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Abstract 

Objective:  Adipose tissue plays a central role in the balance of metabolic homeostasis. An 

obese adipocyte is challenged by many insults such as surplus energy, inflammation, insulin 

resistance and considerable stress to endoplasmic reticulum. ER stress has been casually 

linked as one of the contributing factors for increased inflammation and insulin resistance in 

adipocytes. Our aims were to examine: 1) what are the inducers of ER stress in primary 

human adipocytes and 2) whether salicylate can alleviate the ER stress induced by these 

inducers.  

Research Design and Methods: The primary human preadipocytes were cultured and 

differentiated. The differentiated adipocytes were then treated with lipopolysaccharide (LPS), 

high glucose (HG), tunicamycin (Tun) and saturated fatty acids (SFA) either alone or in 

combination with sodium salicylate (Sal). The ER stress pathways activated were studied. 

Results: First we show that there is increased ER stress in obese human adipose tissue by 

measuring ER stress proteins and mRNA. The differentiated primary human adipocytes 

treated with LPS, Tun, HG and SFA showed activation of PERK and ATF6 ER stress 

pathways. This activation was alleviated when adipocytes were treated with LPS, Tun, HG 

and SFA in combination with Sal. 

Conclusions: Here we show that: 1) there is increased ER stress in obese human adipose 

tissue; 2) LPS, HG and SFA induce significant ER stress in primary human adipocytes and 3) 

The ER stress induced by LPS, Tun, HG and SFA is alleviated by Sal in primary human 

adipocytes. 

 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 



Introduction 

Obesity-associated inflammation is a key contributory factor in the pathogenesis of type 2 

diabetes mellitus (T2D) and cardiovascular disease (CVD) but the fundamental mechanisms 

responsible for activating innate immune inflammatory pathways and insulin resistance are 

currently unclear. Murine studies have revealed that one key link between obesity-induced 

inflammation and insulin resistance is increased stress of the endoplasmic reticulum (ER) (1; 

2). The ER is a highly dynamic organelle with a central role in lipid and protein biosynthesis 

(3). The ER is exquisitely sensitive to alterations in homeostasis, and proteins formed in the 

ER may fail to attain correct conformation during pathological nutrient excess. Accumulation 

of misfolded proteins in the ER causes ER stress and activation of a signal called the 

Unfolded Protein Response (UPR) (4). The aim of the UPR is to alleviate ER stress, restore 

ER homeostasis, and prevent cell death. To achieve these goals, the UPR induces several 

coordinated responses, including: 1) a decrease in the arrival of new proteins into the ER by 

translational inhibition; 2) an increase in the amount of ER chaperones; 3) extrusion of 

misfolded proteins and 4) if everything fails then apoptosis is triggered. Factors 

acknowledged to elicit cellular stresses are hyperglycaemia, hyperlipidaemia, viral infections 

and increased protein synthesis; the majority of which are features of obesity and T2D(5; 6). 

The UPR signals through three ER transmembrane sensors:  PKR-like ER-regulated kinase 

(PERK), inositol requiring enzyme1α (IRE1α) and activating transcription factor6 (ATF6) (7-

9). These then activate an adaptive response that results in inhibition of protein translation and 

increase in transcription of protein-folding chaperones and ER-associated degradation genes 

(3; 10). In severe stress, UPR induces apoptosis through several different mechanisms (11). 

ATF6 induces X-box binding protein 1 (XBP1) transcription and IRE1α upon activation 

initiates splicing of XBP1 (XBP1s) mRNA which encodes a transcriptional activator that 

modulates the UPR through regulation of transcription of ER chaperones (12). PERK 



phosphorylates the eukayotic translation initiation factor 2α (eIF2α) (13). Phosphor-eIF2α (p-

eIF2α) then attenuates protein synthesis and reduces ER protein overload(14; 15). This also 

results in increased alternative translation of activation transcription factor4 (ATF4), which 

induces expression of many genes, including those involved in apoptosis: C/EBP homologous 

protein (CHOP) (14; 16-18).Upon activation during UPR, the cytoplasmic domain of ATF6 is 

cleaved and the cleaved N-terminal fragment translocates to nucleus and activates the 

transcription of ER chaperones such as glucose regulated protein (Grp)78/Bip, protein 

disulfide isomerase (PDI), Ero1-Lα and calnexin to augment the ER protein folding capacity 

(1; 2; 9; 10; 19). 

An enhanced level of the UPR is specifically prominent in obese, insulin-resistant human 

adipose tissues (11; 20; 21). ER stress and the UPR are linked to major inflammatory and 

stress-signalling networks, including the activation of JNK and IKK-NFκB pathways and the 

production of reactive oxygen species (ROS) (22). Intriguingly, these are also the pathways 

and mechanisms that play a central role in obesity-induced inflammation and metabolic 

abnormalities (2). High doses of salicylates have been shown to lower blood glucose 

concentrations (23). Yuan et al. (24) have investigated potential mechanisms of these 

hypoglycaemic effects in order to identify potential mediators of insulin resistance and 

molecular targets for intervention. In their study severe obese rodents treated with salicylates 

demonstrated reduced signalling through IKKβ pathway, either by salicylate inhibition or 

decreased IKKβ expression. This was accompanied by improved insulin sensitivity in vivo. 

By inhibiting IKKβ activity salicylates have been shown to inhibit the activation of nuclear 

factor-kB (NF-kB) via inhibition of phosphorylation and degradation of IkBα (25; 26). This 

inhibition of NF-kB may explain some of the clinically documented anti-inflammatory and 

insulin sensitising effects of salicylates. 



Although ER stress, increased adipose tissue inflammation and metabolic dysfunction is 

associated with obesity in rodent models, the importance of ER stress and the potential 

inducers of ER stress in human adipocytes is not known. Therefore, the objective of the 

present study was to firstly show the existence of ER stress in obese human adipose tissue, 

secondly identify the originators of this stress and thirdly demonstrate the role of anti-

inflammatory agent, sodium salicylate (sal) on ER stress components in primary human 

adipocytes. The stromal fractions from human abdominal subcutaneous (AbSc) adipose tissue 

(AT) were cultured and fully differentiated. The differentiated adipocytes were then treated 

with most probable ER stress inducers: lipopolysaccharides (LPS), high glucose (HG), 

tunicamycin (Tun) and saturated fatty acids (SFA) with and without sodium salicylate (Sal). 

The ER stress markers were measured either by immunoblotting or RT-PCR. 

Research Design and Methods 

Subjects. Human Abdominal Subcutaneous (AbSc) adipose tissue (AT) was collected from 

patients (age: 40.75 (mean ± SD) ±4.99yrs; Lean BMI: 22.04±2.56kg/m
2
 and obese BMI 

30±3.5kg/m
2
) undergoing elective or liposuction surgery with informed consent obtained in 

accordance with LREC guidelines and approval. All tissue samples were flash frozen and/or 

utilized for isolation of stromal fraction used for culturing primary human adipocytes as 

detailed (27). In total, 20 human non-diabetic adipose tissue samples were analyzed, which 

were sub-divided into: Lean AbSc (n=10) and Obese AbSc (n=10) based on BMI.  

Cell Culture 

Abdominal subcutaneous adipose tissue was digested with collagenase (Worthington 

Biochemical, Reading, USA) as previously described to isolate mature adipocytes and pre-

adipocytes (28). Firstly, stromal fractions of Human AbdSc AT (BMI 25.04±0.56kg/m
2
; n = 

3-6) were cultured into tissue culture flasks to confluence and then trypsinised to get enough 



cells to carry out the study. The preadipocytes from the same passage were grown in 6-well 

plates to confluence in DMEM/Ham’s F-12 medium containing 10% FCS, penicillin (100 

U/ml), streptomycin (100 µg/ml), and transferrin (5 µg/ml). At confluence, preadipocytes 

were differentiated in preadipocyte differentiation media (Promocell, Germany) containing 

biotin (8 μg/ml), insulin (500 ng/ml), Dexamethasone (400 ng/ml), IBMX (44 μg/ml), L-

Thyroxin (9ng/ml) and Ciglitazone (3μg/ml) for 72 hours. After 72 hours the differentiating 

cells were grown in nutrition media containing DMEM/Ham’s F-12 phenol-free medium 

(Invitrogen, UK), 3% FCS, d-biotin (8 μg/ml), insulin (500 ng/ml) and Dexamethasone (400 

ng/ml) until the cells were fully differentiated (14-18 days). The viability of adipocytes was 

assessed
 
using the trypan blue dye exclusion method as previously documented

 
(Sigma-

Aldrich Corp., Poole, UK) (29). 

Treatments: 

For treatments, fully differentiated adipocytes (day 15) were grown in normal DMEM/Ham’s 

F-12 phenol-free medium containing only 2% serum (detoxification media) for 24 hours to 

remove any effects of growth factors and other components used in nutrition media. The 

treatments were then placed in the fresh detoxification media for 24 hrs. The cells were 

treated with LPS (100ng/ml), tunicamycin (750ng/ml), glucose (25mM): referred as high 

glucose (HG) (sigma-aldrich), saturated fatty acids (SFA) (2mM) and sodium salicylate (Sal) 

(20mM) for 24 hours. SFA was prepared as 40mM stocks by dissolving Stearic Palmitic acid 

Mixture (Fluka) in absolute ethanol and then lyophilising it. The lyophilised SFA was then 

re-constituted in 1 ml 3% BSA (Free-fatty acid free) in Geys Buffer by vortexing and then 

sonicating. The dissolving buffer without SFA was used as control whenever SFA was used 

as treatment. All the data shown in this paper is from 24 hour treatments only. 

Lipid staining of differentiated adipocytes  



Lipid staining was performed using a modified method described elsewhere (2). Briefly, on 

d06, d10, d15 and d18 differentiated adipocytes were
 
washed with PBS, fixed with 10% 

formalin and stained
 
with 2.5% Oil Red O (Gurr Ltd., London, UK) prepared in isopropanol 

for 1 hour at room
 
temperature. Cells

 
were washed with distilled water and viewed with a 

light microscope.
 

Differentiation of preadipocytes was determined by photographic
 

assessment of the accumulation of lipid over time.
 
 

Immunoblotting 

Cells were washed in PBS and harvested in 250 μl of lysis buffer (20 mM Tris-HCl, pH 7.5; 

137 mM NaCl; 1mM EGTA, pH 8; 1% Triton X-100; 10% glycerol; 1.5mM MgCl2) 

containing protease and phosphatase inhibitors (10 mM NaF; 1 mM PMSF; 1 mM sodium 

metavanadate; 5 μg/ml aprotinin; 10 μg/ml leupeptin) and stored at -80˚C until use. 

Homogenized human adipose tissue was extracted using RIPA buffer method (28). Total 

protein was determined by Bradford assay (BioRad, UK). 10-20 μg of protein from cell 

lysates were resolved by SDS-PAGE and transferred to an Immobilon-P membrane 

(Millipore, UK) by electroblotting. The membranes were blocked with 0.2% I-BlockTM 

(Applied Biosystems, UK); 0.1% Tween20 in PBS and probed with primary and secondary 

antibodies. Primary antibodies were: phospho and total Akt, phospho and total eIF2α, 

Bip/GRP78, Calnexin, Protein disulfide isomerase (PDI), Ero1-Lα, phospho-PERK (p-

PERK), IRE1α and β-actin (Cell Signalling Technologies). Antigen-antibody complexes were 

visualized using ECL reagents (Amersham, UK). Scanned autoradiographs were semi-

quantified using 2D densitometry software (GeneTools, UK). The bands were first 

normalised as a function of the loading control (protein of interest/β-actin) or total expression 

of the various proteins (for phosphor proteins) and were then converted to fold change 

compared to the controls. 



Extraction of RNA and Quantitative RT-PCR:  

To characterize gene expression, RNA was extracted from (RNeasy Lipid Tissue Mini Kit, 

Qiagen) adipocytes, according to manufacturers’ instructions. Following DNase treatment 

and reverse transcription, mRNA expression levels were determined using an ABI 7500 Real-

time PCR Sequence Detection system (30). Pre-optimized quantitative primer and probe 

sequences for genes were utilized (Applera, Cheshire, UK). All reactions were multiplexed 

with the housekeeping gene r18S, provided as a pre-optimized control probe (Applera), 

enabling data to be expressed in relation to an internal reference to allow for differences in 

relative threshold efficiency. Data was obtained as cycle threshold (Ct) values according to 

the manufacturer’s guidelines (the cycle number at which logarithmic PCR plots cross a 

calculated threshold line) and used to determine ΔCt values (ΔCt=Ct of 18S housekeeping 

gene subtracted from Ct of gene of interest). Measurements were carried out on at least three 

occasions for each sample. To exclude potential bias due to averaging, data has been 

transformed through the Power equation 2
-ΔΔCt

, all statistics were performed at this stage.  

Statistical analysis.  

Data in the text and figures are presented as mean ± standard error of mean (SEM) of at least 

three independent experiments performed in triplicates to ensure reproducibility. Students t test 

was used to compare values between two groups unless stated otherwise.  P values <0.05 were 

considered to represent statistically significant differences.  

RESULTS 

ER stress markers are up-regulated in obese human AbSc AT compared to lean 

Protein expression of the ER stress markers was measured in 4 obese and 4 lean human AbSc 

AT. We first examined the p-PERK and IRE1α protein levels which are the regulators of two 



important ER stress pathways. The p-PERK expression was increased in obese subjects but 

was not significant while the expression of IRE-1α was significantly increased in obese 

compared to lean (Fig. 1A). Then we examined the mRNA expression of the ATF6 which is 

the regulator of third ER stress pathway. The ATF6 protein was difficult to detect because the 

antibodies tried against ATF6 failed to detect either of the two bands (cleaved and uncleaved) 

and were not claen. Previously, it has been shown by Namba et al. (31) that up-regulation of 

ATF6 mRNA expression is involved in enhancing ER stress response and is a good marker 

for ATF6 ER stress pathway. Therefore, we looked at the mRNA expression of ATF6 from 

AbSc AT of 10 lean and 10 obese subjects. Indeed the mRNA expression of ATF6 was 

significantly higher (8 fold) in obese subjects (ΔCt=07.36±1.47) compared to lean 

(ΔCt=10.57±1.13) (p<0.001) (Fig. 1B). Therefore, all the three know UPR pathways are up-

regulated in AbSc AT of obese compared to lean as shown by others(11; 20; 21). 

Then we measured the expression of down-stream targets of the above described pathways. 

The expression of chaperone proteins Grp78/Bip1, Calnexin, PDI and Ero1-Lα were all 

significantly increased in AbSc AT of obese subjects (Fig. 1A). The protein expression was 

measured by normalising against β-actin. Even though the sample number is very less, the 

data presented is very consistent and also the up-regulation of ER stress markers in obese 

AbSc AT has been shown by 3 different groups with higher sample sizes (11; 20; 21). This 

observation is only a prelude to the rest of the study.  

Sal down-regulates PERK and ATF6 pathways up-regulated by LPS, Tun, HG and SFA 

in fully differentiated primary human adipocytes 

Proximal events for the UPR include the activation of ER-resident signaling molecules such 

as PERK and ATF6 in order to initiate transcriptional and translational programs that 

alleviate ER stress. To determine the origins of ER stress in human adipocytes, stromal 



fractions from human AbSc AT were cultured and differentiated into adipocytes (Fig. 2A) 

and these primary adipocytes were then treated with most probable factors elevated in obesity 

such as LPS, HG and SFA for 24 hours. Tun which is a known inducer of ER stress in almost 

all the cellular systems studied so far was used as a positive control. First we examined the 

activation () of down-stream-target of p-PERK, i.e., p-eIF2α. Interestingly, LPS, Tun, HG 

and SFA all of them significantly induced the p-eIF2α expression compared to cells treated 

just with the solvent of these substrates (controls) (Fig. 2B and C). We were also interested in 

looking at the effect of Sal on this pathway. Sal significantly down-regulated the expression 

of p-eIF2α in adipocytes treated with LPS, Tun, HG and SFA in combination with Sal (Fig. 

2B and C). This provides first strong evidence that LPS, HG and SFA activate PERK 

pathway while Sal alleviates this activation in cultured primary human adipocytes. 

Then we examined the effect of these treatments on ATF6 mRNA expression levels. The 

ATF6 mRNA level was also significantly increased in the cells treated with LPS, HG and 

Tun (Fig. 2D). It was not significant in SFA treated cells. Sal again significantly down-

regulated ATF6 mRNA levels in adipocytes treated with LPS, HG and Tun in combination 

with Sal (Fig. 2D). ATF6 mRNA expression was significantly down-regulated in cells treated 

with Sal alone. Sal also down-regulated ATF6 mRNA expression in SFA treated cells but it 

wasn’t significant (Fig. 2D). 

Down-stream targets of PERK and ATF6 pathway are up-regulated by LPS, Tun, HG 

and SFA: Sal alleviates ER stress response 

Protein chaperones and down-stream targets of PERK and ATF6 pathways either protein or 

mRNA expression levels were measured in the adipocytes treated with LPS, Tun, HG, SFA 

alone or in combination with Sal. ER resident proteins such as Grp78/BiP, calnexin, PDI and 

Ero1-Lα act as molecular chaperones to promote proper folding and/or prevent aggregation 



of folding intermediates. UPR is induced when Grp78/Bip expression is induced and the 

PERK, ATF6 and IRE1α which are bound to Grp78/Bip, dissociate and are activated (1). 

Therefore, we first examined the protein expression of Grp78/Bip which is a down-stream 

target of ATF6.  Grp78/Bip was significantly increased in Tun and SFA treated cells only 

(Fig. 3A and B). There was an increase in LPS treated cells but the increase wasn’t 

significant. HG didn’t have any effect on Grp78/Bip expression. Sal significantly down-

regulated the expression of Grp78/Bip in Tun and SFA treated cells (Fig. 3A and B). Another 

protein chaperone calnexin was significantly up-regulated by LPS, Tun, HG and SFA (Fig. 3 

C and D). Sal significantly down-regulated the calnexin expression in the adipocytes treated 

with LPS, Tun, HG and SFA (Fig. 3 C and D). Sal alone also significantly suppressed the 

calnexin expression compared to the controls. 

mRNA expression of other protein chaperones PDI and Ero1-Lα was measured. mRNA 

expression of both these ER stress markers were significantly increased by LPS, Tun, HG and 

SFA (Fig. 3 E and F). Sal again significantly down-regulated the expressions of these 

chaperones in the adipocytes treated in combination with Sal. Only PDI wasn’t significantly 

suppressed by sal in HG treated cells. Sal alone significantly down-regulated PDI mRNA 

expression levels (Fig. 3E). 

Signalling through PERK, ATF6 and IRE1α can induce pro-apoptotic signals during extreme 

ER stress. They do this by activating down-stream targets such as CHOP. Therefore, we 

examined the mRNA expression of ER stress-induced apoptotic transcription factor CHOP or 

GADD153 in LPS, Tun, HG and SFA treated primary adipocytes. All these treatments 

significantly increased the CHOP expression (at least 2-folds) (Fig. 3G). Interestingly, Sal 

significantly down-regulated CHOP expression induced by LPS, tun, HG and SFA (Fig. 3G). 

Salicylate induces p-AktSer473 



Hu et al. (32) have reported transient activation of Akt in ER-induced apoptosis and  p-Akt 

(Ser473), is also an important member of insulin signalling pathway and helps in increasing 

glucose transport and overall insulin sensitivity of the cell. Therefore, we examined Akt 

activation by measuring p-AktSer473 levels in the adipocytes treated with LPS, Tun, HG and 

SFA and also in combination with Sal. Interestingly, LPS, Tun and HG significantly induced 

p-AktSer473 levels compared to controls. There was further significant induction by Sal in 

adipocytes treated with LPS, Tun, HG and SFA (Fig. 4 A and B). Sal alone also significantly 

increased p-AktSer473 levels (Fig. 4 A and B). 

DISCUSSION 

Adipose tissue plays a central role in the balance of metabolic homeostasis. An obese 

adipocyte is challenged by many insults such as surplus energy, inflammation, insulin 

resistance and considerable stress to various organelles. ER is one such organelle which 

shows significant signs of stress and has been casually linked as one of the contributing 

factors for increased inflammation which could then lead to insulin resistance. Our first aim 

was to show the existence of ER stress in human adipose tissue, specifically, obese adipose 

tissue and then to look for the factors which might be responsible for origin of this stress in 

cultured fully differentiated primary human adipocytes (Fig. 2A). Also, salicylates have been 

shown to reduce inflammation and induce insulin sensitivity, therefore, here we also show 

that salicylates have an effect on ER stress signalling. The results of the present study 

demonstrate that firstly, there is increased ER stress in obese AbSc AT, secondly, the factors 

inducing this response could be LPS, hyperglycaemia and SFA, thirdly this stress response is 

alleviated by salicylates and could contribute to increased insulin sensitivity in adipocytes. 

We first examined the ER stress protein markers in lean and obese human AbSc AT and 

found that most of the ER stress markers were significantly elevated in obese AbSc AT. The 



IRE1α and ATF6 expression levels were significantly increased in obese AbSc AT. The p-

PERK was also increased but the increase was not significant. This observation confirms the 

three studies carried out on human adipose tissue (11; 20; 21). PERK, ATF6 and IRE1α play 

a central role in UPR signalling. Upon activation these induce the expression of protein 

chaperones for the proper folding of the protein and protein complexes (33) (34). The protein 

chaperones Grp78/Bip, Calnexin, Ero1-Lα and PDI were all significantly up-regulated in 

obese human AbSc AT compared to lean AbSc AT (Fig. 1A). Increased expression of PDI 

and calnexin confirms the earlier observation made by Boden et al.(20).  

To identify the factors responsible for inducing ER stress in human adipose tissue we 

cultured stromal fraction isolated from human adipose tissue and then differentiated them. 

The differentiated adipocytes were then treated with LPS, Tun, HG and SFA with and 

without salicylate. LPS (or endotoxin) (35), hyperglycaemia (36)and free fatty acids 

(FFA)(37; 38) have all been shown to be elevated in blood during obesity and have been 

linked to increased inflammation and insulin resistance and therefore, were investigated as 

possible factors for inducing ER stress in human adipocytes. Tunicamycin is a well known 

ER stress inducer and therefore was used as a positive control. Our data clearly demonstrates 

that LPS, Tun, HG and SFA activate the PERK pathway. This activation was measured by 

looking at the expression levels of p-eIF2α, a down-stream target of PERK which was 

significantly increased in LPS, Tun, HG and SFA treated adipocytes.  PERK is activated in 

response to accumulation of misfolded proteins in the ER, reducing the rate of protein 

synthesis through eIF2α phosphorylation at ser51 to assure proper protein folding (14; 15). 

This also induces the transcription of protein chaperones. P-eIF2α activation was totally 

eliminated when the above treatments were given in combination with salicylate. This 

observation contradicts another study in promonocytic cell line THP-1 where salicylate and 

aspirin have been shown to induce eIF2α phosphorylation and hence protein synthesis 



attenuation (39).One explanation could be, in that study the cells were exposed to salicylates 

or aspirin for a very short time, a maximum of 3 hours for salicylate and 6 hrs for aspirin 

while our observations are based on 24 hrs exposure or it could be a cell specific response. 

Our observation is further supported by showing the significant increase in expression of 

protein chaperones, specifically CHOP by LPS, Tun, HG and SFA and this induction is 

significantly down-regulated by Sal. Other studies have shown that to up-regulate CHOP 

transcription the PERK-eIF2α-ATF4 branch of the UPR is essential (17). 

Modification of ATF6 protein is important for the ER stress response. ER stressors stimulate 

the cleavage of ATF6 by Site-1 protease (S1P) and Site-2 protease (S2P) into p50-ATF6, 

which acts as a transcription factor. Namba et al. (31)   have shown that all of the ER 

stressors they tested (such as thapsigargin and tunicamycin) up-regulated ATF6 mRNA 

expression and the cells over-expressing ATF6 mRNA showed enhanced ER stress response. 

Indeed the adipocytes treated with tunicamycin, in this study showed highly significant 

induction of ATF6 mRNA expression compared to the controls. Therefore, up-regulation of 

ATF6 mRNA expression could be used as an indicator for activation of ATF6 pathway. LPS 

and HG also induced ATF6 mRNA expression significantly while SFA did induce some 

expression but it was not significant. Salicylate significantly down-regulated the ATF6 

mRNA expression induced by LPS, Tun and HG. Induction of ATF6 pathway is supported by 

the increase in expression of protein chaperones up-regulated by ATF6. The protein 

chaperones calnexin, PDI, Ero1-Lα and CHOP expression were induced in adipocytes treated 

with LPS, Tun, HG and SFA. Sal again helps in alleviating ER stress by down-regulating 

both the PERK as well as ATF6 pathways. 

The most interesting observation was of Grp78/Bip expression with these treatments. The 

Grp78/Bip expression was significantly increased only by Tun and SFA which was down-

regulated by Sal. LPS did show activation but it wasn’t significant. Despite considerable 



activation of the UPR, HG did not induce Bip/Grp78 expression. Zhang et al. (40) have made 

the same observations in INS-1 pancreatic β-cells treated with high glucose (30mM). The 

reason for this is not yet known and would be interesting to investigate further, even more so 

because Bertolotti et al. (41) have shown that PERK is found in a complex with Bip/Grp78 in 

cells without ER stress conditions and is inactive. In order to activate eIF2α, it must 

dissociate from Bip/Grp78 under UPR condition and we have clearly shown that the p-eIF2α 

and its down-stream target CHOP are activated by HG. It is quite possible that another 

mechanism exists for PERK activation under hyperglycaemic condition. 

We were also interested in investigating whether these UPR inducing factors would have 

effect on p-AktSer473 levels. Interestingly, p-AktSer473 was induced by LPS, Tun and HG 

while SFA had no effect. This is not a unique observation, Hu et al. (32) have reported 

transient activation of Akt during ER stress, induced by the thapsigargin and tunicamycin in 

MCF-7 cells. They have also shown blocking Akt activity sensitised MCF-7 cells to ER 

stress-induced apoptosis, suggesting that Akt activation is a pro-survival pathway activated 

during ER stress. Ho et al. (42) have also shown Akt activation under hyperglycaemic 

condition (33mM Glucose) in human umbilical vein endothelial cells (HUVECs) within 24 

hrs. (31)Similar observation has been made in LPS treated THP-1 cells (43). The adpocytes 

treated with salicylate alone or in combination induced p-AktSer473 significantly, at least 

two fold higher than LPS or HG alone. This could be because of the anti-inflammatory and 

insulin sensitising effect of salicylates where it inhibits the activation of nuclear factor-kB 

(NF-kB) via inhibition of phosphorylation and degradation of IkBα (25; 26).  

Salicylate is an interesting molecule and in our study we have demonstrated that it 

successfully alleviates ER stress induced by LPS, HG and SFA. From this study we could 

also deduce that it has alleviating effect on at least two of the three ER stress pathways, 

namely, the PERK and the ATF6.We haven’t investigated the IRE1α pathway yet and is the 



objective of our future study. The mechanism by which salicylate ameliorates ER stress is 

unknown. One of the possible mechanisms could be the one demonstrated by Yuan et al. (24) 

in liver and skeletal muscle tissues of rodents. They and others have shown that sodium 

salicylate and its acetylated form aspirin can inhibit the activation of NF-kB by preventing 

the phosphorylation and subsequent degradation of IkBα by down-regulating IkB kinase β 

(IKKβ) (24; 44). This mechanism will only be true if the ER stress induced by LPS, HG and 

SFA was the result of increased inflammation at the first place. We still don’t understand 

whether ER stress is the result of increased inflammation or vice versa. Probably, 

investigation of IRE1α pathway will shed some more light for a possible mechanism.  

In conclusion this manuscript answers two main issues: 1) what are the inducers of ER stress 

in human adipocytes and 2) whether salicylate can alleviate the ER stress induced by these 

inducers. We have clearly demonstrated that LPS, HG and SFA induce significant ER stress 

in primary human adipocytes specifically the PERK and ATF6 pathways and salicylate fully 

alleviates this stress. In addition, salicylate also induces insulin sensitivity by activating Akt. 

Future studies should look at the role of IRE1α pathway by these inducers and also the effect 

of salicylates on this pathway. It would also be interesting to understand the mechanism 

involving Bip/Grp78 under hyperglycaemic condition. Role of salicylates as a suppressor of 

ER stress also needs further investigation.  

 

Acknowledgements 

We would like to thank Research Council UK for supporting GT. We would also like to 

thank Govt. Of UAE for funding SAA. ALH is funded by British Heart Foundation UK.  

 

 

 

 



References 

1. Hotamisligil GS: Endoplasmic reticulum stress and inflammation in obesity and type 2 diabetes. 
Novartis Found Symp 286:86-94; discussion 94-88, 162-163, 196-203, 2007 
2. Gregor MG, Hotamisligil GS: Adipocyte stress: The endoplasmic reticulum and metabolic disease. J 
Lipid Res, 2007 
3. Ozcan U, Cao Q, Yilmaz E, Lee AH, Iwakoshi NN, Ozdelen E, Tuncman G, Gorgun C, Glimcher LH, 
Hotamisligil GS: Endoplasmic reticulum stress links obesity, insulin action, and type 2 diabetes. 
Science 306:457-461, 2004 
4. Harding HP, Calfon M, Urano F, Novoa I, Ron D: Transcriptional and translational control in the 
Mammalian unfolded protein response. Annu Rev Cell Dev Biol 18:575-599, 2002 
5. Cnop M, Welsh N, Jonas JC, Jorns A, Lenzen S, Eizirik DL: Mechanisms of pancreatic beta-cell death 
in type 1 and type 2 diabetes: many differences, few similarities. Diabetes 54 Suppl 2:S97-107, 2005 
6. Nakatani Y, Kaneto H, Kawamori D, Yoshiuchi K, Hatazaki M, Matsuoka TA, Ozawa K, Ogawa S, Hori 
M, Yamasaki Y, Matsuhisa M: Involvement of endoplasmic reticulum stress in insulin resistance and 
diabetes. J Biol Chem 280:847-851, 2005 
7. Kim I, Xu W, Reed JC: Cell death and endoplasmic reticulum stress: disease relevance and 
therapeutic opportunities. Nat Rev Drug Discov 7:1013-1030, 2008 
8. Malhotra JD, Miao H, Zhang K, Wolfson A, Pennathur S, Pipe SW, Kaufman RJ: Antioxidants reduce 
endoplasmic reticulum stress and improve protein secretion. Proc Natl Acad Sci U S A 105:18525-
18530, 2008 
9. Scheuner D, Kaufman RJ: The unfolded protein response: a pathway that links insulin demand with 
beta-cell failure and diabetes. Endocr Rev 29:317-333, 2008 
10. van der Kallen CJ, van Greevenbroek MM, Stehouwer CD, Schalkwijk CG: Endoplasmic reticulum 
stress-induced apoptosis in the development of diabetes: is there a role for adipose tissue and liver? 
Apoptosis 14:1424-1434, 2009 
11. Gregor MF, Yang L, Fabbrini E, Mohammed BS, Eagon JC, Hotamisligil GS, Klein S: Endoplasmic 
reticulum stress is reduced in tissues of obese subjects after weight loss. Diabetes 58:693-700, 2009 
12. Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K: XBP1 mRNA is induced by ATF6 and spliced 
by IRE1 in response to ER stress to produce a highly active transcription factor. Cell 107:881-891, 
2001 
13. Harding HP, Zhang Y, Ron D: Protein translation and folding are coupled by an endoplasmic-
reticulum-resident kinase. Nature 397:271-274, 1999 
14. Harding HP, Novoa I, Zhang Y, Zeng H, Wek R, Schapira M, Ron D: Regulated translation initiation 
controls stress-induced gene expression in mammalian cells. Mol Cell 6:1099-1108, 2000 
15. Harding HP, Zhang Y, Bertolotti A, Zeng H, Ron D: Perk is essential for translational regulation and 
cell survival during the unfolded protein response. Mol Cell 5:897-904, 2000 
16. Fawcett TW, Martindale JL, Guyton KZ, Hai T, Holbrook NJ: Complexes containing activating 
transcription factor (ATF)/cAMP-responsive-element-binding protein (CREB) interact with the 
CCAAT/enhancer-binding protein (C/EBP)-ATF composite site to regulate Gadd153 expression during 
the stress response. Biochem J 339 ( Pt 1):135-141, 1999 
17. Szegezdi E, Logue SE, Gorman AM, Samali A: Mediators of endoplasmic reticulum stress-induced 
apoptosis. EMBO Rep 7:880-885, 2006 
18. van Huizen R, Martindale JL, Gorospe M, Holbrook NJ: P58IPK, a novel endoplasmic reticulum 
stress-inducible protein and potential negative regulator of eIF2alpha signaling. J Biol Chem 
278:15558-15564, 2003 
19. Gregor MF, Hotamisligil GS: Thematic review series: Adipocyte Biology. Adipocyte stress: the 
endoplasmic reticulum and metabolic disease. J Lipid Res 48:1905-1914, 2007 
20. Boden G, Duan X, Homko C, Molina EJ, Song W, Perez O, Cheung P, Merali S: Increase in 
endoplasmic reticulum stress-related proteins and genes in adipose tissue of obese, insulin-resistant 
individuals. Diabetes 57:2438-2444, 2008 



21. Sharma NK, Das SK, Mondal AK, Hackney OG, Chu WS, Kern PA, Rasouli N, Spencer HJ, Yao-
Borengasser A, Elbein SC: Endoplasmic reticulum stress markers are associated with obesity in 
nondiabetic subjects. J Clin Endocrinol Metab 93:4532-4541, 2008 
22. Hotamisligil GS: Inflammation and metabolic disorders. Nature 444:860-867, 2006 
23. Baron SH: Salicylates as hypoglycemic agents. Diabetes Care 5:64-71, 1982 
24. Yuan M, Konstantopoulos N, Lee J, Hansen L, Li ZW, Karin M, Shoelson SE: Reversal of obesity- 
and diet-induced insulin resistance with salicylates or targeted disruption of Ikkbeta. Science 
293:1673-1677, 2001 
25. Kopp E, Ghosh S: Inhibition of NF-kappa B by sodium salicylate and aspirin. Science 265:956-959, 
1994 
26. Pierce JW, Read MA, Ding H, Luscinskas FW, Collins T: Salicylates inhibit I kappa B-alpha 
phosphorylation, endothelial-leukocyte adhesion molecule expression, and neutrophil 
transmigration. J Immunol 156:3961-3969, 1996 
27. McTernan PG, McTernan CL, Chetty R, Jenner K, Fisher FM, Lauer MN, Crocker J, Barnett AH, 
Kumar S: Increased resistin gene and protein expression in human abdominal adipose tissue. J Clin 
Endocrinol Metab 87:2407, 2002 
28. Harte AL, McTernan PG, McTernan CL, Crocker J, Starcynski J, Barnett AH, Matyka K, Kumar S: 
Insulin increases angiotensinogen expression in human abdominal subcutaneous adipocytes. 
Diabetes Obes Metab 5:462-467, 2003 
29. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC: Homeostasis model 
assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin 
concentrations in man. Diabetologia 28:412-419, 1985 
30. Anderson LA, McTernan PG, Barnett AH, Kumar S: The effects of androgens and estrogens on 
preadipocyte proliferation in human adipose tissue: influence of gender and site. J Clin Endocrinol 
Metab 86:5045-5051, 2001 
31. Namba T, Ishihara T, Tanaka K, Hoshino T, Mizushima T: Transcriptional activation of ATF6 by 
endoplasmic reticulum stressors. Biochem Biophys Res Commun 355:543-548, 2007 
32. Hu P, Han Z, Couvillon AD, Exton JH: Critical role of endogenous Akt/IAPs and MEK1/ERK 
pathways in counteracting endoplasmic reticulum stress-induced cell death. J Biol Chem 279:49420-
49429, 2004 
33. Eizirik DL, Cardozo AK, Cnop M: The role for endoplasmic reticulum stress in diabetes mellitus. 
Endocr Rev 29:42-61, 2008 
34. Gething MJ, Sambrook J: Protein folding in the cell. Nature 355:33-45, 1992 
35. Cani PD, Neyrinck AM, Fava F, Knauf C, Burcelin RG, Tuohy KM, Gibson GR, Delzenne NM: 
Selective increases of bifidobacteria in gut microflora improve high-fat-diet-induced diabetes in mice 
through a mechanism associated with endotoxaemia. Diabetologia 50:2374-2383, 2007 
36. Belfiore F, Iannello S, Camuto M, Fagone S, Cavaleri A: Insulin sensitivity of blood glucose versus 
insulin sensitivity of blood free fatty acids in normal, obese, and obese-diabetic subjects. Metabolism 
50:573-582, 2001 
37. Boden G: Free fatty acids and insulin secretion in humans. Curr Diab Rep 5:167-170, 2005 
38. Reinehr T, Kiess W, Kapellen T, Andler W: Insulin sensitivity among obese children and 
adolescents, according to degree of weight loss. Pediatrics 114:1569-1573, 2004 
39. Silva AM, Wang D, Komar AA, Castilho BA, Williams BR: Salicylates trigger protein synthesis 
inhibition in a protein kinase R-like endoplasmic reticulum kinase-dependent manner. J Biol Chem 
282:10164-10171, 2007 
40. Zhang L, Lai E, Teodoro T, Volchuk A: GRP78, but Not Protein-disulfide Isomerase, Partially 
Reverses Hyperglycemia-induced Inhibition of Insulin Synthesis and Secretion in Pancreatic {beta}-
Cells. J Biol Chem 284:5289-5298, 2009 
41. Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D: Dynamic interaction of BiP and ER 
stress transducers in the unfolded-protein response. Nat Cell Biol 2:326-332, 2000 



42. Ho FM, Lin WW, Chen BC, Chao CM, Yang CR, Lin LY, Lai CC, Liu SH, Liau CS: High glucose-induced 
apoptosis in human vascular endothelial cells is mediated through NF-kappaB and c-Jun NH2-
terminal kinase pathway and prevented by PI3K/Akt/eNOS pathway. Cell Signal 18:391-399, 2006 
43. Patel TR, Corbett SA: Simvastatin suppresses LPS-induced Akt phosphorylation in the human 
monocyte cell line THP-1. J Surg Res 116:116-120, 2004 
44. Yin MJ, Yamamoto Y, Gaynor RB: The anti-inflammatory agents aspirin and salicylate inhibit the 
activity of I(kappa)B kinase-beta. Nature 396:77-80, 1998 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure Legends 

Fig.1: Expression of ER stress markers. (A) Protein expression levels of ER stress markers: 

p-PERK, IRE1α, Grp78/Bip, Calnexin, PDI, Ero1-Lα and β-actin(loading control) in lean 

(n=4) vs. Obese (n=4) human AbSc AT. The protein expression was determined from whole 

AT lysate by western blot. (B) mRNA expression ATF6 in human AbSc AT, Lean vs Obese: 

both n=10. mRNA was determined by qRT-PCR. In the bar figure, values are the mean±SEM 

(n=4). *p<0.05, **p<0.01 and ***p<0.001 by Student’s t-test. 

Fig.2: Primary human adipocytes culture and ER stress pathway expression studies from 

treated cells treated with LPS, Tun, HG and SFA either alone or in combination with Sal. (A) 

Oil red o stained lipid droplets in fully differentiated primary human adipocytes. (B) p-eIF2α 

in LPS and Tun treated cells either alone or in combination with Sal. (C) p-eIF2α in HG and 

SFA treated cells either alone or in combination with Sal. B and C were measured by western 

blot. (D) mRNA expression ATF6 in adipocytes treated with LPS, Tun, HG and SFA either 

alone or in combination with Sal. mRNA was determined by qRT-PCR. In the bar figure, 

values are the mean±SEM (n=3). *p<0.05, **p<0.01 and ***p<0.001 by Student’s t-test. 

Fig. 3: Expression of ER stress Chaperones. (A) Protein expression levels of Grp78/Bip in 

LPS and Tun treated cells either alone or in combination with Sal. (B) Protein expression 

levels of Grp78/Bip in HG and SFA treated cells either alone or in combination with Sal. (C) 

Protein expression levels of Calnexin in LPS and Tun treated cells either alone or in 

combination with Sal. (D) Protein expression levels of Calnexin in HG and SFA treated cells 

either alone or in combination with Sal. (E) mRNA expression PDI in adipocytes treated with 

LPS, Tun, HG and SFA either alone or in combination with Sal. (F) mRNA expression Ero1-

Lα in adipocytes treated with LPS, Tun, HG and SFA either alone or in combination with Sal. 

(G) mRNA expression CHOP in adipocytes treated with LPS, Tun, HG and SFA either alone 



or in combination with Sal. mRNA was determined by qRT-PCR. In the bar figure, values are 

the mean±SEM (n=3). *p<0.05, **p<0.01 and ***p<0.001 by Student’s t-test. 

Fig.4: Expression of p-AktSer473. (A) Protein expression levels of p-AktSer473 in LPS and 

Tun treated cells either alone or in combination with Sal. (B) Protein expression levels of p-

AktSer473 in HG and SFA treated cells either alone or in combination with Sal. Protein 

expression was measured by western blot. In the bar figure, values are the mean±SEM (n=3). 

*p<0.05, **p<0.01 and ***p<0.001 by Student’s t-test. 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 


