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A B S T R A C T   

Obesity-induced endoplasmic reticulum (ER) stress contributes to low-grade chronic inflammation in adipose 
tissue and may cause metabolic disorders such as diabetes mellitus and dyslipidemia. Identification of high 
serpina A1 (alpha-1 antitrypsin, A1AT) expression in mouse adipose tissue and adipocytes prompted us to 
explore the role of A1AT in the inflammatory response of adipocytes under ER stress. We aimed to determine the 
role of A1AT expression in adipocytes with ER stress during regulation of adipocyte homeostasis and inflam-
mation. To this end, we chemically induced ER stress in A1AT small interfering RNA-transfected differentiating 
adipocytes using thapsigargin. Induction of CCAAT-enhancer-binding protein homologous protein (CHOP), an 
ER stress marker, by thapsigargin was lower in A1AT-deficient SW872 adipocytes. Thapsigargin or the proin-
flammatory cytokine tumor necrosis factor (TNF)α increased basal expression of cytokines such as interleukin 
(IL)-1β and IL-8 in both SW872 and primary omental adipocytes. This thapsigargin- or TNFα-induced expression 
of proinflammatory genes was increased by A1AT deficiency. These findings indicate that adipose A1AT may 
suppress the ER stress response to block excessive expression of proinflammatory factors, which suggests that 
A1AT protects against adipose tissue dysfunction associated with ER stress activation.   

1. Introduction 

Sepsis is a major cause of death in intensive care units (ICUs) due to 
organ damage and an uncontrolled host response to infection [1,2]. The 
symptoms of sepsis are related to acute inflammation, which is charac-
terized by high systemic concentrations of inflammatory cytokines [3]. 
Various medical treatments for sepsis have been attempted to date, but 
none improve the survival rate of patients significantly [2–4]. High 
sensitivity to postoperative sepsis is exhibited by obese patients, espe-
cially those with visceral obesity [5]. Obesity is now known to be a 
chronic inflammatory disorder and is characterized by high concentra-
tions of inflammatory cytokines and chemokines secreted by adipocytes 
[6]. In particular, patients with visceral obesity exhibit low-grade adi-
pose inflammation, aberrant adiponectin secretion, and insulin resis-
tance. In addition, high mortality and a disruption of appropriate 
immune responses during sepsis occurs in mice fed a high-fat diet for a 

long period of time [7]. Therefore, more detailed knowledge of the 
mechanisms involved in visceral fat inflammation may provide useful 
therapeutic targets for septic patients. 

Endoplasmic reticulum (ER) stress-mediated adipocyte dysfunction 
may, at least in part, mediate sepsis-related mortality [8]. Immune cells, 
including macrophages and T cells, play crucial roles in adipose tissue 
inflammation [9]. Adipose tissue macrophages secrete proinflammatory 
cytokines such as tumor necrosis factor (TNF)α, which plays a major role 
in induction of ER stress. ER stress, which is caused in part by macro-
phage infiltration into adipose tissue, may contribute to functional 
impairment of adipocytes in visceral fat. Our previous study showed that 
macrophages that infiltrate omental adipose tissue during cecal ligation 
and puncture (CLP)-induced sepsis may increase adipocyte apoptosis 
[10]. In addition, obese adipose tissue is exposed to greater oxidative 
stress, which may underlie ER stress [11,12], as may the pathophysio-
logical changes associated with remodeling of adipose tissue in obesity 
[13]. Excessive or persistent ER stress in adipose tissue eventually 
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results in cellular senescence and apoptosis, along with chronic 
inflammation and consequent dysfunction of the tissue, which may lead 
to the development of type 2 diabetes. 

The circulating serine protease inhibitor alpha-1 antitrypsin (A1AT), 
which is encoded by the SERPINA1 gene, is an acute phase protein that is 
principally synthesized in hepatocytes and is present at high circulating 
concentrations in inflammatory diseases. Recent studies show that a 
reduction in local A1AT protein expression may exacerbate the inflam-
matory response in endometriosis-like lesions in mice [14] and that 
A1AT administration improves the survival rate of mice with peritonitis 
and sepsis [15]. Furthermore, A1AT may reduce organ damage in a 
serine protease activity-independent fashion [16,17]. Therefore, in the 
present study, we determined the effect of A1AT knockdown on ER 
stress-induced adipokine production in cultured adipocytes to investi-
gate whether adipose A1AT is involved in the abnormal expression of ER 
stress-induced inflammatory adipokines and proinflammatory factors. 

2. Materials and methods 

2.1. Cell culture 

The human liposarcoma cell line SW872 and human primary 
omental adipocytes were cultured in Dulbecco’s-modified Eagle’s me-
dium (DMEM/F12, Fujifilm Wako Pure Chemical Corp., Osaka, Japan) 
containing 10% fetal bovine serum plus antibiotics, or in Omental 
adipocyte medium (Zen-Bio., Research Triangle Park, NC), respectively. 
After the cells were grown to sub-confluency, the media were replaced 
by differentiation-inducing medium containing 3-isobutyl-1-methylxan-
thine and a PPARγ agonist (Omental adipocyte differentiation medium: 
OM-DM, Zen-Bio), which was diluted twice in DMEM/F12, for 4 days to 
induce cell differentiation. Nontargeting control small interfering RNA 
(siRNA; 20 pmoL/well; Qiagen, Mississauga, Ontario, Canada) or siRNA 
targeting A1AT (20 pmoL/well; MISSION esiRNA, human SERPINA; 
Sigma-Aldrich) was transfected into the adipocytes for 24 h to reduce 
A1AT expression; the adipocytes were then treated with the ER stress 
inducer, thapsigargin, which inhibits the ER Ca2+-ATPase inhibitor, or 
TNFα for 24 h. 

2.2. Oil Red O staining 

Cells were stained with Oil Red O solution according to a standard 
protocol. Briefly, after fixation with 4% paraformaldehyde for 10 min at 
room temperature (RT), cells were incubated with 3 mg/mL Oil Red O 
(Sigma-Aldrich, Tokyo, Japan) in 60% isopropanol for 30 min at RT. 
After removing this solution, the cells were washed with 60% iso-
propanol and subsequently with PBS, and staining was evaluated using 
KEYENCE BZ X810 microscopy to assess the accumulation of lipid 
droplets during adipocyte differentiation. 

2.3. RNA isolation and real time RT-PCR analysis 

RNA was extracted from adipocytes using ISOGEN-II (NIPPON Gene, 
Tokyo, Japan) according to the manufacturer’s protocol. Expression of 
genes encoding proinflammatory cytokines (interleukin [IL]1B, IL6, and 
C-X-C motif chemokine ligand 8: CXCL8) and related proteins 

(prostaglandin-endoperoxide synthase 2: PTGS2 and NLR family pyrin 
domain containing 3: NLRP3) was measured by quantitative real time RT- 
PCR using the iScript One-Step RT-PCR kit and SYBR green (Bio-Rad 
Laboratories, Hercules, CA. USA). Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was used as the reference gene. The primers used are 
listed in Table 1. PCRs were performed on an iQ5 Real-Time PCR 
Detection System (Bio-Rad Laboratories), and the Comparative Ct 
method was used to compare mRNA expression levels between samples. 

2.4. Western blot analysis 

SW872 and primary omental adipocytes were lysed in RIPA buffer 
(Nacalai Tesque, Inc., Kyoto, Japan) according to the manufacturer’s 
instructions. Equal amounts of lysate protein were separated using SDS- 
PAGE (SuperSep Ace, Fujifilm Wako Pure Chemical Corp.) and trans-
ferred onto polyvinylidene fluoride membranes. The membranes were 
blocked for 2 h and incubated overnight at 4 ◦C with primary antibodies 
against glucose-regulated protein 78 (Bip) (Cell Signaling Technology, 
Tokyo, Japan), CCAAT-enhancer-binding protein homologous protein 
(CHOP) (Cell Signaling Technology), A1AT (R & D System, Minneapolis, 
MN), or GAPDH (Sigma-Aldrich). The membranes were then washed 
with tris-buffered saline containing 0.1% Tween-20 and incubated for 1 
h with horseradish peroxidase-conjugated anti-rabbit or mouse anti-
bodies (0.5 μg/mL; Vector Laboratories, Burlingame, CA). Immunore-
active bands were detected using Enhanced chemiluminescence reagent 
(Perkin Elmer Life Science, Inc., Boston, MA). The relative band in-
tensity was assessed by densitometric analysis of digitalized autographic 
images using Scion image software (Scion Corp., Fredrick, MD) and 
normalized to GAPDH. 

2.5. IL-6 ELISA 

The concentration of IL-6 in the medium was quantified by ELISA 
(Human IL-6 Simple Step ELISA Kit, Abcam, Tokyo, Japan), according to 
the manufacturer’s instructions. 

Abbreviations: 

A1AT alpha-1 antitrypsin 
ER endoplasmic reticulum 
GRP78/Bip glucose-regulated protein 78 
CHOP CCAAT-enhancer-binding protein homologous protein 
GAPDH glyceraldehyde 3-phosphate dehydrogenase  

Table 1 
Primers for real-time PCR analyses.  

Name (Accession 
No.) 

Sequence Product 
length 
(bp) 

GAPDH F: 
5’- 

AGCCACATCGCTCAGACA -3′ 66 

(NM_002046.7) R: 
5’- 

GCCCAATACGACCAAATCC -3′

IL1B F: 
5’- 

TGATGGCTTATTACAGTGGCAATG -3′ 140 

(NM_000576.3) R: 
5’- 

GTAGTGGTGGTGGGAGATTCG -3′

IL6 F: 
5’- 

CAGGAGCCCAGCTATGAACT -3′ 85 

(NM_000600.5) R: 
5’- 

AGCAGGCAACACCAGGAG -3′

CXCL8 F: 
5’- 

AAGCATACTCCAAACCTTTCCA -3′ 123 

(NM_000584.4) R: 
5’- 

CCAGACAGAGCTCTCTTCCA -3′

NLRP3 F: 
5’- 

GAGAGACCTTTATGAGAAAGCA -3′ 85 

(NM_183395.3) R: 
5’- 

GCATATCACAGTGGGATTCGAA -3′

PTGS2 F: 
5’- 

CAGCACTTCACGCATCAGTT -3′ 128 

(NM_000963.4) R: 
5’- 

CGCAGTTTACGCTGTCTAGC -3′

F: Forward, R: Reverse. 
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2.6. Statistical analysis 

Results are expressed as the mean ± SEM. Data were compared using 
the Tukey-Kramer test. P < 0.05 was considered to represent statistical 
significance using R software (ver.3.6.2). 

3. Results 

3.1. Effects of A1AT knockdown on thapsigargin-induced ER stress 
markers in cultured SW872 adipocytes 

Culture in differentiation medium increased the number of SW872 
adipocytes that contained lipid droplets. The volume of the lipid drop-
lets increased for 10 days during the period of culture (Fig. 1). Expres-
sion of the ER stress markers Bip and CHOP was analyzed after knocking 
down A1AT in differentiating SW872 cells (Fig. 2). The basal protein 
level of A1AT was low, but treatment with the ER stress activator 
thapsigargin (100 nM) increased this, and also significantly increased 
expression of CHOP. Knocking down A1AT expression suppressed 
thapsigargin (100 nM)-induced CHOP expression. Expression of Bip and 
CHOP in thapsigargin (10 nM)-treated cells tended to be higher, but not 
statistically significant in A1AT-knockdowned cell than those in control 
cells. The expression of Bip in thapsigargin (100 nM)-treated cells was 
similar between in control cells and A1AT-knockdowned cells, sug-
gesting that ER stress response reached saturation point. 

3.2. Effect of A1AT knockdown on inflammatory cytokine expression 
during ER stress in SW872 cells 

Thapsigargin (100 nM) treatment markedly increased expression of 
IL1B, IL6, and CXCL8 mRNA in control cells (Fig. 3A, white column). 
When A1AT siRNA-transfected cells were treated with thapsigargin 
(Fig. 3A, blue column), basal expression of IL6 and CXCL8 mRNA in 
untreated cells, and expression of IL1B and CXCL8 mRNA in thapsi-
gargin (10 nM)-treated cells, increased significantly relative to that in 
control cells. A1AT knockdown increased IL6 expression in all groups 
(Fig. 3A). The IL6 concentration in control medium was higher 12 h after 
thapsigargin (100 nM) treatment, and increased significantly at 6 h and 
12 h after knocking down A1AT (Fig. 3B). 

3.3. Effect of A1AT knockdown on TNFα-induced inflammatory cytokine 
expression in SW872 cells 

A1AT siRNA-transfected SW872 cells were treated with TNFα 
(Fig. 4), and this caused increases in expression of mRNA expression 
encoding IL1B, IL6, and CXCL8, and of the representative inflammasome 
NLRP3. Expression of IL1B and IL6 mRNA was significantly increased by 
A1AT knockdown (Fig. 4A). In addition, the concentration of IL-6 in the 
medium was increased by TNFα treatment, and further increased by 
A1AT knockdown (Fig. 4B). 

3.4. Effects of A1AT knockdown on ER stress- and TNFα-induced 
proinflammatory factor expression in primary omental adipocytes 

In an attempt to corroborate the results obtained using human 
adipocyte cell line SW872, we also examined the effect of A1AT 
silencing on expression of proinflammatory factors in ER stressor- and 
TNFα-treated primary omental adipocytes (Fig. 5). Thapsigargin treat-
ment increased expression of IL6 and CXCL8 mRNA, but only tended to 
increase IL-6 secretion. Treatment with A1AT siRNA increased basal 
expression of IL1B, CXCL8, and PTGS2 mRNA. Furthermore, TNFα 
significantly stimulated expression of IL1B, IL6, and CXCL8 mRNA, 
whereas expression of IL1B, CXCL8 mRNA, and that of PTGS2 was 
increased by A1AT siRNA. 

4. Discussion 

Systemic inflammation in severe sepsis causes organ damage because 
of local inflammation. Adipose tissue is an immunoregulatory organ 
with an endocrine function that produces proinflammatory cytokines 
such as TNFα and IL-6, and conversely anti-inflammatory adipokines 
such as adiponectin [18–20]. Regulation of adipose tissue cytokine 
production might represent a way of ameliorating systemic inflamma-
tion. Appropriate responses by adipocytes to sepsis are likely to be 
involved in protection against tissue damage. ER stress plays an 
important pathophysiological role in obesity-induced adipose tissue 
dysfunction [8,9,11]. ER stress induces low-grade chronic inflammation 
and is involved in development of metabolic diseases such as diabetes, 
dyslipidemia, and neurodegenerative diseases. The protein kinase 
RNA-like endoplasmic reticulum kinase (PERK) pathway is an ER stress 
sensor activated via the chaperone molecule Bip, resulting in higher 
expression of the downstream proapoptotic factor CHOP. The present 

Fig. 1. Effect of the differentiation media on lipid accumulation in adipocyte SW872. 
SW872 cells (2×104 cells) were cultured for 4, 7, or 10 days in normal media or differentiation media. Accumulation of lipid droplets during adipocyte differentiation 
was visualized with Oil-Red O staining. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 2. Effects of alpha-1 antitrypsin (A1AT) knockdown on expression of ER stress markers, Bip, and CHOP in SW872 cells. 
SW872 cells (2×104 cells) were transfected for 24 h with A1AT siRNA (20 pmol) and then treated for 24 h with thapsigargin (Thap: 10 or 100 nM). The protein levels 
of glucose- regulated protein 78 (Bip), CCAAT-enhancer-binding protein homologous protein (CHOP), and alpha-1 antitrypsin (A1AT) were measured by immu-
noblotting. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as loading control. Representative results (A) and densitometric analyses of n = 3 in-
dependent experiments (B) are shown. 

Fig. 3. Effect of alpha-1 antitrypsin (A1AT) knockdown on expression of ER stressor-induced proinflammatory factors in SW872 cells. 
SW872 cells (2×104) were transfected for 24 h with A1AT siRNA (20 pmol) and then treated for 24 h with thapsigargin (Thap: 10 or 100 nM). Expression of mRNA 
encoding proinflammatory factors IL1B, IL6, IL8, and NLRP3 was quantified by real-time RT-PCR (A). A1AT-deficient SW872 cells were stimulated for 6 h, 12 h, or 
24 h with Thap (100 nM) (B). The culture medium was collected and the concentration of IL-6 was measured by ELISA. Three independent experiments were 
performed. Results are expressed as the mean ± S.E.M. and compared using the Tuker-Kramer test. *p<0.05, **p<0.01 vs. Thap (0) in control siRNA (− )-transfected 
cells; #p<0.05, ##p<0.001 vs. control siRNA-transfected cells. 
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study shows that functional changes associated with ER stress or TNFα 
stimulation are promoted by adipocyte A1AT deficiency. ER stress and 
TNFα stimulation increase inflammatory adipokine expression, which is 
further increased by low A1AT expression in both human SW872 cells 
and primary omental visceral adipocytes, as is basal expression of ER 
stress markers. These results suggest that endogenous A1AT deficiency 
may increase secretion of the proinflammatory adipokines that are 
released by adipose tissue during chronic inflammation. 

Sepsis is a life-threatening disorder that causes an uncontrolled host 
response, resulting in organ damage; indeed, it is the leading cause of 
death in ICUs. Prevention of postoperative infections and alleviation of 
septic symptoms are important clinical aims. Visceral obesity underlies 

the metabolic syndrome, which is a cluster of risk factors for cardio-
vascular disease that includes dyslipidemia, abnormal glucose meta-
bolism, and high blood pressure [12]. We showed recently that A1AT is 
highly expressed in mouse adipose tissue and that its expression is 
reduced by CLP-induced sepsis (data not shown), which suggests 
involvement of adipose A1AT in abnormal production of proin-
flammatory adipokines. In the present study, A1AT expression was 
increased by treatment with the ER stressor thapsigargin, whereas low 
A1AT expression in cultured adipocytes caused alteration in ER 
stress-induced response of CHOP, which suggests that A1AT may be 
involved in the ER stress response. TNFα-stimulated proinflammatory 
cytokine expression was also higher in A1AT-deficient adipocytes. 

Fig. 4. Effect of alpha-1 antitrypsin (A1AT) knockdown on TNFα-induced proinflammatory factor expression in SW872 cells. 
SW872 cells (2×104 cells) were transfected for 24 h with A1AT siRNA (20 pmol) and then treated for 24 h with TNFα (100 ng/ml). Expression of mRNA expression 
encoding proinflammatory factors IL1B, IL6, CXCL8, and NLRP3 was quantified by real-time RT-PCR (A). A1AT-deficient SW872 cells were treated for 6 h, 12 h, and 
24 h with TNFα (100 ng/ml) (B). The culture medium was collected and the concentration of IL-6 was measured by ELISA. Three independent experiments were 
performed. Results are expressed as the mean ± S.E.M. *p<0.05, **p<0.01 vs. TNFα (0) in control siRNA (− )-transfected cells; #p<0.05, ##p<0.001 vs. control siRNA- 
transfected cells. 

Fig. 5. Effect of alpha-1 antitrypsin (A1AT) knockdown on expression of ER stressor- and TNFα-induced proinflammatory factors in primary omental adipocytes. 
Omental adipocytes (2×104 cells) were transfected for 24 h with A1AT siRNA and then treated for 24 h with thapsigargin (Thap: 10 or 100 nM) (A, B) and TNFα (100 
ng/ml) (C). A, C: Expression of mRNA encoding IL1B, IL6, IL8, NLRP3, and PTGS2 was quantified by real-time RT-PCR. B: The concentration of IL-6 in the culture 
medium was measured by ELISA. Three independent experiments were performed. Results are expressed as the mean ± S.E.M. *p<0.05, **p<0.01 vs. Thap (0) or 
TNFα (0) in control siRNA-transfected cells; #p<0.05, ##p<0.001 vs. control siRNA-transfected cells. 
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These results are consistent with the possibility that dysregulation of 
the ER stress response exacerbates adipose tissue damage via increased 
production of proinflammatory adipokines, and that this dysregulation 
may be promoted by low A1AT expression. Thus, expression of A1AT in 
visceral adipocytes might be essential for prevention of ER stress- and 
TNFα-induced inflammatory cytokine expression; also, A1AT may be an 
endogenous suppressor of adipose tissue inflammation. Further studies 
are needed to dissect the mechanisms by which A1AT affects adipokine 
expression and ER stress response. Elucidation of these mechanisms and 
regulating A1AT expression may lead to identification of novel thera-
peutic targets for adipose tissue dysfunction-related disorders and sys-
temic inflammatory diseases such as septic shock. 
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