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Abstract: Context:  Dysfunctional ER and mitochondria are known to contribute to the pathology
of metabolic disease. This damage may occur, in part, as a consequence of ER-
mitochondria cross-talk in conditions of nutrient excess such as obesity. To date insight
into this dynamic relationship has not been characterised in adipose tissue. Therefore,
this study investigated whether ER stress contributes to the development of
mitochondrial inefficiency in human adipocytes from lean and obese participants.
 
Methods:  Human differentiated adipocytes from Chub-S7 cell line and primary
abdominal subcutaneous adipocytes from lean and obese participants were treated
with tunicamycin to induce ER stress. Key parameters of mitochondrial function were
assessed, including mitochondrial respiration, membrane potential (MMP) and
dynamics.
 
Results:  ER stress led to increased respiratory capacity in a model adipocyte system
(Chub-S7 adipocytes) in a concentration and time dependent manner (24hr: 23%;
48hr: 68%, (p<0.001); 72hr: 136%, (p<0.001)). This corresponded with mitochondrial
inefficiency and diminished MMP, highlighting the formation of dysfunctional
mitochondria. Morphological analysis revealed reorganisation of mitochondrial network,
specifically mitochondrial fragmentation. Furthermore, p-DRP1, a key protein in fission,
significantly increased (p<0.001). Additionally, adipocytes from obese subjects
displayed lower basal respiration (49%¯,  p<0.01) and were unresponsive to
tunicamycin in contrast to their lean counterparts, demonstrating inefficient
mitochondrial oxidative capacity.
 
Conclusion:  These human data suggest that adipocyte mitochondrial inefficiency is
driven by ER stress and exacerbated in obesity. Nutrient excess induced ER stress
leads to mitochondrial dysfunction that may therefore shift lipid deposition ectopically
and thus have further implications on the development of related metabolic disorders.
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Reviewer Comments: 
Reviewer 1: In this revised version, the authors addressed the reviewers' comments, 
essentially by improving the statistical analysis, providing new data and adding discussion 
points, which overall improved the quality of the manuscript. While these efforts are 
appreciated, a few concerns have not been fully addressed yet. 
 
1- Even though the authors inform about the number of biological replicates in the materials 
and methods section, the n number in the figure legends often refers to the number of wells 
(for example, in Fig. 3: "N=9 and n=10 refer to the wells, and we completed the experiment 
three independent times"). While individual data points could be shown in the figure, it is 
important that statistics are performed using the number of biological replicates, and not 
individual points. The statistics modalities (statistical test, n number) should be clearly 
stated for each figure legend to avoid confusion. 
 
Thank you for the comment. We have revised legends to state number of biological 
replicates, not individual points. 
 
2- As another example of statistics inconsistency, it is stated in the abstract that "ER stress 
led to increased respiratory capacity in a model adipocyte system (Chub-S7 adipocytes) in a 
concentration and time dependent manner (24hr: 23%, (p<0.05); 48hr: 68%, (p<0.01); 72hr: 
136%, (p<0.01))". However, according to Fig. 2, there is no statistical difference after 24h. 
The authors should be more rigorous in reporting their data. 
 
Thank you for pointing this out. We have amended the abstract to reflect the significant 
difference detailed in the figure. 
 
3- Fig. 8: While the study using adipocytes derived from patients is interesting, it raises 
several questions to be discussed: 
Assuming that an adipogenesis defect is not causing the difference in OCR between 
adipocytes derived from lean patients and the ones derived from obese patients (despite 
abundant literature suggesting the opposite) through careful selection of primary cells 
reaching comparable degrees of differentiation (which would be helpful to provide as 
supplementary data), what is the reason for lower basal respiration in adipocytes from 
obese subjects? 
 
Limited oxidative capacity in white adipocytes has long been a hallmark of both human and 
rodent obesity [1,2], and thus it is not a phenomenon that we have revealed. It was 
previously thought that this could be an inherent function of adipocyte hypertrophy in 
obesity, however recent studies have shown that OXPHOS capacity decreases with obesity 
irrespective of the fat cell size of the donor [3,4]. 

Mechanistically there are a number of reasons the oxidative capacity could be 
reduced in adipocyte/adipose tissue obesity. Firstly, there is evidence for reduced levels of 
complex I and IV components of the ETC in obesity, resulting in decreased mitochondrial 
respiration [4]. As such, these authors theorised that the reduced oxidative capacity indicate 
inadequate respiratory chain protein formation relative to total mitochondrial protein in 
adipocytes from obese individuals, hence the reduced OCR. It’s possible this could be due to 
ER stress resulting in these proteins not being adequately folded. Additionally, fewer 
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proteins may end up being correctly folded in general; this would mean that many 
processes would be disrupted and therefore require less ATP. It’s therefore plausible that 
reduced OXPHOS capacity is an adaptive response to reduced cellular ATP demand. Another 
possible reason for reduced oxidative capacity in obesity is the reduced de novo lipogenesis, 
which is important for maintaining insulin sensitivity in adipocytes from obese subjects [5,6]. 
This is an adaptive response suggested to limit an increase in fat mass. The demand for ATP 
for lipogenic enzyme activity and thus OXPHOS would therefore be reduced. 
Correspondingly, acetyl-CoA carboxylase expression (the rate limiting lipogenic enzyme 
which catalyses the ATP-dependent first step of fatty acid synthesis) is downregulated in 
obesity.  
In response to these additional questions we have added more detail into the discussion on 
this topic. 
 
4. With the hypothesis that ER stress leads to increased respiratory capacity but impaired 
mitochondrial efficiency, wouldn't one expect adipocytes from obese patients to display 
increased OCR and SCR - like in tunicamycin-treated cells? This discrepancy should be 
discussed. 
 
This additional question could be interpreted in two ways, and we will respond to both:  
 

1. OCR and SRC should be higher in obese controls compared to lean controls (at a 
similar level to tunicamycin-treated lean cells). 
SRC is higher in obese controls compared to lean, at a similar level to tunicamycin-
treated lean cells, as seen in Figure 8a. If, by OCR, the reviewer means basal OCR, an 
explanation is provided above in point 3 as to the lower values seen in obese 
controls. If the reviewer instead means maximum OCR, the values show that 
maximum OCR in obese controls is increased (average = 455) compared to lean 
(331), at a similar level to tunicamycin-induced lean cells (403 and 496).  

 
2. OCR and SRC should be higher in tunicamycin-treated obese cells compared to obese 

controls (showing the same pattern as tunicamycin-treated lean cells compared to 
control lean cells). 
Adipocytes from lean patients and Chub-S7 cells appear able to increase their SRC in 
response to tunicamycin as a compensatory response to cellular stress, indicating 
that this is therefore an acute response to ER stress. However, in obese conditions, 
where chronic ER stress occurs, the mitochondria are unable to launch a response to 
additional ER stress as they are impaired. This was included in the discussion, and we 
have now made this clearer. As such, this revision has been completed. 

 
5. Furthermore, following in vitro differentiation of these primary adipocytes, it would be 
helpful to provide data representing the level of ER stress (using markers of ER stress, 
similar to Fig. 1) to support the hypothesis that ER stress correlates with mitochondrial 
dysfunction. 
 
We have previously published work indicating the increase in ER stress markers in 
adipocytes from obese participants compared to lean [7]. There is also published work 
demonstrating that mitochondrial dysfunction is increased in obese participants compared 



to lean [3, 8]. As such in light of this additional comment we have referenced our previous 
work in the revised manuscript, so that this is clear. 
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Abstract: (<250 words) 39 

Context: Dysfunctional ER and mitochondria are known to contribute to the pathology of metabolic 40 

disease. This damage may occur, in part, as a consequence of ER-mitochondria cross-talk in conditions 41 

of nutrient excess such as obesity. To date insight into this dynamic relationship has not been 42 

characterised in adipose tissue. Therefore, this study investigated whether ER stress contributes to the 43 

development of mitochondrial inefficiency in human adipocytes from lean and obese participants.  44 

 45 

Methods: Human differentiated adipocytes from Chub-S7 cell line and primary abdominal 46 

subcutaneous adipocytes from lean and obese participants were treated with tunicamycin to induce ER 47 

stress. Key parameters of mitochondrial function were assessed, including mitochondrial respiration, 48 

membrane potential (MMP) and dynamics. 49 

 50 

Results: ER stress led to increased respiratory capacity in a model adipocyte system (Chub-S7 51 

adipocytes) in a concentration and time dependent manner (24hr: 23%; 48hr: 68%, (p<0.001); 72hr: 52 

136%, (p<0.001)). This corresponded with mitochondrial inefficiency and diminished MMP, 53 

highlighting the formation of dysfunctional mitochondria. Morphological analysis revealed 54 

reorganisation of mitochondrial network, specifically mitochondrial fragmentation. Furthermore, p-55 
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DRP1, a key protein in fission, significantly increased (p<0.001). Additionally, adipocytes from obese 56 

subjects displayed lower basal respiration (49%, p<0.01) and were unresponsive to tunicamycin in 57 

contrast to their lean counterparts, demonstrating inefficient mitochondrial oxidative capacity. 58 

 59 

Conclusion: These human data suggest that adipocyte mitochondrial inefficiency is driven by ER stress 60 

and exacerbated in obesity. Nutrient excess induced ER stress leads to mitochondrial dysfunction that 61 

may therefore shift lipid deposition ectopically and thus have further implications on the development 62 

of related metabolic disorders. 63 

 64 

Précis (<200 characters): 65 

 66 

The induction of ER stress in adipocytes results in damaged mitochondrial function, the effect of which 67 

is exacerbated by conditions of obesity in primary human abdominal subcutaneous adipocytes.  68 

 69 

Introduction: 70 

 71 

In the context of obesity, the adipocyte plays an essential part in balancing metabolic homeostasis in 72 

response to surplus energy. During such a period of weight gain the adipocyte is challenged with a 73 

multitude of insults, including nutrients, inflammation, and oxidative stress leading to organelle 74 

disruption and ultimately metabolic dysfunction. Although the molecular mechanisms of such obesity-75 

induced adipose tissue dysfunction are not fully understood, disturbances of two cellular organelles in 76 

particular, the endoplasmic reticulum (ER) and mitochondria, have been widely implicated in the 77 

physiological and molecular changes that follow nutrient overload1–4. The excessive protein overload 78 

in obesity is detected by sensors at the ER membrane, initiating a signalling cascade known as the 79 

unfolded protein response (UPR)5. Three major transducers of the UPR are: activating transcription 80 

factor 6 α (ATF6α), PKR-like ER kinase (PERK) and inositol-requiring enzyme 1 α (IRE1α) which 81 

activate transient protein attenuation and transcription of protein-folding chaperones, in a bid to restore 82 

the ER functions6. Prior studies in mice fed a high-fat diet have shown elevated levels of ER stress 83 
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related proteins, PERK and eIF2α phosphorylation as denoted in liver extracts5 and significant 84 

upregulation of C/EBP homology protein (CHOP) in white adipose tissue7. The link between obesity 85 

and chronic ER stress has also been observed through studies in human tissues4,8,9 and interventions 86 

that restore ER health; via either weight loss or drug therapies that reduce metabolic dysfunction5,7,10.  87 

 88 

Improvement in metabolic function may also be mediated through mitochondria as they play a key role 89 

in fatty acid esterification, glucose oxidation and lipogenesis11. It is therefore not surprising that 90 

metabolic imbalance in obesity is also closely linked with compromised mitochondrial function, as 91 

evidenced in studies examining white adipose tissue of obese insulin-resistant mouse models where 92 

electron transport chain inactivity and reduced mitochondrial number is observed12–14. In addition, 93 

human adipocytes from obese subjects have decreased oxygen consumption rates and citrate synthase 94 

activity15, while bariatric surgery has been shown to improve a number of different mitochondrial 95 

functions as evidenced by gene expression analysis16. Mitochondria also alter their morphology as a 96 

mechanism for bioenergetic adaption to different metabolic demands1. As such, in response to diet-97 

induced obesity, cells favour a fragmented architecture associated with decreased efficiency of ATP 98 

production and increased reactive oxygen species (ROS) release17,18, while in contrast to conditions of 99 

obesity during calorie restriction they tend to remain elongated1. The changes in mitochondrial 100 

dynamics, arising from calorie-restriction, leads to decreased cell oxidative injury, associated with 101 

improved insulin sensitivity and longevity19,20. 102 

 103 

The distinct complex roles played by the ER and mitochondria has often led studies to investigate them 104 

independently. However, the two organelles are functionally and physically closely interconnected to 105 

exchange metabolites, maintain metabolic function and calcium homeostasis, and signal apoptosis21–24. 106 

Thus, the dysfunction of one organelle can deleteriously affect the other and abnormal ER-107 

mitochondrial cross-talk is intrinsically associated with the pathogenesis of a diverse range of diseases, 108 

including metabolic disorders23,25–27. Indeed, ER stress has been observed to influence various aspects 109 

of mitochondrial form and function, promoting mitochondrial remodelling, depolarisation and ROS 110 

production in rodent and in vitro human cell models28–31. It is therefore, reasonable to assume that ER 111 
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stress contributes to mitochondrial maladaptation, which may also occur in human adipose tissue, 112 

specifically in obesity. Investigation of the interplay between these organelles has hitherto been carried 113 

out in hepatocytes25,29, cancer cells28,30 and skeletal muscle32,33. Limited analysis in murine 3T3-L1 114 

adipocytes has evaluated the effect of ER stress on mitochondrial changes34, though the impact on 115 

mitochondrial respiration and mitochondrial dynamics remains unknown in murine and human 116 

adipocytes. This is despite the important role adipocytes play in contributing to the pathogenesis of the 117 

metabolic dysfunction35–38. 118 

 119 

Thus, the aims of these studies were to investigate how ER stress affects mitochondrial form and 120 

function in human adipocytes, with a specific focus on mitochondrial respiration, morphology, 121 

dynamics and oxidative stress in both an adipocyte cell model and primary human adipocytes, in 122 

conditions of obesity. 123 

 124 

 125 

Materials and methods: 126 

 127 

Subjects and sample collection 128 

A female cohort of lean (age: 28.6±(SEM)6yrs; BMI: 20.34±(SEM)0.9 Kg/m2; n=4) and obese (age: 129 

32.0±5yrs; BMI: 37.58±6.8 Kg/m2; n=4) adult patients undergoing abdominal elective non-emergency 130 

surgery were recruited. All subjects were pre-menopausal, non-diabetic, Caucasian women and any 131 

patients who were taking thiazolidinediones and other medication known to affect mitochondrial 132 

function were excluded. Each patient provided written, informed consent before these procedures as 133 

part of full ethical approval application.  134 

 135 

Pre-adipocyte isolation from adipose tissue 136 

Abdominal subcutaneous (AbdSc) adipose tissue was digested as previously described to isolate pre-137 

adipocyte cells39. In short, adipose tissue was incubated with collagenase class 1 (2mg/mL; Worthington 138 

Biochemical Corporation, Reading, UK) for 30 min, the digest was then filtered through a cotton mesh 139 
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and centrifuged at 360g for 5 min. The resultant stromal vascular fraction pellet was re-suspended in 140 

Dulbecco’s modified Eagle’s medium with high glucose (DMEM/F12), 10% FBS and 10 μg/mL 141 

transferrin. The cells were then maintained in 37°C and 5% CO2 incubator.  142 

 143 

Proliferation of Chub-S7 cells 144 

Chub-S7 is a cell line derived from subcutaneous abdominal white adipocytes. Similar to primary cell 145 

cultures, Chub-S7 cells were maintained in DMEM/F12 supplement with 10% FBS and 10μg/mL 146 

transferrin in 37°C and 5% CO2 incubator.  147 

 148 

Human preadipocyte differentiation  149 

Two days post-confluence, the cells were differentiated for four days in DMEM/F12 with 3% FBS and 150 

Differentiation Supplement Mix (Promocell, Heidelberg, Germany). On day four, the media was 151 

changed to DMEM/F12 with Nutrition Supplement Mix (Promocell) and maintained for 10 days until 152 

fully differentiated. After differentiation, cells were allowed to equilibrate in basal media (DMEM/F12 153 

with 0.5% BSA) for 12 hr, before being treated for 24, 48 and 72 hr with DMSO (vehicle control, 154 

Sigma-Aldrich, St. Louis, MO), 0.25μg/mL or 0.75μg/mL tunicamycin (Tn; Sigma-Aldrich).  155 

 156 

Lipid staining of primary human adipocytes  157 

Lipid staining was performed using a method described by Culling et al.  and previously utilised during 158 

human adipocyte differentiation by McTernan et al.40,41. Briefly, at regular intervals during 159 

differentiation, cells were washed with PBS, fixed with 10% formalin and stained with 2.5% Oil Red 160 

O (ORO) for 15 min at room temperature. Cells were then washed with distilled water and viewed 161 

under a light microscope to assess lipid accumulation. Propan-2ol was used to elute the ORO and lipid 162 

accumulation was quantified by measuring absorbance at 520nM using a spectrophotometer. This 163 

method was used to screen primary human pre-adipocytes from lean and obese cohorts in order to select 164 

those which showed the least variability between the two groups.  165 

 166 

mRNA transcript quantification and normalisation 167 
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RNA isolation was performed using the isolate II RNA Mini Kit (Bioline, Memphis, TN) according to 168 

manufacturer’s instructions, followed by a DNase digestion step. cDNA was synthesised using reverse 169 

transcription reagents (Bioline, London, UK). qPCR was performed with TaqMan probes (18S, 170 

Hs03003631_g1; CHOP, Hs00358796_g1; ATF6, Hs00232586_m1; Applied Biosystems, Warrington, 171 

UK). Transcript abundance was measured with an Applied Biosystems 7500 Real-Time PCR System 172 

with TaqMan universal PCR master mix. All reactions were carried out from an independent study, in 173 

triplicate, and multiplexed with the housekeeping gene 18S, to normalise qPCR data. Gene expression 174 

was calculated by 2−∆Ct method. 175 

 176 

Genomic DNA (gDNA) transcript quantification and normalisation 177 

Total DNA was isolated from cultured adipocytes with a silica and spin column-based DNA purification 178 

kit (DNeasy Blood and Tissue Mini Kit; Qiagen, Crawley, UK) in accordance to the manufacturer’s 179 

instructions. RNase treatment was performed to eliminate possible RNA contamination. DNA was 180 

eluted with 100μL AE buffer and quantified using a spectrophotometer. Relative amounts of 181 

mitochondrial DNA copy number were assessed through qPCR in an ABI Prism 7500 thermo cycler 182 

(Applied Biosystems, Warrington, UK) with the use of TaqMan Universal PCR Master Mix (Applied 183 

Biosystems). Mitochondrial (mtCYB, Hs02596867_s1; mtND1, Hs02596873_s1; mtND5, 184 

Hs02596878_g1; Applied Biosystems) and nuclear (18S; Applied Biosystems) gene primers were used 185 

to determine relative amounts of mitochondrial to nuclear DNA. Gene expression was calculated by 186 

2−∆Ct method. 187 

 188 

Protein determination and western blot analysis 189 

For protein analysis, cultured adipocytes from an independent study were lysed in RIPA buffer (Cell 190 

Signaling, Denver, MA) supplemented with protease and phosphatase inhibitor cocktail (Roche, Basel, 191 

Switzerland). After harvest, protein concentrations of the cell culture lysates were measured with a Bio-192 

Rad detergent compatible protein assay kit (Bio-Rad Laboratories, Hercules, CA). Western blotting was 193 

performed as described previously42, in brief 20μg protein were loaded onto a denaturing 194 

polyacrylamide gel and transferred onto PVDF membranes (Bio-Rad Laboratories, Hercules, CA). 195 
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Membranes were incubated with antibodies against OPA1 (1:1000, BD Biosciences, San Jose, CA), p-196 

DRP1 (1:500, Cell Signaling, Danvers, MA), DRP1 (1:1000, Cell Signaling) and MFN2 (1:1000; 197 

Abcam, Cambridge, MA), and subsequently with peroxidase-conjugated secondary antibodies. Equal 198 

protein loading was confirmed by examining ß-actin (1:5000; Santa Cruz Biotechnology Inc., Santa 199 

Cruz, CA) protein expression. Proteins were detected using the GeneGnome XRQ chemi-luminescence 200 

imaging system (Syngene, Frederick, MD) and band intensities were quantified with ImageQuant TL 201 

software (GE Healthcare Life Science, Piscataway, NJ).  202 

 203 

Determination of mitochondrial membrane potential (MMP) 204 

The dye tetramethylrhodamine ethyl ester perchlorate (TMRE; Sigma-Aldrich) was used to determine 205 

MMP. Chub-S7 cells were grown and differentiated on gelatine-coated 96-well white opaque plates at 206 

a density of 10,000 cells/well. Cells were incubated with 300 nM TMRE in serum-free DMEM for 30 207 

min at 37°C. As a positive control for depolarisation, 30 μM FCCP was added to selected cells for 30 208 

min, prior to the TMRE incubation step. Fluorescence intensities (550nM excitation and 590nM 209 

emission) were then measured using a PheraStar FS microplate reader (BMG Labtech, Aylesbury, UK). 210 

MMP was calculated using the TMRE fluorescence signal relative to the baseline vehicle control. 211 

 212 

Bioluminescent determination of ATP concentrations 213 

Intracellular ATP was measured using the EnzyLight ATP Assay Kit (BioAssay Systems, Hayward, 214 

CA) according to manufacturer’s instructions. In brief, white opaque 96-well microplates were coated 215 

with 0.1% gelatine, on which Chub-S7 cells were cultured. Differentiated adipocytes were pre-treated 216 

with DMSO (vehicle control) or tunicamycin (0.25μg/mL and 0.75μg/mL) for 24hr, 48hr and 72hr. On 217 

the day of the assay, ATP standards (0 to 30μmoL) were transferred into blank wells in duplicate. At 218 

the time of the assay, 95μL assay buffer with 1μL substrate and 1μL ATP enzyme were added to each 219 

well containing cells. Luminescence was read on a PheraStar FS microplate reader within 1 min of 220 

adding the assay buffer and a standard curve was used to quantify unknown ATP concentrations. This 221 

was carried out on three independent occasions. 222 

 223 
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Oxygen Consumption Rate (OCR) and extracellular acidification rate (ECAR) measurements 224 

OCR was measured using a Seahorse XF24 Extracellular Flux Analyzer (Seahorse Bioscience, Santa 225 

Clara, CA). Chub-S7 and primary pre-adipocytes were seeded into 0.1% gelatine-coated 24-well 226 

Seahorse Microplates (Seahorse Bioscience) at a density of 10,000 cells/well. Cells were differentiated 227 

for 14 days as detailed previously, followed by maintenance in basal media for 24 hr. One hr prior to 228 

the assay, the media was changed to Seahorse XF media (Seahorse Bioscience). The XF Cell Mito 229 

Stress Test was then carried out on three independent occasions using 2μM Oligomycin, 2μM FCCP 230 

and 0.5μM Rotenone/Antimycin. FCCP is an uncoupling agent that collapses the proton gradient, 231 

oligomycin shuts down ATP synthase and Rotenone/antimycin A inhibit complex I and complex III, 232 

respectively. Optimal drug concentrations were determined in preliminary experiments (data not 233 

shown). The XF Glycolysis Stress Test was carried out using 10mM Glucose, 1µM Oligomycin and 234 

50mM 2-DeoxyGlucose (2-DG). The concentration of glucose saturates the cells which catabolize it 235 

through the glycolytic pathway; oligomycin then shuts down ATP synthase after which 2-DG inhibits 236 

glycolysis completely. Values for both assays were normalized to total protein. 237 

 238 

Analysis of mitochondrial morphology through confocal microscopy  239 

Cells were grown on gelatine-coated 35mm glass bottom culture dishes on six independent occasions 240 

(MatTek Corportation, Ashland, MA). Treated adipocytes were incubated with 100 nm Mitotracker 241 

Green, in HEPES-buffered serum free DMEM (25 mM) for 20 min at 37°C according to the 242 

manufacturer's instructions. A Zeiss LSM 510 META microscope (Carl Zeiss GmbH, Vienna, Austria) 243 

equipped with a 40 ×/1.4 oil DIC plan-apochromat objective lens was used to view the specimens. 244 

Mitotracker Green was excited at 543 nm for imaging. Morphologic assessment of the mitochondrial 245 

network was conducted on confocal images using the Mito-Morphology macro for ImageJ (version 246 

1.42) developed by Dagda et al.43. 247 

 248 

Endogenous antioxidant and oxidative stress assays 249 

Total reactive oxygen and nitrogen species were evaluated through green fluorescence using OxiSelect 250 

in vitro ROS/RNS Assay Kit (Cell Biolabs Inc., San Diego, CA). Activity of endogenous antioxidants 251 
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SOD and catalase was evaluated through a colorimetric method, using OxiSelect Superoxide Dismutase 252 

Activity Assay and OxiSelect Catalase Activity Assay Kits (Cell Biolabs Inc.). All assays were carried 253 

out according to manufactures instructions. 254 

 255 

Statistical Analysis 256 

Significant differences between three or more conditions were assessed by one-way ANOVA; 257 

significant differences between two conditions were assessed by a two-tailed Student’s t test. A result 258 

with a P-value of ≤ 0.05 was considered statistically significant. In graphs, results are represented as 259 

means ± SEM and statistical differences compared to control are indicated with * p ≤ 0.05, ** p ≤ 0.01 260 

and *** p ≤ 0.001. 261 

 262 

Results 263 

Tunicamycin induced increase of ER stress markers in adipocytes 264 

To investigate the effect of ER stress on mitochondrial form and function, a human adipocytes cell line 265 

(Chub-S7) was subjected to increasing doses of tunicamycin - 0.25g/mL and 0.75g/mL. To establish 266 

UPR activation, key ER stress markers were measured by qPCR. Tunicamycin treatment resulted in a 267 

dose dependent increase in mRNA expression of CHOP and ATF6 (p<0.01; Figure 1), two transcription 268 

factors that play essential roles in the unfolded protein response. Thus, the tunicamycin doses used were 269 

appropriate for inducing ER stress in human adipocytes. 270 

 271 

ER stress drives an adaptive increase in overall mitochondrial respiration  272 

To explore the possible consequence of ER stress on cellular respiration in human adipocytes, OCR 273 

and ECAR were measured in Chub-S7 adipocytes using a Seahorse XF Extracellular Flux Analyser. 274 

Under these conditions, maximal respiratory capacity, following injection of FCCP, was higher at all 275 

timepoints following tunicamycin treatment (Figure 2a-c). The smallest increase in maximal respiration 276 

was observed after 24 hr of incubation with tunicamycin (Figure 2a), while treatment for 48 and 72 hr 277 

showed greater, significant increases (p<0.001; Figure 2b-c).   278 
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 279 

A glycolytic stress test indicated that glycolytic capacity, following injection of oligomycin, was 280 

significantly higher at most time points in a dose-dependent manner with tunicamycin treatment 281 

(p<0.05; Figure 2a-c). Consistent with the trend seen with maximal respiratory capacity, the smallest 282 

increase in glycolytic capacity was observed after 24 hr of tunicamycin treatment (p<0.05; Figure 2a), 283 

while 48 hr and 72 hr tunicamycin treatment resulted in greater increases (p<0.05; Figure 2e-f). 284 

 285 

The spare respiratory capacity (SRC) increased at all time points with tunicamycin, with a significant 286 

increase occurring at 72 hr (p<0.01; Figure 3a). The largest effect on ATP abundance was observed at 287 

72 hr, with decreased ATP observed in response to both 0.25g/mL and 0.75g/mL tunicamycin 288 

(p<0.05; Figure 3b). Accordingly, tunicamycin-induced ER stress at 48 and 72 hr was associated with 289 

significantly decreased mitochondrial efficiency, (p<0.01; Figure 3c), calculated as the ratio of ATP 290 

synthesis to oxygen consumed. The impairment of mitochondrial bioenergetics suggests that ER stress 291 

leads to an increase in mitochondrial respiration to compensate for the stress the Chub-S7 adipocytes 292 

are under, but the cells fail to sufficiently increase ATP to meet the new demands in energy. Moreover, 293 

tunicamycin treatment also led to a significant decrease in mitochondrial membrane potential (p<0.05; 294 

Figure 3d), as confirmed by TMRE analysis, this reduction was more evident at 24 and 48 hr. 295 

 296 

ER stress drives remodelling of mitochondrial network  297 

Mitochondria are often located at intracellular locations of high energy demand and reorganise to meet 298 

the metabolic needs of the cells in response to stress. On this basis, the contribution of ER stress to 299 

alterations in mitochondrial dynamics in human adipocytes was investigated. In order to detect changes 300 

in the morphology of the mitochondrial network, Chub-S7 adipocytes pre-treated with 0.75 g/mL 301 

tunicamycin for 24 hr were imaged with a confocal microscope and four parameters of mitochondrial 302 

morphology were quantified: fragmentation, swelling, area and number. It was observed that 303 

mitochondria in cells pre-treated with tunicamycin were more fragmented (p<0.01; Figure 4a) and 304 

swollen (p<0.01; Figure 4b), and displayed a disorganised morphology compared with the tubular 305 
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mitochondria of control cells (Figure 4e). In addition to increased fragmentation, a 40% increase in the 306 

average area of mitochondria was observed (p<0.05; Figure 4c), which suggests abnormal swelling. 307 

There were no significant changes in mitochondrial number observed due to ER stress (Figure 4d). 308 

 309 

Based on the aforementioned findings which demonstrated that ER stress induces mitochondrial 310 

fragmentation, it was reasoned that this dynamic remodelling occurred due to changes in the core 311 

machinery of mitochondrial dynamics which is comprised of three large GTPases that split and fuse the 312 

mitochondrial membranes: DRP1, MFN2 and OPA144. All time-points displayed markedly higher 313 

levels of DRP1 phosphorylation, the protein responsible for mitochondrial fission (p<0.05; Figure 5a). 314 

There were no significant changes in MFN2 and OPA1 protein levels at either 24, 48 or 72 hr of 315 

tunicamycin treatment (Figure 5b-c). 316 

 317 

Mitochondrial content remains unaltered during ER stress   318 

mtDNA copy number was measured as an independent readout of mitochondrial content. mRNA 319 

expression of three different genes encoded in the mitochondrial genome, mtCYB, mtND1 and mtND5, 320 

was detected and the mtDNA/nuclear DNA ratio was calculated. Tunicamycin did not lead to significant 321 

changes in mitochondrial copy number although there was a trend towards a decrease (Figure 6a-c).  322 

 323 

ER stress increases oxidative stress and reduces antioxidant protection  324 

To elucidate whether ER stress promotes oxidative stress in human adipocytes, Chub-S7 adipocytes 325 

were treated with tunicamycin over 72 hr and total ROS and reactive nitrogen species (RNS) were 326 

analysed by fluorescence measurements. Abundance of total ROS and RNS rose significantly at 72 hr 327 

following both low and high tunicamycin treatment (p<0.05; Figure 7a). 328 

 329 

Prevention of ROS overproduction via antioxidant protection is a vital matter, to protect against weight 330 

gain and insulin resistance. Superoxide dismutase (SOD) an enzyme pivotal in clearing ROS, showed 331 

a marked increase in activity with tunicamycin-induced ER stress at most time points (p<0.05; Figure 332 

7b). However, the activity of endogenous antioxidant catalase was considerably impaired with ER 333 
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stress, particularly at 48 hr when tunicamycin treatment resulted in an approximately 30% decrease in 334 

catalase (p<0.05; Figure 7c). The higher dose of tunicamycin (0.75 g/mL) also significantly reduced 335 

catalase following incubation for 24 (p<0.05; Figure 7c). These observations further reflect the capacity 336 

of ER stress to negatively influence mitochondrial function in human adipocytes. 337 

 338 

Alterations in mitochondrial respiration are a long-term consequence of obesity 339 

These current studies also sought to monitor the respiratory rates in primary adipocytes isolated from 340 

lean and obese age-matched women upon tunicamycin-induced ER stress. The differentiation of 341 

primary adipocytes from lean and obese individuals was assessed via Oil Red O staining, utilising 342 

adipocyte samples from lean and obese individuals with similar lipid accumulation rates. The 343 

bioenergetic function of adipocytes derived from lean participants was consistent with that observed in 344 

Chub-S7 cells after 24 hr of tunicamycin treatment: the spare respiratory capacity (SRC) increased with 345 

tunicamycin treatment, with a significant increase observed with 0.75g/mL tunicamycin (p<0.001; 346 

Fig. 8a). In contrast, adipocytes from obese individuals showed an inability to trigger an adaptive 347 

response to tunicamycin-induced ER stress, as evident by the lack of increase in SRC after exposure to 348 

0.25g/mL and 0.75g/mL tunicamycin. These findings may also be attributable to the high SRC in 349 

the control cells of obese individuals (Fig. 8a), which suggests that these subjects are already under ER 350 

stress resulting in matched SRC of the untreated adipocytes with the tunicamycin-induced stressed 351 

adipocytes.  352 

 353 

Additionally, our findings revealed that the basal respiratory capacity in adipocytes from obese 354 

individuals was greatly diminished compared with adipocytes derived from lean individuals (p<0.01; 355 

Fig. 8b). Obesity also mediated a modest decrease in ATP production compared with lean participants, 356 

although this did not reach significance (Fig. 8c). Taken together, these findings strongly suggest that 357 

the initial adaptive response to ER stress is short-term, whilst chronic ER stress diminishes respiratory 358 

capacity and the ability of mitochondria to launch an adaptive response.  359 

 360 
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Discussion 361 

In this study, it was hypothesised that ER stress leads to mitochondrial damage in human adipocytes, 362 

exacerbated by conditions of obesity. To investigate this, Chub-S7 adipocytes were used as a cell model, 363 

and primary human adipocytes were utilised to determine how ER stress may impact on mitochondrial 364 

function. From these investigations our studies suggest that ER stress mediates mitochondrial 365 

dysfunction in human adipocytes, exacerbated in obesity, as evidenced by: (1) diminished 366 

mitochondrial efficiency of Chub-S7 adipocytes which continues to drop with prolonged exposure to 367 

ER stress, paired with increased spare respiratory capacity; (2) mitochondrial function being impaired 368 

with increased adiposity (as evidenced by the diminished ability of the obese adipocytes’ SRC to 369 

respond to  ER stress); and (3) ER stress directly generating fragmented mitochondria as visualised by 370 

imaging mitochondrial fragmentation and through changes in p-DRP1 protein expression, leading to 371 

oxidative stress.    372 

 373 

Functional assessment of ER-mediated mitochondrial damage was undertaken by assessing real time 374 

measurement of oxygen consumption in Chub-S7 adipocytes and primary adipocytes. Chub-S7 cells 375 

were used as a cell model to monitor the direct influence of ER stress on mitochondrial function, 376 

independent of patient variability. It was noted that Chub-S7 adipocytes exposed to ER stress exhibited 377 

increased spare respiratory capacity (SRC), which is the amount of extra ATP that can be produced by 378 

oxidative phosphorylation in case of a sudden increase in energy demand. This increase in the SRC may 379 

be crucial for mitochondria to be able to function above their full respiratory potential in response to 380 

ER stress, in order to match the additional energy demands required to re-establish protein homeostasis. 381 

In the realm of chronic overnutrition, the importance of maintaining efficient protein folding in 382 

adipocytes is tied to the notion that the ER is directly involved with lipid homeostasis45. However, under 383 

the obesity condition, the excessive accumulation of lipids, and thus lipotoxicity may result45. 384 

Accordingly, these studies monitored the respiratory rates in lean and obese subjects, noting that 385 

previous work has demonstrated that both ER stress and mitochondrial dysfunction are increased in 386 

obese individuals compared to lean8,15,46. Whilst the differentiation of cells isolated from lean and obese 387 

subjects can differ significantly, preadipocytes from different participants (both lean and obese) were 388 
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screened, reducing this variability. While adipocytes from lean individuals showed the ability to 389 

compensate for tunicamycin-induced ER stress by increased SRC, obese individuals were unable to 390 

respond to tunicamycin-induced ER stress. In fact, adipocytes from obese participants also exhibited 391 

significantly diminished basal respiration, which is in line with previous reports in human primary 392 

adipocytes15,47. This reduced basal respiration could occur due to a decrease in demand for ATP, either 393 

via translation attenuation during ER stress reducing the amount of ATP-dependent processes 394 

occurring, or as an adaptive response to limit the increase in fat mass. This second theory is supported 395 

by the reduction in expression of acetyl-CoA carboxylase, essential in fatty acid synthesis, as well as 396 

reduced de novo lipogenesis in obesity48,49. Additionally, this reduced basal respiration in adipocytes 397 

from obese participants suggests that mitochondria are able to manage oxygen consumption to mitigate 398 

the impact of acute ER stress (as observed in Chub-S7 cells), but long-term obesity leads to 399 

mitochondrial damage and thus metabolic maladaptation. This reduced respiration in obesity may lead 400 

to decreased substrate oxidation, most notably diminished oxidation of fatty acids, leading to ectopic 401 

lipid accumulation and subsequently giving rise to insulin resistance and other comorbidities47. OCR 402 

measurement in Chub-S7 adipocytes identified that whilst maximal respiration remained raised over 403 

time in response to tunicamycin treatment, in control cells the maximal respiration declined over time 404 

whilst staying within an acceptable OCR range for such untreated cells. This decline in OCR in control 405 

cells may have arisen as the adipocytes utilise the remaining components from the differentiation media 406 

in the acute phase (24 hr), despite a wash out period being included. This effect may also have arisen 407 

in the tunicamycin-treated cells, although masked by the treatment. This did not change the continued 408 

impact of tunicamycin on maximal respiration, or override the effect on OCR in Chub-S7 adipocytes. 409 

 410 

It was also observed that chronic ER stress in Chub-S7 adipocytes decreased mitochondrial efficiency, 411 

while acute ER stress had no evident effects. Glycolysis, the less efficient metabolic process for ATP 412 

synthesis was therefore investigated. Respiratory studies in Chub-S7 adipocytes revealed that following 413 

tunicamycin treatment, the cells had an increased dependence on glycolysis (higher dependence on 414 

glucose). This was true for both acute (24 hr) and chronic (72 hr) treatments, indicating that the cells 415 

are over-compensating for the ER stress by increasing overall respiration. Nonetheless, the efficiency 416 
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of ATP production eventually plummets despite these efforts of the cell. As a result inefficient 417 

mitochondria in obesity may be unable to meet the energy demand required for protein folding50–52. 418 

Many proteins required for lipid handling are processed in the ER and if these proteins are misfolded it 419 

may, in the long-term, lead to ectopic lipid deposition45. As such if adipose tissue is not able to buffer 420 

lipids, lipids will spill-over into the bloodstream resulting in lipotoxicity in other cell types, an 421 

underlying cause of obesity-associated insulin resistance and atherosclerosis38,53. ER stress-induced 422 

mitochondrial dysfunction may therefore be another factor that promotes ectopic fat deposition in non-423 

adipose tissues.   424 

 425 

The effect of ER stress on metabolism may arise from the influence on multiple pathways and structural 426 

components of mitochondria. Previous studies have shown that a response to changes in energy supply 427 

and demand results in mitochondria remodelling their architecture1. This change in modelling has been 428 

identified in mice with genetically induced obesity or on a high fat diet, which display increased levels 429 

of mitochondrial fission proteins (DRP1 and Fis1) in skeletal muscle17. In line with these insights our 430 

current human adipocyte studies demonstrated that ER stress induced dynamic remodelling of the 431 

mitochondrial network in Chub-S7 adipocytes, evident most notably by increased fragmentation and 432 

swelling of mitochondria. Additionally, active image analysis of mitochondrial dynamics in Chub-S7 433 

adipocytes, appear to affirm changes observed in Hela cells which reported that following 24 hr of 434 

treatment with thapsigargin (an ER stressor) the population of fragmented mitochondria increased54. As 435 

such, these findings indicate that chronic ER stress is instrumental as a pathway contributing to 436 

mitochondrial fragmentation in human adipocytes. These findings have implications on metabolic 437 

health in obesity, as mitochondrial fragmentation is known to contribute to the development of type 2 438 

diabetes mellitus17,54. 439 

 440 

By analysing the protein expression of mitochondrial fission/fusion machinery in Chub-S7 adipocytes, 441 

the mechanism by which ER stress induces fragmentation, as evidenced by confocal imaging, could be 442 

determined. The protein DRP1, a GTPase that catalyses the process of mitochondrial fission, was 443 

investigated. The findings of these studies revealed upregulation of DRP1 phosphorylation following 444 
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tunicamycin incubation, suggesting enhanced mitochondrial fission. This suggestion arises as a number 445 

of previous non-adipocyte studies have demonstrated that phosphorylation of DRP1 promotes DRP1 446 

translocation to the mitochondria resulting in mitochondrial fission55–57. As such these current studies 447 

may therefore indicate that the increased DRP1 phosphorylation in Chub-S7 adipocytes, in response to 448 

ER stress, promotes mitochondrial fragmentation. Of note, the functional consequence of DRP1 449 

phosphorylation is still somewhat disputed, as some contradictory studies (non-adipocyte) have 450 

reported that phosphorylation of DRP1 resulted in elongated mitochondria, rather than stimulating 451 

mitochondrial fission58,59. This conflict may merely suggest that the changes in DRP1 phosphorylation 452 

are cell type- and stimulus-dependent, however in the case of human adipocytes, phosphorylation of 453 

DRP1 appears to result in mitochondrial fragmentation via ER stress.  454 

 455 

Fragmented mitochondria are also a source of oxidative stress, as previously observed in rat myoblasts 456 

and human endothelial cells60,61. In addition, silencing DRP1 has been shown to alleviate mitochondrial 457 

fission leading to decreased ROS generation60, suggesting that fission plays an indispensable role in 458 

mitochondrial-mediated oxidative stress. Given these findings, oxidative stress was measured following 459 

exposure to tunicamycin. This study showed that ER stress initiates ROS production in Chub-S7 460 

adipocytes and reduces the synthesis of catalase, an antioxidant enzyme essential for neutralising these 461 

free radicals. ER stress induced-mitochondrial fragmentation may therefore be a causal factor 462 

implicated in increased oxidative stress, a major cause of clinical complications associated with 463 

obesity62. Oxidative stress itself also increases the production of misfolded proteins, causing aberrant 464 

mitochondria morphology, which, in turn, further exacerbates oxidative stress in a self-perpetuating 465 

vicious cycle38. Prevention of ROS accumulation is therefore important to alleviate downstream 466 

metabolic dysfunction. Targeting ROS by reducing mitochondrial fragmentation may be a viable 467 

option. Additionally, antioxidants such as α-lipoic38 acid or pharmacological compounds including 468 

thiazolidinediones63 and metformin64 also lead to metabolic improvements by reducing ROS 469 

production, decreasing the accumulation of toxic lipid metabolites and enhancing mitochondrial 470 

biogenesis; all protective factors against weight gain and insulin resistance. 471 

 472 
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On the basis of the findings shown here, we propose that in human adipocytes excessive ER stress is a 473 

precursor to drive mitochondrial dysfunction in obesity that may contribute to the development of 474 

metabolic pathologies such as dyslipidaemia and ectopic fat deposition in type 2 diabetes mellitus. 475 

Treatments such as salicylate may offer new ways to reduce metabolic pathologies mitigating ER stress, 476 

to improve cellular health65,66.Therefore, reducing nutrient stress or developing therapies that mitigate 477 

ER stress in adipocytes may be a useful targeted approach for the treatment of chronic ER stress and 478 

mitochondrial dysfunction in metabolic disease.  479 

 480 

 481 

References 482 

 483 

1.  Liesa M, Shirihai OS. Mitochondrial Dynamics in the Regulation of Nutrient Utilization and 484 

Energy Expenditure. Cell Metab. 2013;17(4):491-506. doi:10.1016/j.cmet.2013.03.002 485 

2.  Oskan U, Tuncman G, Gorgun C, Glimcher LH, Hotamisligil GS. Endoplasmic Reticulum 486 

Stress Links Obesity, Insulin Action, and Type 2 Diabetes. Sci (New York, NY). 487 

2004;457(2004):1694-1696. 488 

3.  Yin F, Cadenas E. Mitochondria: the cellular hub of the dynamic coordinated network. 489 

Antioxidants Redox Signal. 2015;22(12):961-964. 490 

4.  Sharma NK, Das SK, Mondal AK, et al. Endoplasmic reticulum stress markers are associated 491 

with obesity in nondiabetic subjects. J Clin Endocrinol Metab. 2008;93(11):4532-4541. 492 

doi:10.1210/jc.2008-1001 493 

5.  Kawasaki N, Asada R, Saito A, Kanemoto S, Imaizumi K. Obesity-induced endoplasmic 494 

reticulum stress causes chronic inflammation in adipose tissue. Sci Rep. 2012;2:799. 495 

6.  Kaplon RE, Chung E, Reese L, Cox-york K, Seals DR, Gentile CL. Activation of the Unfolded 496 

Protein Response in Adults. J Clin Endocrinol Metab. 2013;98(September):1505-1509. 497 

doi:10.1210/jc.2013-1841 498 

7.  Chen Y, Wu Z, Zhao S, Xiang R. Chemical chaperones reduce ER stress and adipose tissue 499 



 

 

19 

inflammation in high fat diet-induced mouse model of obesity. Sci Rep. 2016;6(June):1-8. 500 

doi:10.1038/srep27486 501 

8.  Alhusaini S, McGee K, Schisano B, et al. Lipopolysaccharide, high glucose and saturated fatty 502 

acids induce endoplasmic reticulum stress in cultured primary human adipocytes: Salicylate 503 

alleviates this stress. Biochem Biophys Res Commun. 2010;397(3):472-478. 504 

doi:10.1016/j.bbrc.2010.05.138 505 

9.  Boden G, Duan X, Homko C, et al. Increase in Endoplasmic Reticulum Stress Related Proteins 506 

and Genes in Adipose Tissue of Obese, Insulin-Resistant Individuals. Diabetes. 2008;57:2438-507 

2444. 508 

10.  López-Domènech S, Abad-Jiménez Z, Iannantuoni F, et al. Moderate weight loss attenuates 509 

chronic endoplasmic reticulum stress and mitochondrial dysfunction in human obesity. Mol 510 

Metab. 2019;19(October 2018):24-33. doi:https://doi.org/10.1016/j.molmet.2018.10.005 511 

11.  Kusminski CM, Scherer PE. Mitochondrial dysfunction in white adipose tissue. Trends 512 

Endocrinol Metab. 2012;23(9):435-443. 513 

12.  Wernstedt Asterholm I, Mundy DI, Weng J, Anderson RGW, Scherer PE. Altered 514 

mitochondrial function and metabolic inflexibility associated with loss of caveolin-1. Cell 515 

Metab. 2012;15(2):171-185. doi:10.1016/j.cmet.2012.01.004 516 

13.  Choo HJ, Kim JH, Kwon OB, et al. Mitochondria are impaired in the adipocytes of type 2 517 

diabetic mice. Diabetologia. 2006;49(4):784-791. doi:10.1007/s00125-006-0170-2 518 

14.  Wilson-Fritch L, Nicoloro S, Chouinard MM, et al. Mitochondrial remodelling in adipose 519 

tissue associated with obesity and treatment with Rosiglitazone. J Clin Invest. 520 

2004;114(9):1281-1289. 521 

15.  Yin X, Lanza IR, Swain JM, Sarr MG, Nair KS, Jensen MD. Adipocyte mitochondrial 522 

function is reduced in human obesity independent of fat cell size. J Clin Endocrinol Metab. 523 

2014;99(2):E209-16. doi:10.1210/jc.2013-3042 524 

16.  Martinez de la Escalera L, Kyrou I, Vrbikova J, et al. Impact of gut hormone FGF-19 on type-525 

2 diabetes and mitochondrial recovery in a prospective study of obese diabetic women 526 

undergoing bariatric surgery. BMC Med. 2017;15(1):1-9. doi:10.1186/s12916-017-0797-5 527 



 

 

20 

17.  Pignalosa A, Gifuni G, Cavaliere G, et al. High-Lard and High-Fish-Oil Diets Differ in Their 528 

Effects on Function and Dynamic Behaviour of Rat Hepatic Mitochondria. PLoS One. 529 

2014;9(3):e92753. doi:10.1371/journal.pone.0092753 530 

18.  Molina AJA, Wikstrom JD, Stiles L, et al. Mitochondrial networking protects β-cells from 531 

nutrient-induced apoptosis. Diabetes. 2009;58(10):2303-2315. doi:10.2337/db07-1781 532 

19.  Chaudhari SN, Kipreos ET. Increased mitochondrial fusion allows the survival of older 533 

animals in diverse C. Elegans longevity pathways. Nat Commun. 2017;8(1). 534 

doi:10.1038/s41467-017-00274-4 535 

20.  Lanza IR, Shulman GI, Konopka AR, et al. Mechanism by which caloric restriction improves 536 

insulin sensitivity in sedentary obese adults. Diabetes. 2015;65(January):74-84. 537 

doi:10.2337/db15-0675 538 

21.  Marycz K, Kornicka K, Szlapka-Kosarzewska J, Weiss C. Excessive endoplasmic reticulum 539 

stress correlates with impaired mitochondrial dynamics, mitophagy and apoptosis, in liver and 540 

adipose tissue, but not in muscles in EMS horses. Int J Mol Sci. 2018;19(1). 541 

doi:10.3390/ijms19010165 542 

22.  Rowland AA, Voeltz GK. Endoplasmic reticulum-mitochondria contacts: Function of the 543 

junction. Nat Rev Mol Cell Biol. 2012;13(10):607-615. doi:10.1038/nrm3440 544 

23.  Rieusset J. Mitochondria and endoplasmic reticulum: Mitochondria-endoplasmic reticulum 545 

interplay in type 2 diabetes pathophysiology. Int J Biochem Cell Biol. 2011;43(9):1257-1262. 546 

24.  Annunziata I, d’Azzo A. Interorganellar Membrane Microdomains: Dynamic Platforms in the 547 

Control of Calcium Signaling and Apoptosis. Cells. 2013;2(3):574-590. 548 

doi:10.3390/cells2030574 549 

25.  Lim JH, Lee HJ, Ho Jung M, Song J. Coupling mitochondrial dysfunction to endoplasmic 550 

reticulum stress response: A molecular mechanism leading to hepatic insulin resistance. Cell 551 

Signal. 2009;21(1):169-177. 552 

26.  Theurey P, Rieusset J. Mitochondria-Associated Membranes Response to Nutrient Availability 553 

and Role in Metabolic Diseases. Trends Endocrinol Metab. 2017;28(1):32-45. 554 

doi:10.1016/j.tem.2016.09.002 555 



 

 

21 

27.  Rieusset J. The role of endoplasmic reticulum-mitochondria contact sites in the control of 556 

glucose homeostasis: An update. Cell Death Dis. 2018;9(3):1-12. doi:10.1038/s41419-018-557 

0416-1 558 

28.  Lebeau J, Saunders JM, Moraes VWR, et al. The PERK Arm of the Unfolded Protein 559 

Response Regulates Mitochondrial Morphology during Acute Endoplasmic Reticulum Stress. 560 

Cell Rep. 2018;22(11):2809-2817. doi:10.1016/j.celrep.2018.02.055 561 

29.  Arruda AP, Pers BM, Parlakgul G, Guney E, Inouye K, Hotamisligil GS. Chronic enrichment 562 

of hepatic endoplasmic reticulum mitochondria contact leads to mitochondrial dysfunction in 563 

obesity. Nat Med. 2014;20(12):1427-1435. 564 

30.  Bravo R, Vicencio JM, Parra V, et al. Increased ER-mitochondrial coupling promotes 565 

mitochondrial respiration and bioenergetics during early phases of ER stress. J Cell Sci. 566 

2011;124(13):2143-2152. doi:10.1242/jcs.095455 567 

31.  Koo HJ, Piao Y, Pak YK. Endoplasmic reticulum stress impairs insulin signaling through 568 

mitochondrial damage in SH-SY5Y cells. NeuroSignals. 2012;20(4):265-280. 569 

doi:10.1159/000333069 570 

32.  Yuzefovych L V., Musiyenko SI, Wilson GL, Rachek LI. Mitochondrial DNA Damage and 571 

Dysfunction, and Oxidative Stress Are Associated with Endoplasmic Reticulum Stress, Protein 572 

Degradation and Apoptosis in High Fat Diet-Induced Insulin Resistance Mice. PLoS One. 573 

2013;8(1). doi:10.1371/journal.pone.0054059 574 

33.  Mesbah Moosavi ZS, Hood DA. The unfolded protein response in relation to mitochondrial 575 

biogenesis in skeletal muscle cells. Am J Physiol - Cell Physiol. 2017;312(5):C583-C594. 576 

doi:10.1152/ajpcell.00320.2016 577 

34.  Nisha VM, Anusree SS, Priyanka A, Raghu KG. Apigenin and Quercetin Ameliorate 578 

Mitochondrial Alterations by Tunicamycin-Induced ER Stress in 3T3-L1 Adipocytes. Appl 579 

Biochem Biotechnol. 2014;174(4):1365-1375. doi:10.1007/s12010-014-1129-2 580 

35.  Oikonomou EK, Antoniades C. The role of adipose tissue in cardiovascular health and disease. 581 

Nat Rev Cardiol. 2018. doi:10.1038/s41569-018-0097-6 582 

36.  Klöting N, Blüher M. Adipocyte dysfunction, inflammation and metabolic syndrome. Rev 583 



 

 

22 

Endocr Metab Disord. 2014;15(4):277-287. doi:10.1007/s11154-014-9301-0 584 

37.  Poret JM, Souza-Smith F, Marcell SJ, et al. High fat diet consumption differentially affects 585 

adipose tissue inflammation and adipocyte size in obesity-prone and obesity-resistant rats. Int 586 

J Obes. 2018;42(3):535-541. doi:10.1038/ijo.2017.280 587 

38.  Virtue S, Vidal-Puig A. Adipose tissue expandability, lipotoxicity and the Metabolic 588 

Syndrome - An allostatic perspective. Biochim Biophys Acta - Mol Cell Biol Lipids. 589 

2010;1801(3):338-349. doi:10.1016/j.bbalip.2009.12.006 590 

39.  McTernan PG, Anwar A, Eggo MC, Barnett AH, Stewart PM, Kumar S. Gender differences in 591 

the regulation of P450 aromatase expression and activity in human adipose tissue. Int J Obes. 592 

2000;24(7):875-881. doi:10.1038/sj.ijo.0801254 593 

40.  McTernan PG, Fisher FM, Valsamakis G, et al. Resistin and type 2 diabetes: Regulation of 594 

resistin expression by insulin and rosiglitazone and the effects of recombinant resistin on lipid 595 

and glucose metabolism in human differentiated adipocytes. J Clin Endocrinol Metab. 596 

2003;88(12):6098-6106. doi:10.1210/jc.2003-030898 597 

41.  Culling CFA. Handbook of Histopathological and Histochemical Techniques.; 1974. 598 

42.  Kusminski CM, Da Silva NF, Creely SJ, et al. The in vitro effects of resistin on the innate 599 

immune signaling pathway in isolated human subcutaneous adipocytes. J Clin Endocrinol 600 

Metab. 2007;92(1):270-276. doi:10.1210/jc.2006-1151 601 

43.  Dagda RK, Cherra SJ, Kulich SM, Tandon A, Park D, Chu CT. Loss of PINK1 function 602 

promotes mitophagy through effects on oxidative stress and mitochondrial fission. J Biol 603 

Chem. 2009;284(20):13843-13855. 604 

44.  Westermann B. Bioenergetic role of mitochondrial fusion and fission. Biochim Biophys Acta - 605 

Bioenerg. 2012;1817(10):1833-1838. doi:10.1016/j.bbabio.2012.02.033 606 

45.  Han J, Kaufman RJ. The role of ER stress in lipid metabolism and lipotoxicity. J Lipid Res. 607 

2016;57(8):1329-1338. doi:10.1194/jlr.r067595 608 

46.  Heinonen S, Buzkova J, Muniandy M, et al. Impaired mitochondrial biogenesis in adipose 609 

tissue in acquired obesity. Diabetes. 2015;64(9):3135-3145. doi:10.2337/db14-1937 610 

47.  Fischer B, Schöttl T, Schempp C, et al. Inverse relationship between body mass index and 611 



 

 

23 

mitochondrial oxidative phosphorylation capacity in human subcutaneous adipocytes. Am J 612 

Physiol - Endocrinol Metab. 2015;309(4):E380-E387. doi:10.1152/ajpendo.00524.2014 613 

48.  Eissing L, Scherer T, Tödter K, et al. De novo lipogenesis in human fat and liver is linked to 614 

ChREBP-β and metabolic health. Nat Commun. 2013;4(1):1-11. doi:10.1038/ncomms2537 615 

49.  Kusawe R, Caprio S, Giannini C, et al. Decreased transcription of ChREBP-a/b isoforms in 616 

abdominal subcutaneous adipose tissue of obese adolescents with prediabetes or early type 2 617 

diabetes associations with insulin resistance and hyperglycemia. Diabetes. 2013;62(3):837-618 

844. doi:10.2337/db12-0889 619 

50.  R. Depaoli M, C. Hay J, Graier W, Malli R. The enigmatic ATP supply of the endoplasmic 620 

reticulum: ER ATP supply. Biol Rev. 2018. doi:10.1111/brv.12469 621 

51.  Mirazimi A, Svensson L. ATP is required for correct folding and disulfide bond formation of 622 

rotavirus VP7. J Virol. 2000;74(17):8048-8052. 623 

52.  Braakman I, Helenius J, Helenius A. Role of ATP and disulphide bonds during protein folding 624 

in the endoplasmic reticulum. Nature. 1992;356(6366):260-262. doi:10.1038/356260a0 625 

53.  Abildgaard J, Danielsen ER, Dorph E, et al. Ectopic Lipid Deposition Is Associated With 626 

Insulin Resistance in Postmenopausal Women. J Clin Endocrinol Metab. 627 

2018;103(March):3394-3404. doi:10.1210/jc.2018-00554 628 

54.  Rovira-Llopis S, Bañuls C, Diaz-Morales N, Hernandez-Mijares A, Rocha M, Victor VM. 629 

Mitochondrial dynamics in type 2 diabetes: Pathophysiological implications. Redox Biol. 630 

2017;11(November 2016):637-645. doi:10.1016/j.redox.2017.01.013 631 

55.  Wang W, Wang Y, Long J, et al. Mitochondrial fission triggered by hyperglycemia is 632 

mediated by ROCK1 activation in  podocytes and endothelial cells. Cell Metab. 633 

2012;15(2):186-200. doi:10.1016/j.cmet.2012.01.009 634 

56.  Han XJ, Lu YF, Li SA, et al. CaM kinase Iα-induced phosphorylation of Drp1 regulates 635 

mitochondrial morphology. J Cell Biol. 2008;182(3):573-585. doi:10.1083/jcb.200802164 636 

57.  Qi X, Disatnik M-H, Shen N, Sobel RA, Mochly-Rosen D. Aberrant mitochondrial fission in 637 

neurons induced by protein kinase C under oxidative stress conditions in vivo. Mol Biol Cell. 638 

2011;22(2):256-265. doi:10.1091/mbc.E10-06-0551 639 



 

 

24 

58.  Cribbs JT, Strack S. Reversible phosphorylation of Drp1 by cyclic AMP-dependent protein 640 

kinase and calcineurin regulates mitochondrial fission and cell death. EMBO Rep. 641 

2007;8(10):939-944. doi:10.1038/sj.embor.7401062 642 

59.  Cereghetti GM, Stangherlin A, de Brito OM, et al. Dephosphorylation by calcineurin regulates 643 

translocation of Drp1 to mitochondria. Proc Natl Acad Sci. 2008;105(41):15803-15808. 644 

doi:10.1073/pnas.0808249105 645 

60.  Shenouda SM, Widlansky ME, Chen K, et al. Altered mitochondrial dynamics contributes to 646 

endothelial dysfunction in diabetes mellitus. Circulation. 2011;124(4):444-453. 647 

doi:10.1161/CIRCULATIONAHA.110.014506 648 

61.  Yu T, Robotham JL, Yoon Y. Increased production of reactive oxygen species in 649 

hyperglycemic conditions requires dynamic change of mitochondrial morphology. Proc Natl 650 

Acad Sci U S A. 2006;103(8):2653-2658. 651 

62.  Brownlee M. Biochemistry and molecular cell biology of diabetic complications. Nature. 652 

2001;414:813. 653 

63.  Cleland E, Ruggiero C, Kadiiska MB, Bonini MG, Stadler K, Wicks S. Thiazolidinedione 654 

Treatment Decreases Oxidative Stress in Spontaneously Hypertensive Heart Failure Rats 655 

Through Attenuation of Inducible Nitric Oxide Synthase-Mediated Lipid Radical Formation. 656 

Diabetes. 2012;61(3):586-596. doi:10.2337/db11-1091 657 

64.  Mousavizadeh M, Esteghamati A, Noshad S, et al. Effects of metformin on markers of 658 

oxidative stress and antioxidant reserve in patients with newly diagnosed type 2 diabetes: A 659 

randomized clinical trial. Clin Nutr. 2012;32(2):179-185. doi:10.1016/j.clnu.2012.08.006 660 

65.  Alhusaini S, McGee K, Schisano B, et al. Lipopolysaccharide, high glucose and saturated fatty 661 

acids induce endoplasmic reticulum stress in cultured primary human adipocytes: Salicylate 662 

alleviates this stress. Biochem Biophys Res Commun. 2010. doi:10.1016/j.bbrc.2010.05.138 663 

66.  Jung TW, Choi KM. Pharmacological modulators of endoplasmic reticulum stress in 664 

metabolic diseases. Int J Mol Sci. 2016. doi:10.3390/ijms17020192 665 

 666 

  667 



 

 

25 

Figures Legends: 668 

 669 

Figure 1: Effect of tunicamycin concentrations on ER stress markers in Chub-S7 adipocytes. (a) 670 

CHOP mRNA expression levels; (b) ATF6 mRNA expression levels; with tunicamycin (0.25μg/mL or 671 

0.75μg/mL) for 24 hr. Error bars represent standard error of the mean. Control vs treatments (one-way 672 

ANOVA, n=4): ** p < 0.01, *** p < 0.001.  673 

 674 

Figure 2: Effect of tunicamycin on mitochondrial respiration in Chub-S7 adipocytes. The Seahorse 675 

+XF Cell Mito Stress Test was performed with Chub-S7 adipocytes and the OCR was measured 676 

following (a) 24, (b) 48 or (c) 72-hr treatment with varying doses of tunicamycin (0.25μg/mL or 677 

0.75μg/mL). The Seahorse XF glycolytic stress test was also performed on Chub-S7 adipocytes, with 678 

ECAR measurements taken at (d) 24, (e) 48 or (f) 72 hr following treatment with tunicamycin. Dotted 679 

lines indicate injections into media of the specific stressors - oligomycin (Oligo), carbonyl cyanite-4 680 

(trifluoromethoxy) phenylhydrazone (FCCP) and Rotenone/Antimycin A (Rot/AA) for the Cell Mito 681 

Stress Test; glucose, oligo and 2-deoxyglucose (2-DG) for the Glycolytic Stress Test. One-way 682 

ANOVA (n=3) was carried out - control vs 0.25μg/mL tunicamycin: τp < 0.05, control vs 0.75μg/mL 683 

tunicamycin: ∗p < 0.05, ∗∗p < 0.01. 684 

 685 

Figure 3: Assessment of mitochondrial energetics in Chub-S7 adipocytes. 686 

(a) Spare respiratory capacity (SRC % = (Maximal Respiration)/(Basal Respiration) x 100), (b) ATP 687 

abundance (calculated from EnzyLight ATP Assay Kit using ATP standard curve), (c) mitochondrial 688 

efficiency (expressed as the ratio of ATP synthesised and oxygen consumed) and (d) MMP (with FCCP 689 

used as a positive control for depolarisation) were measured on following incubation with tunicamycin 690 

(0.25μg/mL and 0.75μg/mL) for 24, 48 and 72 hr. Data are expressed as mean ± standard error of the 691 

mean. Control vs treatments (one-way ANOVA, n=3): ∗p < 0.05, ∗∗ p < 0.01, ∗∗∗p < 0.001.  692 

  693 

Figure 4: Effect of ER stress on mitochondrial morphology in Chub-S7 adipocytes. Confocal 694 

images were taken and analysed to determine (a) mitochondrial fragmentation, (b) mitochondrial 695 
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swelling, (c) mitochondrial area and (d) number of mitochondria. (e) Representative live confocal 696 

images of MitoTracker Green-stained Chub-S7 cells after 24-hr treatment with 0.75μg/mL tunicamycin, 697 

taken with a confocal microscopy at 40x magnification. The inset shows a magnification of part of the 698 

image indicated by the asterisk. Scale bars, 10m. Control vs treatment (two-tailed Student’s T-test, 699 

n=6): * p < 0.05, ** p < 0.01. n.s. = not significant. 700 

 701 

 Figure 5: Regulation of mitochondrial dynamic proteins through ER stress in Chub-S7 702 

adipocytes. Representative Western blot images and protein quantification of (a) p-DRP1/DRP1, (b) 703 

L-OPA1 and (c) MFN2 using ImageQuant TL are shown. Control vs treatments (one-way ANOVA, 704 

n=3): ** p < 0.01, *** p < 0.001.  705 

 706 

Figure 6: Effect of ER stress on mitochondrial content in Chub-S7 adipocytes. Mitochondrial DNA 707 

copy number in human adipocytes following a 24, 48 or 72-hr incubation with 0.25 μg/mL and 0.75 708 

μg/mL tunicamycin was quantified by measuring the mRNA expression of mitochondrial encoded 709 

genes (a) ND5, (b) ND1 and (c) CYB over 18S, a nuclear encoded gene. One-way ANOVA was carried 710 

out (n=4), however no differences were significant. 711 

 712 

 Figure 7: Effect of tunicamycin induced ER stress on oxidative stress and endogenous 713 

antioxidant activity. (a) Total reactive oxygen (ROS) and nitrogen species (RNS). (b) Catalase 714 

activity. (c) Superoxide dismutase 2 (SOD2) activity in human adipocytes (Chub-S7 cells) following 715 

24, 48 and 72-hr incubation with 0.25 μg/mL or 0.75 μg/mL tunicamycin. Bars represent standard error 716 

of the mean. Control vs treatments (one-way ANOVA, n=4): * p < 0.05, ** p < 0.01, *** p < 0.001. 717 

 718 

Figure 8: Key parameters of respiratory control in lean and obese adipocytes. A mitochondrial 719 

stress test was conducted using primary adipocytes from four lean (d-g) and four obese (h-k) patients 720 

following treatment for 24 hr with 0.25μg/mL and 0.75μg/mL tunicamycin. The parameters determined 721 

were (a) spare respiratory capacity, (b) basal respiration and (c) ATP production, calculated by taking 722 

the lowest rate after oligomycin injection from the basal rate. Boxplots depict grouped patients with 723 
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n = 4 in each group in triplicate. Data are shown as median and interquartile ranges, percentile ranges 724 

are 10-90%. OCR values were normalised to total protein to account for inter-well cell number 725 

variability. Control vs treatments (one-way ANOVA, n=3): * p < 0.05, **<0.01, *** p < 0.001. 726 

 727 

 728 
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Figure 8 Click here to access/download;Figure;Murphy_jc.2019-
40172R2_fig8.docx
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