).  Thus, excess intake of saturated fatty acids may cause ER 

stress and leptin resistance in obesity.  Of importance, insulin contributed to 
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resistance against ER stress (Inageda, 2010).  Therefore, insulin may induce GRP78, 

thereby attenuating ER stress induced-leptin resistance in obesity.  

The mechanism in which GRP78 implicates modulation of leptin-induced signals 

has yet to be determined. Interestingly, we found the direct interaction between 

GRP78 and the long isoform of leptin receptor (ObRb).  Thus GRP78 may bind to the 

long isoform of leptin receptor, leading to an enhancement in leptin induced-STAT3 

signaling pathway.  GRP78 is secreted extracellularly (Arap et al., 2004).  Thus, it 

would be interesting to examine the function of extracellular GRP78 on leptin-

induced signal by using GRP78 neutralizing antibody or recombinant GRP78.  Since 

GRP78 is known to promote tumor proliferation in cancer (Dong et al., 2008), being 

able to develop drug that selectively target extracellular GRP78 will be novel and safe 

therapeutic approach for leptin resistance. 
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Part 5: Conclusion 

In summary, we found in the present study that increased DHAA levels (Thon et 

al., 2016) and excess in SFAs caused ER stress and leptin resistance.  We also found 

that leptin induces GRP78 and protected against ER stress-induced cell death (Thon et 

al., 2014).  Moreover, we showed that insulin enhanced leptin-induced 

phosphorylation of STAT3 might be dependent on GRP78 (Thon et al., 2016).  

Together, we herein to demonstrate the critical function of GRP78 on leptin signaling. 

Once again, ER stress contributes to both leptin and insulin resistance in obesity. 

Thus, interventions that alleviate ER stress, for instance by improving protein folding 

via increasing chaperone capacity, would offer a potential therapeutic approach for 

the amelioration of obesity and ER-stress-related diseases (Fig. 22).  By showing the 

significance of GRP78 and its underlying connection to leptin and insulin our current 

results may be advantageous for a more understanding the regulation of energy 

homeostasis, which may provide useful information for therapeutic interventions for 

obesity. 

 
 
 
 
 
 
 
 
 
Figure 22. A schematic representation of the significant role of GRP78 in 

amelioration of leptin resistance.  

ER stress is one of the mechanisms mediated leptin resistance.  Physiological factors 

that induced leptin resistance also caused ER stress.  Intervention that ameliorate ER 

stress would represent critical approach for the treatment of leptin resistance related to 

obesity. 
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