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ABSTRACT Excessive weight and obesity are associated with the development of diabetes mellitus type 2 (DMII) in humans.
They also pose high risks of Staphylococcus aureus colonization and overt infections. S. aureus causes a wide range of severe ill-
nesses in both healthy and immunocompromised individuals. Among S. aureus virulence factors, superantigens are essential for
pathogenicity. In this study, we show that rabbits that are chronically exposed to S. aureus superantigen toxic shock syndrome
toxin-1 (TSST-1) experience impaired glucose tolerance, systemic inflammation, and elevated endotoxin levels in the blood-
stream, all of which are common findings in DMII. Additionally, such DMII-associated findings are also seen through effects of
TSST-1 on isolated adipocytes. Collectively, our findings suggest that chronic exposure to S. aureus superantigens facilitates the
development of DMII, which may lead to therapeutic targeting of S. aureus and its superantigens.

IMPORTANCE Obesity has a strong correlation with type 2 diabetes, in which fatty tissue, containing adipocytes, contributes to
the development of the illness through altered metabolism and chronic inflammation. The human microbiome changes in per-
sons with obesity and type 2 diabetes, including increases in Staphylococcus aureus colonization and overt infections. While the
microbiome is essential for human wellness, there is little understanding of the role of microbes in obesity or the development of
diabetes. Here, we demonstrate that the S. aureus superantigen toxic shock syndrome toxin-1 (TSST-1), an essential exotoxin in
pathogenesis, induces inflammation, lipolysis, and insulin resistance in adipocytes both in vitro and in vivo. Chronic stimula-
tion of rabbits with TSST-1 results in impaired systemic glucose tolerance, the hallmark finding in type 2 diabetes in humans,
suggesting a role of S. aureus and its superantigens in the progression to type 2 diabetes.
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The occurrence of diabetes mellitus type 2 (DMII) is an uncon-
trolled pandemic. In 2013, nearly 350 million people were di-

agnosed with DMII worldwide, and the number is expected to be
more than 500 million by 2035 (1). Approximately 5 to 10% of the
total health care budget has been used to manage DMII in many
countries (1, 2). Once the disease progresses, DMII may result in
severe complications, including congenital heart failure, renal fail-
ure, blindness, arterial diseases, and diabetic foot ulcers (3). DMII
is often considered a syndrome of disordered metabolism, with
abnormally high blood glucose levels.

Common symptoms of DMII include hyperglycemia, exces-
sive urine production, compensatory thirst, increased fluid intake,
blurred vision, unexplained weight loss, lethargy, and changes in
energy metabolism. The disease is primarily characterized by im-
paired glucose tolerance due to deficiencies in insulin action
and/or insulin secretion (4). However, chronic inflammation and
high bloodstream levels of endotoxin have also consistently been
observed in individuals with DMII (5).

While there is a strong connection between DMII and inherit-
able genetics, obesity contributes to approximately 55% of DMII

cases (4). In obesity, the disparity between fatty acid uptake and
oxidation results in excessive accumulation of triacylglycerol and
fatty acid metabolites in the skeletal muscle (6), which can lead to
decreases in insulin signaling and glucose disposal rates. In addi-
tion, with the expansion of adipose tissue as obesity progress,
there may be an upregulation of proinflammatory cytokine pro-
duction by adipocytes after exposure to endotoxin and environ-
mental cues (5, 7). Such prolonged stimulation leads to chronic
subclinical inflammation, as well as insulin resistance, which may
ultimately contribute to the development of DMII.

Interestingly, the microbiome is also altered in obesity. In the
gut, there are decreases in Bacteriodetes and increases in Firmic-
utes; the latter phylum is dominated by Gram-positive organisms
like Staphylococcus species (8, 9). It is hypothesized that such
changes in the microbiome correlate with increased energy ex-
tracted from the diet, which in turn promotes the development of
obesity (8, 10, 11). Furthermore, the rate of Staphylococcus aureus
nasal colonization is also increased in men and women with a high
body mass index (12). In addition, S. aureus skin infection is also
more prevalent in overweight and obese individuals than in lean
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subjects (12, 13). Although often considered an opportunistic
pathogen, S. aureus causes numerous life-threatening infections
in humans, resulting in menstrual toxic shock syndrome (TSS),
pneumonia, sepsis, osteomyelitis, and endocarditis (14). Consid-
ering the strong correlation between obesity and DMII and the
suggested roles of microbes in the pathophysiology of obesity, it is
possible that the presence of S. aureus in obese individuals has an
impact on the development of DMII.

Within the S. aureus virulence factor repertoire, superantigens
(SAgs) are associated with major infections caused by the organ-
ism (14). All human S. aureus pathogenic isolates produce one or
more SAgs, and 22 S. aureus SAgs have been identified (14). The
hallmark SAg activity is the ability to induce systemic inflamma-
tion by stably cross-bridging the variable region of the � chain of T
cell receptors (V�-TCRs) and � and/or � chains of major histo-
compatibility complex class II (MHC-II) molecules of antigen-
presenting cells (14). Recent studies in rabbits show that interfer-
ence with SAgs successfully prevents serious infections associated
with S. aureus (15–17).

In a previous study, we showed that the S. aureus SAg toxic
shock syndrome toxin-1 (TSST-1), alone and in combination
with endotoxin, induces the production of the proinflammatory
cytokines interleukin-6 (IL-6) and IL-8 in immortalized human

adipocytes. Since inflammation has a major role in DMII, for ex-
ample, by inducing insulin resistance in liver, skeletal muscle, and
adipose tissues (7), we hypothesized that SAgs could contribute to
development of DMII, either alone or by increasing circulating
endotoxin. Therefore, in this study, we examined whether chronic
exposure to TSST-1 has an impact on the development of DMII.

RESULTS
TSST-1 induced impaired glucose tolerance in vivo. To examine
the relationship between SAgs and DMII, we challenged New Zea-
land White rabbits (5/group) chronically with a sublethal dose of
TSST-1 or phosphate-buffered saline (PBS; control) for 6 weeks.
Weekly, rabbits were challenged with glucose subcutaneously, and
the ability to metabolize glucose was monitored by use of a con-
ventional glucose meter. TSST-1-treated rabbits exhibited gradu-
ally reduced abilities to metabolize glucose in comparison with its
metabolization in control animals (Fig. 1A). Even though the glu-
cose metabolism deficiency was not observed in the first 2 weeks of
TSST-1 treatment, once it occurred, the deficiency persisted and
worsened until the end of the experiment, suggesting that the
influence of TSST-1 on impaired glucose tolerance resulted from
chronic exposure.

Immediately after the glucose tolerance test at the end of the

FIG 1 Chronic exposure to TSST-1 induces impaired glucose metabolism. (A) Blood glucose levels in two groups of rabbits (5/group) over time, as assayed
weekly. Statistically significant differences were determined by two-way analysis of variance (ANOVA). (B) Relative pancreatic insulin transcript levels in the
same two groups of animals, analyzed immediately after the glucose challenge test at the end of the 6-week experiment. Statistically significant differences were
determined by Student’s t test. Error bars show standard deviations.
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sixth week, the rabbits were sacrificed and their pancreases were
isolated. For each pancreas, three random areas were selected for
total RNA extraction. Quantitative reverse transcription PCRs
(RT-qPCRs) were then performed to analyze the levels of insulin
transcript in the two groups of animals. TSST-1-treated rabbits
had higher insulin transcript levels than the control animals
(Fig. 1B), indicating normal �-cell function in SAg-treated rab-
bits. Considering that these rabbits also experienced impaired glu-
cose tolerance, these data collectively suggest that chronic expo-
sure to TSST-1 induced insulin resistance in the animals, resulting
in deficient glucose metabolism.

TSST-1 induced systemic inflammation and elevated blood-
stream endotoxin in rabbits. Despite the difference in abilities to
clear blood glucose, there was no significant difference in body
weight between TSST-1- and PBS-treated animals (Fig. S1A in the
supplemental material), and there was no apparent sign of distress
in the TSST-1-treated rabbits over the course of the experiment.
However, gross anatomy analysis showed that the spleens of
TSST-1-treated animals were larger and collectively heavier than
those of the controls (Fig. 2A and B). Furthermore, examination
of plasma revealed that the TSST-1-treated rabbits also had signif-
icantly higher levels of tumor necrosis factor alpha (TNF-�) in the
circulation (Fig. 2C and D) than did controls, indicating that
chronic systemic inflammation in vivo was present in SAg-treated
animals.

The endotoxin levels in the circulation were also elevated in
TSST-1-treated animals in comparison with the levels in the con-
trols (Fig. 2E and F). These observations are consistent with DMII
in humans, in which both TNF-� and endotoxin are elevated in
the bloodstream. Since endotoxin is proinflammatory both in
vitro and in vivo and synergizes with TSST-1, the presence of en-
dotoxin in the blood would significantly exacerbate systemic in-
flammation in the TSST-1-treated animals.

TSST-1 induced liver damage both in vitro and in vivo. Un-
der normal conditions, the liver is the main site for endogenous
endotoxin clearance (18). Hence, detectable endotoxin in the cir-
culation could suggest liver damage. Histopathology of the liver
tissue from TSST-1-treated rabbits showed microvesicle forma-
tion, suggesting hepatocyte necrosis (Fig. 3A). Moreover, in vitro
treatment with TSST-1 directly induced cytotoxicity in HepG2
cells (a human hepatocyte cell line) (Fig. 3B and C); this effect was
significantly increased by endotoxin (Fig. 3D). Therefore, TSST-1
may promote the elevation of endogenous endotoxin levels in vivo
through inducing liver damage.

TSST-1 induced proinflammatory cytokine and chemokine
production in adipocytes in vitro and in vivo. Prolonged expo-
sure of rabbits to TSST-1 induced chronic inflammation, elevated
the endotoxin levels in the circulation, and impaired glucose tol-
erance, all of which are conditions seen in DMII patients. Next, to
understand the possible mechanisms of action, we explored the

FIG 2 TSST-1 induces systemic inflammation and elevated circulating endotoxin levels in vivo. (A) Representative images of the spleens harvested from TSST-1
and PBS animals after 1 week and 6 weeks of treatment. (B) Average weights of spleens from TSST-1- and PBS-treated animals after 6 weeks of treatment. (C)
TNF-� levels in plasma collected from the two groups of animals each week. (D) Average TNF-� levels in plasma collected from two groups of animals
throughout the experiment. (E) Image shows representative results of the Limulus amebocyte lysate assay performed on collected plasma. (F) Average endotoxin
(lipopolysaccharide [LPS]) levels in the circulation of two groups of animals after 6 weeks of treatment. Statistically significant differences were determined by
Student’s t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001). Error bars show standard deviations.
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direct effect of TSST-1 on adipocytes, noting the strong correla-
tion between obesity and DMII. In vitro, TSST-1 significantly in-
duced proinflammatory cytokine (IL-6) production in both hu-
man and rabbit adipocytes in dose- and time-dependent manners
(Fig. 4A; Fig. S1B in the supplemental material), and the effect was
significantly enhanced by TNF-� and endotoxin (Fig. 4B and C).
Previously, we showed that there was no difference in the ability of
TSST-1 to induce proinflammatory cytokine production in adi-
pocytes isolated from either DMII or nondiabetic individuals,
suggesting that the observed TSST-1 effect is independent of met-
abolic alterations in adipocytes in the progression to DMII.

To examine the influence of TSST-1 on adipocytes in vivo,
adipocytes were tested ex vivo after treatment of rabbits with
TSST-1, and the levels of IL-6, IL-8, TNF-�, monocyte chemoat-
tractant protein-1 (MCP-1), and adiponectin transcripts were an-
alyzed by RT-qPCR. After the first week, IL-6, IL-8, TNF-�, and
MCP-1 transcript levels were significantly upregulated in adi-
pocytes from TSST-1-treated animals in comparison with their
levels in the controls (Fig. 4D). Although there were reductions in
IL-6, IL-8, and MCP-1 transcript levels at the end of the sixth
week, the TNF-� transcript level remained elevated, which is con-

sistent with the observed chronic systemic inflammation in these
SAg-treated animals (Fig. 4E). There was no significant difference
in adiponectin transcript levels in adipocytes isolated from
TSST-1- or PBS-treated animals. Collectively, TSST-1 induced
proinflammatory signal (IL-6, IL-8, and TNF-�) production in
adipocytes, which could contribute directly to the development
and maintenance of the chronic systemic inflammation observed
in rabbits. At the early time points (1 week), TSST-1 treatment
also induced MCP-1 expression in adipocytes. MCP-1 and IL-8
are both chemoattractants that could further recruit macrophages
and neutrophils to inflamed adipose tissue, where TSST-1 could
then stimulate these immune cells to produce more proinflamma-
tory cytokines. Ultimately, this process could greatly enhance the
systemic inflammation.

TSST-1 induced insulin resistance in adipocytes ex vivo.
Since the TSST-1-treated rabbits experienced impaired glucose
tolerance without observed deficiency in the ability to produce
insulin, it is possible that chronic stimulation with TSST-1 in-
duces insulin resistance. Hence, we examined the ability of adi-
pocytes to take up glucose after chronic exposure to TSST-1. After
6 weeks of treatment, adipocytes from TSST-1- and PBS-treated

FIG 3 TSST-1 induces liver damage. (A) Hematoxylin-and-eosin (H&E)-stained livers from TSST-1- and PBS-treated rabbits after 6 weeks of treatment. Circles
indicate areas of microvesicle formation. (B) Frequencies of HepG2 cells labeled with annexin V antibody after treatment with TSST-1 (100 �g/ml) or PBS at
various time points. (C) Percentages of HepG2 cells surviving after 24 and 48 h of treatment with TSST-1 (100, 50, and 10 �g/ml) or PBS. (D) Percentages of
HepG2 cells surviving after 48 h of treatment with TSST-1 (50 �g/ml) alone, LPS (endotoxin; 10 and 100 ng/ml) alone, or TSST-1 and LPS together. Statistically
significant differences were analyzed by Student’s t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001). Error bars show standard deviations.

Vu et al.

4 ® mbio.asm.org March/April 2015 Volume 6 Issue 2 e02554-14

mbio.asm.org


rabbits were isolated ex vivo, induced with identical amounts of
insulin, and tested for the ability to take up 2-deoxy-D-glucose
(2DG). Adipocytes from TSST-1-treated rabbits absorbed signif-
icantly less 2DG than those from the control rabbits (Fig. 5B).
Since the two groups of adipocytes were induced with the same

amount of insulin, the results indicate that chronic exposure to
TSST-1 leads to insulin resistance in adipocytes in vivo.

Interestingly, the same effect was not observed in adipocytes
isolated from TSST-1-treated rabbits at earlier time points. In fact,
the glucose uptake ability was upregulated in rabbits after 1 week
of treatment with TSST-1 (Fig. 5A); such an outcome might result
from the ability of adipocytes to compensate for the acute effects
of systemic inflammation, which was confirmed by in vitro data.
Acute treatment with TNF-� also increased glucose uptake in adi-
pocytes (Fig. S1C in the supplemental material). Together, these
data further support the idea that insulin resistance in adipocytes
could be achieved through chronic exposure to TSST-1 rather
than acute stimulation.

TSST-1 induced lipolysis. Considering that skeletal muscles
are responsible for 70% of glucose uptake in the body (19), insulin
resistance in adipose tissue alone cannot account for the periph-
eral insulin resistance observed in the TSST-1-treated rabbits.
However, chronic inflammation can disrupt insulin signaling in
muscles, resulting in reduced insulin sensitivity (7). Not only in-
flammation but excessive fatty acid levels in the circulation could
result in insulin resistance in skeletal muscle via inducing the ac-
cumulation of intramuscular triglycerides and lipids (20). Since

FIG 4 TSST-1 induces inflammation in adipocytes. (A) IL-6 levels in human adipocyte supernatants after 24 and 48 h of treatment with TSST-1 (100, 50, 10,
and 1 �g/ml) or PBS. (B) IL-6 levels in human adipocyte supernatants after 24 h of treatment with TSST-1 (50 �g/ml) alone, TNF-� (1 ng/ml) alone, or TSST-1
and TNF-� together. (C) IL-6 levels in human adipocyte supernatants after 6 h of treatment with TSST-1 (50 �g/ml) alone, LPS (endotoxin; 5 ng/ml) alone, or
TSST-1 and LPS together. (D and E) IL-6, IL-8, TNF-�, MCP-1, and adiponectin transcript levels in adipocytes isolated from two groups of animals ex vivo after
1 week (D) or 6 weeks (E) of treatment. Statistically significant differences were determined by Student’s t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001). Error
bars show standard deviations.

FIG 5 TSST-1 induces insulin resistance in adipocytes ex vivo. 2DG uptake
ability of adipocytes isolated from two groups of animals after 1 week (A) and
6 weeks (B) of treatment ex vivo. Statistically significant differences were de-
termined by Student’s t test (**, P � 0.01; ***, P � 0.001). Error bars show
standard deviations.
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adipocytes are the main sites for lipolysis, the breakdown of trig-
lycerides into glycerol and fatty acids (21), it is possible that
TSST-1 contributes to the development of peripheral insulin re-
sistance through directly inducing lipolysis in adipocytes. Treat-
ment with TSST-1 significantly induced lipolysis in both human
and rabbit adipocytes in a dose-dependent manner (Fig. 6A;
Fig. S1D in the supplemental material), which was consistent with
the upregulation of transcript levels of adipose triglyceride lipase
(ATGL), hormone-sensitive lipase (HSL), and monoacylglycerol
lipase (MGL), the three main enzymes involved in adipocyte lipol-
ysis (Fig. 6B; Fig. S1E). Furthermore, the upregulation of HSL
expression levels was also observed in ex vivo adipocytes from
TSST-1-treated rabbits, suggesting in vivo lipolysis (Fig. 6C). Of
note, there are no predicted genes for ATGL and MGL in the
rabbit genome, so these were not tested.

TSST-1 production in vivo. Previously, we and others have
shown that women with menstrual TSS or healthy women with
TSST-1-producing S. aureus vaginally and present on tampons
(up to 1011 CFUs/tampon) may have up to 100 �g of TSST-1 per
tampon (22, 23). Additionally, SAgs have been demonstrated in
the lungs of rabbits with necrotizing pneumonia (17), and vacci-
nation against SAgs protects rabbits from lethal pneumonia (15),
further suggesting that SAgs are produced in vivo. All of these data
suggest that SAgs are produced in vivo by colonizing or infecting
S. aureus.

We evaluated S. aureus directly from the skin of 4 patients with
diabetes, two with DMI and two with DMII. The skin of palms and
forearms was swabbed in 2-cm by 2-cm areas, and S. aureus and
SAgs were quantified directly. Based on all four patients being
positive for S. aureus both on palms and forearms, we extrapolated
the amounts of S. aureus and SAgs that may be present assuming
uniform colonization of the skin; we assumed the average skin

area of humans to be 1.75 m2. These 4 patients had an estimated
1011 to 1013 S. aureus cells on their skin surface. Two of the S. au-
reus strains produced TSST-1, and two produced staphylococcal
enterotoxin C (SEC). The lower limit of TSST-1 or SEC detection
in our Western blot assay is 800 pg/cm2. Assuming these 4 patients
had the same amount of SAg over all of their skin as the tested
palms and forearms, they would have been continually exposed to
at least 1 �g of SAg. Our experience from unpublished rabbit
studies is that the hide permeability of SAgs is approximately 1/10
to 1/100 the amount applied over a 24-h period. Thus, our calcu-
lations indicate that these 4 persons were possibly continuously
exposed to 10 to 100 ng subcutaneously. Previously, we have
shown that rabbits are susceptible to SAgs to approximately the
same extent as humans (24). In our current studies, rabbits were
exposed to 250 ng of TSST-1 per hour from miniosmotic pumps
continually over the 6-week period, similar to the exposure sug-
gested for humans.

DISCUSSION

DMII is a chronic metabolic disorder whose prevalence has been
increasing rapidly worldwide (Fig. 7) (1, 4). Along with genetic
determinants, obesity is significantly correlated with the develop-
ment of DMII (25). Once DMII is established and when it is not
under control, the disease can progress to serious complications,
including diabetic foot ulcers (3). Obese persons and persons with
diabetic foot ulcers have high incidences of S. aureus colonization
and infections (12), and in the case of diabetic foot ulcer infec-
tions, S. aureus isolates have been shown to carry higher numbers
of SAg genes than normal colonization strains (26). In addition,
rabbits which have S. aureus infective endocarditis experience im-
paired glucose tolerance, the main symptom of DMII (data not
shown). Considering the essential roles of SAgs in S. aureus patho-
genesis, we examined the potential effects of SAgs on the develop-
ment of DMII.

Since mouse models have been reported to be inadequate to
study SAg effects (24) and, additionally, human inflammatory dis-
eases (27), we chose to study rabbits, which were challenged with
sublethal doses (yet doses expected in humans) of TSST-1 and
tested for impaired glucose tolerance. Collectively, our data indi-
cate that TSST-1 treatment gradually reduces the ability of rabbits
to clear blood glucose over time. Deficiencies in glucose clearance
might result from peripheral insulin resistance that diminishes
insulin receptor activation in multiple tissues, resulting in reduc-
tion in insulin signaling cascades and insulin-dependent actions,
such as transporting glucose into the cells via glucose transporters
(25). Another possibility for impaired glucose removal from
blood is that there may not be enough insulin produced by �-islet
cells in the pancreas (25). Analysis comparing the ability to pro-
duce insulin between TSST-1- and PBS-treated groups of animals
showed that there is more insulin transcript in the pancreas of
TSST-1-treated rabbits than in the pancreas of PBS-treated rab-
bits. This outcome suggests that TSST-1-treated animals are not
deficient in the ability to produce insulin.

It is possible that chronic exposure to SAgs could induce pro-
tective antibodies during natural S. aureus infection. However,
many humans appear unable to produce protective antibodies to
any given SAg, as demonstrated most recently in a study in which
20% of adult women, regardless of country, were found to lack
antibodies to TSST-1 and, thus, remained susceptible to men-
strual TSS (28). Different S. aureus strains carry different subsets

FIG 6 TSST-1 induces lipolysis in adipocytes. (A) Glycerol levels in NDAD
supernatants after 6 h of treatment with TSST-1 (20, 10, and 1 �g/ml) or PBS.
(B) Relative expression levels of ATGL, HSL, and MGL genes in human adi-
pocytes after 6 h of treatment with TSST-1 (20 �g/ml) or PBS. (C) HSL gene
expression levels in ex vivo adipocytes isolated after 6 weeks of treatment with
TSST-1 or PBS. Statistically significant differences were determined by Stu-
dent’s t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001). Error bars show standard
deviations.
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of SAgs, and while their roles in pathogenesis can be redundant,
neutralizing antibodies to SAgs often do not provide cross protec-
tion. Finally, it is well established that chronic exposure to SAgs
has greater proinflammatory effects in rabbits than a single bolus
exposure with the same dose. Thus, obese humans, with high col-
onization/infection by S. aureus, are likely to be continually ex-
posed and susceptible to one or more SAgs, with an inability to
make neutralizing antibodies.

Inflammation has a significant role in the development of in-
sulin resistance (7). Previous studies have shown that endotoxin is
able to induce proinflammatory cytokine production in adi-
pocytes, and chronic exposure may lead to insulin resistance and
promote the development of DMII (7). Our findings indicate that
TSST-1 can also have the same effect on adipocytes and that the
effect can be enhanced with endotoxin and other proinflamma-
tory signals, like TNF-�. It is well known that SAgs amplify the
effects of endotoxin by up to 106-fold (29).

TSST-1 stimulation of rabbits elevates the levels of endotoxin
in the circulation. Under conditions of normal health, low levels
of endotoxin are thought to leak through the intestinal wall into
the circulation and are cleared by the liver’s Kupffer cells (18). As

a result, there is no persistent inflammatory effect. However, with
TSST-1 exposure, histopathological analysis of rabbit livers indi-
cates cellular damage. In vitro treatment with TSST-1 also directly
induces hepatocyte apoptosis. Previous studies reported that
acute treatment of rabbits with SAgs inhibits Kupffer cell RNA
synthesis and reduces the ability of the liver to clear endotoxin
from the circulation (30); this effect may explain in part the ability
of SAgs to enhance the effects of endotoxin in animals. These data
suggest that TSST-1 induces damage to the liver over time, as seen
in TSS patients, which leads to decreases in the endotoxin clear-
ance function of the liver, resulting in increased levels of endo-
toxin in the circulation. The correlations between liver disease and
DMII in humans, such as high risks of DMII development among
alcoholic individuals, patients with nonalcoholic liver disease, and
patients with liver steatosis, have been well established (31). In
addition, endotoxin has consistently been shown to have a major
role in the development of peripheral insulin resistance via its
proinflammatory nature (5). Therefore, by increasing the circu-
lating endotoxin level via liver damage in vivo, TSST-1 could po-
tentially have a significant impact on the development of insulin
resistance in DMII.

FIG 7 Model of the possible role of SAgs in the development of DMII. As obesity progresses (42), the rates of S. aureus colonization and infection increase [1].
Since all pathogenic human S. aureus isolates produce SAgs, obese individuals have a high risk of frequent exposure to SAgs [2]. In vivo, SAgs induce
proinflammatory cytokine (IL-6, IL-8, and TNF-�) production in adipocytes [3], which may contribute to the development of systemic inflammation [4]. By
producing chemoattractants, such as MCP-1 and IL-8, adipocytes can further recruit immune cells to adipose tissue [5]. Once recruited, these immune cells can
also be stimulated by SAgs to produce additional proinflammatory signals [6]. SAgs induce liver damage (hepatocyte apoptosis) [8], which leads to a reduction
in the endotoxin clearance function of the liver, resulting in elevated circulating endotoxin (LPS) levels [9]. Together with the proinflammatory signals from the
recruited immune cells, endotoxin in the circulation (perhaps spilling over from the intestinal microbiota) can further enhance and maintain ongoing systemic
inflammation [7 and 10]; chronic systemic inflammation has previously been shown to have an important role in the development of peripheral insulin resistance
[11]. TSST-1 induces lipolysis in adipocytes [12]. Free fatty acids can be taken up by skeletal muscle and subsequently converted into intramuscular lipids, which
are strongly associated with the development of insulin resistance [13]. Chronic exposure to SAgs in vivo can lead to insulin resistance in adipocytes [14].
Altogether, chronic insulin resistance in multiple tissues results in impaired glucose tolerance, the hallmark of DMII [15]. Numbers in brackets indicate the
representative order of the process.
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We examined adipocytes ex vivo after treatment of rabbits with
TSST-1 to further assess the effects of SAgs in vivo. Our data show
that proinflammatory cytokine expression is upregulated in adi-
pocytes upon in vivo TSST-1 exposure. This may contribute to
chronic inflammation, which was seen in the rabbits. In addition,
proinflammatory cytokines can recruit macrophages to adipose
tissue, in which these cells can also be stimulated by SAgs to pro-
duce more proinflammatory signals.

Normal adipocytes may also have anti-inflammatory func-
tions. Adiponectin is an anti-inflammatory adipokine, which is
produced by adipocytes to dampen either local or systemic in-
flammation (7). However, there was no difference in the adi-
ponectin transcript levels in adipocytes isolated from the TSST-1-
treated and PBS-treated rabbits, regardless of the duration of the
treatment. This outcome suggests that TSST-1 stimulation may
have a negative effect on adiponectin activation cascades.

Peripheral insulin resistance generally results from insulin in-
sensitivity in the skeletal muscles and adipose tissues (20). Our
findings reveal that chronic instead of acute exposure to TSST-1
can result in insulin resistance in adipocytes. In addition, TSST-1
treatment induces adipocyte lipolysis, wherein lipolysis products,
such as glycerol and fatty acids, can have major roles in the devel-
opment of insulin resistance in skeletal muscles through lipid ac-
cumulation (20). It is noteworthy that S. aureus enterotoxin A
(SEA) has also been shown to induce lipolysis and to reduce glu-
cose uptake in primary adipocytes in vitro (32), which further
supports the role of SAgs in the development of insulin resistance.
Thus, TSST-1 and perhaps SAgs in general have multiple ways to
contribute to the development of peripheral insulin resistance in
vivo, i.e., through (i) causing systemic inflammation and affecting
insulin signaling, (ii) direct effects on adipocyte insulin resistance,
and (iii) indirect effects on skeletal muscle insulin resistance
through lipolysis.

Collectively, our findings show that prolonged exposure to
SAgs, such as TSST-1, possibly happening through frequent S. au-
reus colonization and infection in obese individuals, may result in
impaired glucose metabolism, the hallmark of DMII. This out-
come can be traced back to the ability of SAgs to cause insulin
resistance through inducing chronic systemic inflammation and
lipolysis. Throughout history, microbial pathogens have surprised
us with their contributions to chronic diseases, such as Reiter’s
syndrome, gastrointestinal ulcers/cancer, and cervical cancer (33).
Now, based on our findings, the possibility exists that S. aureus
could influence the development of DMII. Therapies targeting
S. aureus colonization and SAgs may become important for pre-
vention and treatment.

MATERIALS AND METHODS
Cells. Immortalized human preadipocytes from healthy human donors
were characterized previously (34). Rabbit primary preadipocytes and
adipocytes were isolated from adipose tissues surrounding the kidneys,
following a published protocol (35). Rabbit pancreases were isolated im-
mediately after the last glucose challenge test at the end of the 6th week of
treatment. Three random areas in each pancreas were selected for total
RNA extraction and analysis of insulin transcript levels.

In vitro preadipocytes were grown to confluence in preadipocyte me-
dium (Lonza, Allendale, NJ) and then changed to differentiation medium
(Lonza, Allendale, NJ) prepared according to the manufacturer’s instruc-
tions. The cells were maintained in this medium for 10 days to allow
differentiation to adipocytes. The differentiated human cells are referred
to herein as nondiabetic differentiated adipocytes (NDADs).

Animal models. All animal experiments were performed under an
approved University of Iowa IACUC protocol. Alzet miniosmotic pumps
(purchased to contain 200-�l total volumes and release SAgs at a constant
rate of 0.15 �l/h for 6 weeks) (Alza Corp., Palo Alto, CA) containing either
TSST-1 (1.6 mg/ml, 200 �l) or PBS (200 �l) were implanted subcutane-
ously through small, midline incisions in the lumbar regions of New Zea-
land White rabbits (36). The wounds were closed with sutures, and the
animals were monitored for 6 weeks. Although we did not assess the
release of TSST-1 by the miniosmotic pumps over the 6-week test period,
we have previously shown that miniosmotic pumps from Alza Corp re-
lease SAgs in the expected amounts

Each week, after overnight fasting, rabbits were administered
D-glucose (1 g/kg of body weight) subcutaneously at the same total vol-
ume. A blood glucose meter and TRUEtest strips (Nipro Diagnostics, Fort
Lauderdale, FL) were used to monitor blood glucose levels every 15 min.

Toxin purification. The SAg purification method is detailed elsewhere
(37). In brief, S. aureus RN450�hlb::pCE107 (for TSST-1) was cultured in
beef heart (BH) medium (with high aeration) for 48 h. The cultures were
then treated with absolute ethanol (80% final volume) for toxin precipi-
tation. SAgs were resolubilized in distilled water and purified to homoge-
neity by thin-layer isoelectric focusing.

Endotoxin was purified from Salmonella enterica serovar Typhimu-
rium by using the hot phenol extraction method (38). The endotoxin
preparation was demonstrated to be biologically active by using the Lim-
ulus amebocyte assay and pyrogen testing (the minimum pyrogenic dose
was 0.01 �g/ml).

Western immunoblotting. We tested three humans for the presence
of the SAgs TSST-1 and SEC by a Western immunoblot technique. Swabs
wetted with PBS were rolled in two directions across 2-cm by 2-cm
squares of palm and forearm skin; the swabs hold 0.1 ml of PBS. The swabs
were then placed into 0.2 ml of PBS and vortexed for 1 min. The swabs
were removed, and the mixture was clarified by centrifugation (14,000 �
g for 5 min). The clarified supernatants (10-�l volumes) were spotted
onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laborato-
ries, Hercules, CA). Additionally, 10-�l volumes of serially diluted, puri-
fied TSST-1 or SEC were added to the membranes to establish a standard
curve. The PVDF membranes were developed with antibodies to the cor-
responding SAg, antibodies against rabbit antibodies, and substrate (39).

ELISAs for cytokines. NDADs and primary rabbit adipocytes were
treated with TSST-1 (1, 10, 20, and 50 �g/ml), endotoxin (5 ng/ml), or
TNF-� (1 ng/ml) for 6, 24, or 48 h at 37°C in 5% CO2. The culture
supernatants were collected for IL-6 quantification by enzyme-linked im-
munosorbent assay (ELISA) (human IL-6 DuoSet kit; R&D Systems, Min-
neapolis, MN).

For analysis of cytokine levels in the circulation, blood was collected
from rabbit anterior ear veins into heparin weekly and spun down at 450
� g for 10 min to collect plasma. Circulating TNF-� in plasma was mea-
sured by ELISA (rabbit TNF-� DuoSet kit; R&D Systems, Minneapolis,
MN).

Quantification of transcript levels by RT-qPCR. Total RNA was ex-
tracted from cells using Trizol reagent (Invitrogen, Grand Island, NY) and
chloroform extraction, followed by purification with RNeasy minicol-
umns (Qiagen, Redwood City, CA). RNA was reverse transcribed using a
high-capacity cDNA reverse transcription kit (Applied Biosystems, Grand
Island, NY). qPCR was performed with SYBR Select master mix (Life
Technology, Grand Island, NY). The primers used are detailed in Table 1.
The target gene transcript levels were normalized to the transcript levels of
the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and peroxi-
some proliferator-activated receptor-gamma (PPAR�) genes for adi-
pocytes or the histone deacetylase-9 (HDAC9) gene for pancreatic �-cells.

Detection of lipolysis. In vitro NDADs and primary rabbit adipocytes
were treated with TSST-1 (1, 10, and 20 �g/ml) in adipocyte-growing
medium (Lonza) without the presence of serum for 6 h. The culture su-
pernatants were collected for quantification of glycerol levels with the
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triglyceride (GPO [glycerol phosphate oxidase]) reagent set (Pointe Sci-
entific, Canton, MI).

2DG uptake assay. Details of the 2DG uptake assay have been pub-
lished previously (40); some modifications were made for ex vivo rabbit
adipocytes. In short, isolated rabbit primary adipocytes were treated with
1 �M recombinant human insulin (Sigma Aldrich, St. Louis, MO) for
30 min at 37°C, washed twice, and challenged with 2 mM 2-deoxy glucose
(2DG) (Sigma Aldrich, St. Louis, MO) for 20 min at 37°C. The cells were
then washed extensively, resuspended in 0.1 M NaOH, and snap-frozen at
�80°C overnight. The next day, samples were thawed, sonicated, neutral-
ized with 0.1 M HCl and triethanolamine TEA buffer (200 mM, pH 8.1),
and spun down at 12,000 � g for 5 min. The collected supernatants were
then used to measure the intracellular 2DG levels.

Limulus amebocyte lysate assay. After 6 weeks of treatment, plasma
endotoxin was isolated with the chloroform extraction method and quan-
tified with E-Toxate (Sigma Aldrich, St. Louis, MO) at an absorbance
wavelength of 600 nm. Purified Salmonella endotoxin was used to con-
struct a standard curve.

Cytotoxicity assay. After treatment with toxins, HepG2 cells were
washed and resuspended in PBS. CellTiter 96 aqueous one solution (Pro-
mega, Madison, WI) was used to monitor metabolically active cells (indi-
cated by a color change, a property that is lost with dead cells). The col-
orimetric reaction was measured at a 492-nm wavelength.

In other experiments, treated cells were washed and stained with an
annexin V cell death/apoptosis kit (Life Technology, Grand Island, NY)
according to the manufacturer’s instructions. The levels of labeled an-
nexin V were then quantified and analyzed with the BD FACSCalibur (BD
Biosciences, San Jose, CA) and FlowJo software (FlowJo, Ashland, OR).
(41).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.02554-14/-/DCSupplemental.

Figure S1, PPTX file, 0.3 MB.
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