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ABSTRACT

Diabetes mellitus 2 (DM2), a serious, chronic
condition, affects 40 million U.S. persons and one
billion worldwide. The condition is characterized
by unusually elevated blood glucose, insulin-
resistance, and a pro-inflammatory state. We
discuss data fulfilling the four Koch’s postulates,
demonstrating that Staphylococcus aureus may
cause DM2. First, patients are chronically infected
with high levels of skin S. aureus, producing
pro-inflammatory superantigens, compared to
17% of healthy persons colonized on skin with
small numbers. Second, S. aureus is easily
cultured from patients and shown to produce the
superantigens toxic shock syndrome toxin-1,
enterotoxin B, or enterotoxin C. Superantigens
traverse skin barriers after interaction with
CD40 and gpl130 receptors. Third, S. aureus
superantigens cause elevated blood glucose
and insulin-resistance in experimental rabbits.
S. aureus is easily re-isolated, fulfilling the fourth
of Koch’s postulates. The data suggest that
S. aureus superantigens cause DM2. Insights into
this etiology may lead to cure or sustained remission.
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INTRODUCTION

There are four categories of diabetes mellitus
(DM), including DM1, DM2, gestational, and
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DM secondary to other causes. Approximately
38.4 million adults (11.3% of the U.S. population)
have DM2, the subject of this article, with an
estimated 8.5 million not knowing they have the
disease [1]. There are as many as 1 billion persons
with DM2 in the world. DM is the 8" leading
cause of death in the U.S., with many patients
succumbing to heart diseases and strokes [1]. The
annual cost of DM to the U.S. healthcare system
approaches $327 billion [1]. In the U.S., 35.7% of
adults and 15% of children and adolescents are
obese, with significant risk of hypertension and
development of DM2 [1]. Once DM2 progresses,
severe complications may occur, including
development of diabetic foot ulcers, which
ultimately may lead to chronic infections and
amputations [1].

This mini-review is a discussion of the likelihood
that microbes, particularly Staphylococcus aureus
and its superantigen (SAg) toxins, are important
causes of DM2. Insights into the causative
etiology of DM2 may lead to its cure or sustained
remission.

Microbial association with DM2

Interestingly, the gut microbiome is significantly
altered in both DM2, pre-DM2 states, and obesity
[2, 3]. There are overall decreases in intestinal
Bacteroidetes and increases in Firmicutes. The
dominant Firmicutes human pathogens are
S. aureus. These organisms become very common
in DM2 patients and obese persons, approaching
100% chronic colonization and/or infection on the
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skin and nasal mucosa of obese and DM2 patients
[4, 5], compared to 17% transient colonization/
infection of the skin [6] and up to 40%
colonization of the anterior nares in otherwise
healthy persons [7]. In a small study, we showed
that DM2 patients may have up to 10" S. aureus
on their normal skin [4]. To put this in
perspective, this amounts to about one-fourth of
a stick of margarine spread around the body,
usually in moist areas of the skin, for example
antecubital fossa (front of elbow), axilla
(underarms), and popliteal fossa (back of the
knees). The S. aureus strains on these same
individuals, both methicillin-resistant (MRSA)
and methicillin-sensitive (MSSA), produced one
or more of the major highly pro-inflammatory
superantigens (SAgs), that is, toxic shock
syndrome toxin-1 (TSST-1), enterotoxin B (SEB),
and enterotoxin C (SEC) [4].

Role of SAgs in human diseases

SAgs are relatively low molecular weight (20K to
28K), exceptionally heat-, acid-, and protease-
stable, secreted proteins [8, 9]. For example,
TSST-1 and SEs can be boiled for one hour
without loss of SAg activity. The SEs, the
common causes of millions of cases of food
poisoning each year in the U.S., are resistant to
stomach acid and proteases, as is the non-
enterotoxin SAg TSST-1, which allow SEs to
cause vomiting and diarrhea in amounts as low as
nanograms per person [10].

All human pathogenic S. aureus strains produce
one or more SAgs [8, 9]. The large SAg family
includes TSST-1, SE serotypes A-G (excluding
F), and enterotoxin-like SAgs (serotypes I[-X),
as well as streptococcal pyrogenic exotoxins from
Group A streptococci [8, 9]. SAgs can be
produced in vitro in amounts as high as 10-20
mg/ml [11].

All of the SEs have the ability to cause
staphylococcal food poisoning, but SEA is the
predominant cause. TSST-1 is the cause of 100%
of menstrual, tampon-associated TSS [12], and
this SAg is highly associated with eczema
herpeticum [13] and bullous pemphigoid [14].
Patients with menstrual TSS cannot produce
neutralizing antibodies to TSST-1 [15, 16]. Thus,
recurrences of menstrual TSS are common [17].

We know of women who have had six episodes of
this serious disease. When menstrual TSS was
at its peak, prior to removal of the highest
absorbency tampons from the market, the actual
incidence of menstrual TSS correlated well with
the percentage of women lacking antibodies.

TSST-1 and SEs B and C are the causes of
non-menstrual staphylococcal TSS, most often
following influenza respiratory infections [8, 9,
18]. Rarely, SEA may be the cause of non-
menstrual staphylococcal TSS. The reason for the
causation of staphylococcal TSS most often by
TSST-1, SEB, and SEC is presumed to be because
of the high concentration produced on body
surfaces compared to other SAgs [11, 19]. It is
estimated that 1-10% of SAg applied to skin or
mucosal surfaces gains access to the bloodstream
in the course of a few days [10]. It is important to
note that TSST-1 is better able to transit mucosal
surfaces than SEB, SEC, and streptococcal
pyrogenic exotoxins, and thus, TSST-1’s unique
association with menstrual TSS [10]. Additionally,
it is noteworthy that the peak onset of menstrual
TSS is 3-4 days after onset of menstruation [20],
with TSS S. aureus vaginally peaking on day 2 of
menstruation [21, 22]. These data are significant
since it suggests that SAgs cause their major
effects 3-4 days downstream of initial exposure,
and that continuous exposure is much more toxic
than bolus exposure [23-26]. SAgs accumulate in
mucosal and skin tissues to serve as reservoirs for
their continued chronic exposure [27, 28]. These
same observations are seen in rabbit models
where exposure over 3-4 days leads to TSS, but
single bolus injections do not [23, 24]. Further,
in vitro assays show that maximum T lymphocyte
proliferation due to SAgs is on day 4 [29, 30].
These observations will be important in the DM2
discussion below.

Some SAgs, whether staphylococcal or
streptococcal, are also capable of causing
rheumatoid arthritis and experimental allergic
encephalomyelitis in animal models of human
rheumatoid arthritis [31] and multiple sclerosis
[32, 33], respectively. Additionally, streptococcal
pyrogenic exotoxins are associated with guttate
psoriasis [34], acute rheumatic fever [35], and
post-streptococcal acute glomerulonephritis [35].
Because of the commonness of S. aureus and
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Group A streptococci, and the exceptional
potency of SAgs, it is likely that S. aureus and
Group A streptococci and their SAgs are important
in many other human conditions.

Host receptors for SAgs

SAgs are a unique, large serotype family of highly
pro-inflammatory proteins that cause massive
T lymphocyte proliferation, CD4" and CDS’,
with the major effects requiring simultaneous
engagement of antigen-presenting cells [36]. This
suggests that the dominant interactions, at least
initially are among antigen-presenting cells and
CD4" T cells. T lymphocyte proliferation depends
on SAgs binding to a- and/or B-chains of MHC II
molecules and the variable part of the B-chain of
T lymphocyte receptors (VBTCRs) [8, 9, 37-43].
No SAg activates all CD4" T lymphocytes. Rather,
each SAg may activate up to 50% of CD4" T cells,
dependent on the composition of the variable
part of the TCR B-chain [36]. For example, the
approximate percentage of VB2TCRs in humans
is nearly 10%, but in active cases of menstrual
TSS, TSST-1 causes proliferation of these
VB2TCR-containing T cells to become 60-70%
of all T cells; VB2TCR' T cells is the only T cell
subpopulation that is stimulated by TSST-1 [44].
However, the consequence of this massive T cell
stimulation is over activation of macrophages,
with both T cell and macrophage production
of cytokines, including interleukin-1f (causing
fever), tumor necrosis factors a and P (causing
hypotension due to capillary leak), and
interleukin-2 and interferon gamma (minimally
causing macular erythroderma) [8, 9]. TSS is the
disease where the term cytokine storm was
initially used. While the most obvious observation
of SAg activities is dominated by Th1 lymphocyte
and macrophage cytokines, chronic T cell
activation or simply genetic differences among
humans leads to dominance by Th2 cells and their
cytokines, seen most often as an anaphylactic
form of TSS or the presence of an atopic
dermatitis rash as opposed to the standard scarlet
fever-like rash [45].

For SAgs to gain access to the circulation to
exert their pro-inflammatory effects, the proteins
must first interact with epithelial cells [46]
and keratinocytes [47]. Studies have shown that

human vaginal epithelial cells have the immune
co-stimulatory molecule CD40 as its receptor for
both staphylococcal and streptococcal SAgs,
with TSST-1 ten times better able to interact than
other SAgs [46]. The interaction of human
keratinocytes with SAgs is more complicated,
requiring both CD40 and other receptor
molecules, including gp130 [47, 48]. gp130 also
constitutes a receptor on adipocytes for SAgs
[49]. The downstream effect of the interaction of
SAgs with epithelial and keratinocyte receptors is
harmful chemokine production with loosening of
the barrier function of these cells and facilitation
of SAg access to the circulation [50]. We refer to
this process as outside-in-signaling to cause
disease [50]. The consequence of SAg interaction
with adipocytes is harmful pro-inflammatory
adipokine production [51].

An important question that commonly arises
related to SAg effects on humans is: Why does
not everyone develop TSS when so many folks
are infected with TSS S. aureus? The answer to
this question takes the form of the following parts:

1. Not all strains produce the three major
S. aureus SAgs (TSST-1, SEB, SEC) that are
made in high concentrations [11].

2. Those individuals infected with strains that
produce the three major S. aureus SAgs
develop TSS when body conditions facilitate
production of the SAgs. For example, we have
shown that the major reason for the
association of the highest absorbency tampons
with menstrual TSS is that they introduce
oxygen into the normally anaerobic vagina
[52]. TSST-1 production is absolutely
dependent on oxygen for its production,
despite S. aureus being able to grow both
anaerobically and aerobically [53-55].

3. Not all SAgs are equal in their abilities to
traverse mucosal and skin surfaces. TSST-1 is
better able to cross the vaginal mucosa, as
demonstrated in rabbit models, and this likely
explains its unique association with menstrual
TSS [10]. This may also depend on stronger
interaction of TSST-1 with CD40 receptors on
vaginal epithelial cells than the other major
SAgs [46].

4. Many humans (20%) cannot produce neutralizing
antibodies to any given SAg [15, 16].
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This 20% varies depending on the SAg. Thus
for example, it is not the same 20% lacking
immunity to all three major staphylococcal
SAgs (TSST-1, SEB, and SEC).

5. Finally, it appears that the epithelial cells and
keratinocytes from small numbers of females,
and thus likely also males, lack receptors to
transport TSST-1 across barriers [19]. This
phenomenon has been observed but remains
understudied. This was shown in women who
lack antibodies to TSST-1, use tampons, but
do not develop TSS, despite TSST-1 being
present in their used tampons.

Koch’s postulates, SAgs, and DM2

There are four Koch’s postulates, which were
developed by Robert Koch, for demonstration of
a microbial, and later adapted to show exotoxin,
cause of disease. These are:

1. The microorganism and associated toxin
must be found in diseased but to a much lower
extent in healthy individuals.

2. The microorganism and toxin should be
prepared in pure culture, or isolated in pure
form, from diseased persons.

3. Inoculation of a non-diseased animal model
with the cultured microorganism or associated
toxin should duplicate the disease.

4. The microorganism or associated toxin should
be re-isolated from the animal model and
match up with the original microorganism.

These postulates are critical in establishing within
biomedical sciences that the microorganism and
its associated toxin, for example SAg, causes the
disease. These postulates were modified by Koch
in cases where an animal model does not exist,
but the epidemiology says the microorganism
causes the disease. For example, Salmonella typhi
is a pathogen of humans only, causing typhoid
fever. There is no useful animal model for
studying the organism. However, epidemiologically
the causative microorganism is uniquely associated
with the disease entity we know as typhoid fever;
the organism is usually not found in healthy
persons unless they become carriers after having
typhoid fever, but the organism is always
associated with typhoid fever. Thus, Koch indicated
typhoid fever was caused by Salmonella typhi.

Koch’s postulates can be modified somewhat to
include the ability of a toxin, such as a SAg
(or tetanus and diphtheria toxins in the cases of
tetanus and diphtheria, respectively), to be
associated with a disease. For example, we know
that S. aureus is associated with menstrual,
tampon-associated TSS (and additionally post-
influenza or other forms of TSS) [18, 56].
However, one third of women of menstrual age
have S. aureus vaginally and one-third of all
persons have the microorganism in the anterior
nares [7]. It turns out that 100% of women with
menstrual TSS, who have vaginal S. aureus, have
the microorganism producing the SAg TSST-1
[56]. For persons with post-influenza TSS, >90%
have TSST-1 producing S. aureus in the lungs,
and up to 10% have S. aureus that produce the
SAgs SEs B or C [18]. These three major SAgs
are not present in the lungs of otherwise healthy
persons. All three of these major SAgs can be
used to cause TSS in appropriate rabbit animal
models [23, 24]. Also, these three SAgs, TSST-1,
SEB, and SEC can be produced in biofilms, as
might be present in menstrual, tampon-associated
or post-influenza TSS, in amounts as high as 10-
20 mg/ml [11]. In a human trial with use of a SAg
to attempt to treat cancer patients with SAg
therapy, a dose of SAg in the range of 100 ng/
human was sufficient to cause TSS symptoms
[57].

In the remainder of this mini-review, we will
present evidence for the ability of SAgs, first, and
then S. aureus, to cause cases of DM2. We will
begin with the premise that DM2 patients are
nearly 100% colonized on the skin and anterior
nares with S. aureus that produce the major SAgs
associated with TSS [4]. The obvious question
again is: Why do these persons not develop TSS?
In answer to this question, we know that the skin
and anterior nares are not optimal sites for
production of TSS SAgs, primarily due to sub-
optimal temperatures and acidic pH. It has
previously been shown that the conditions which
favor high-level S. aureus SAg production are
[52]:

1. Temperatures of 37-40 °C.

2. The presence of proteins.

3. The presence of oxygen.
4. pHs of 6.5-8.5.
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Additionally, we have shown that only ~1% of
SAg is likely to penetrate the surface barrier
[10, 27].

The first of the four Koch’s postulates states that
a microbe, in this instance S. aureus, and its SAg
should be associated with a disease state and less
commonly isolated from healthy persons. The
enormous difference in S. aureus percentages
(100% on skin and anterior nares of DM2 persons
versus 17% on skin and 40% in the anterior
nares of healthy persons) counts up to 10" on skin
and nasal mucosa of DM2 patients versus
approximately 100 on the skin and nasal mucosa
of healthy persons fulfills the first of Koch’s
postulates for establishing the microbial cause of
DM2 disease. In a small study, we showed that
DM2 patients are consistently colonized or
infected with S. aureus strains that produce the
SAgs TSST-1, SEB, or SEC [4]. This compares to
only 17% of healthy persons colonized on the skin
with S. aureus and 40% in the anterior nares and
5% producing the same three SAgs [7-9, 56].

The second of Koch’s postulates states that the
microbe and SAg must be isolated in pure culture
from patients. This is easily done in DM?2
patients, with isolation of S. aureus from skin and
mucosal surfaces. Additionally, we showed that
S. aureus from DM2 patient skin produce at least
one of the major SAgs, namely TSST-1, SEB, and
SEC [4]. These SAgs are produced in the highest
concentrations of all known SAg proteins, with
production levels in vitro in biofilms as high as
10-20 mg/ml [11]. The total amounts of these
SAgs on the skin of DM2 patients are unknown.
However, we have shown significant production
of TSST-1 on the vaginal mucosa of women [19],
and all three proteins on the skin of atopic
dermatitis patients [58].

The third and fourth of Koch’s postulates include
establishment of the disease in a model system
and re-isolation of the same bacteria (SAgs) from
the model. If such a model could be established
with use of a TSS-associated SAg, this would
allow completion of the final two of Koch’s
postulates for S. aureus as causes of DM2.

Previous research has shown that SAgs stimulate
keratinocytes and adipocytes through CD40 and
gpl130 to cause harmful inflammation [47-49].

We have also shown that SAgs are highly toxic to
humans and rabbits, but mice are highly resistant
[59]. Interestingly, mouse adipocytes function
similar to human preadipocytes, whereas mouse
preadipocytes function similar to human adipocytes
[51]. It has also been shown that patients with
DM2 have gut-associated LPS in their circulations
[60]. LPS itself is pro-inflammatory, but LPS
synergizes up to 10°-fold with SAgs [61]. Thus,
the combination of gut-derived LPS in the
presence of even small amounts of SAgs would be
highly pro-inflammatory, a state that is associated
with DM2.

Humans and rabbits share the presence of LPS-
producing Gram-negative bacteria in their guts
[59, 61]. Not all LPS is toxic to humans and
rabbits, but Enterobacteriaceae LPS (as seen in
humans) and Pasteurellaceae LPS (as seen in
rabbits) are particularly toxic and synergize
strongly with SAgs. Thus, we thought the most
straightforward way to pursue setting up an
animal model was to use outbred New Zealand
white rabbits and subcutaneously-implanted
miniosmotic pumps filled with TSST-1 or SEB
[4, 23, 24]. These pumps deliver a constant
amount of TSST-1 or SEB to the circulation of the
animals over a two-week time period. A side note:
SAgs cause significant delays in wound healing
as shown in both humans and rabbits [62]; this
finding is also observed in DM humans with
diabetic foot ulcers which become infected with
S. aureus producing SAgs [63].

In a first series of studies, it was shown that
in vitro-cultured human adipocytes respond to
TSST-1 and SEB with production of harmful
cytokines and adipokines with synergistic
production in the presence of Gram-negative
Enterobacteriaceae LPS [51]. Primary human
preadipocytes were immortalized by the reverse
transcriptase component of telomerase (TERT)
and the E6/E7 genes of human papillomavirus.
The immortal cells were demonstrated to have all
of the measurable properties of non-immortalized
pre-adipocytes and could easily be differentiated
into mature, functional adipocytes [51].
Differentiated adipocytes exposed to
staphylococcal SAgs produced high levels of
cytokines IL-6 and IL-8. Cytokine production was
increased by co-incubation of adipocytes with
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SAgs and LPS together. As a negative control,
the staphylococcal cytotoxin, a-toxin alone, was
cytotoxic to adipocytes at high concentrations,
but, at sub-cytotoxic doses, did not stimulate
production of IL-6 and IL-8. The data indicated
that the staphylococcal SAgs TSST-1 and SEB
alone and in combination with toxic bacterial LPS
stimulate adipocytes to produce cytokines and
thus may contribute to the pro-inflammatory
response found in the systemic inflammation
that is associated with the development and
persistence of DM2, and additionally in diabetic
foot ulcers [51]. As noted above, human adipocytes
likely have at least two receptors that are engaged
by SAgs (CD40 and gp130) with synergism with
LPS acting on TLR4.

In an important follow-up study, it was shown
that rabbits, which are exposed chronically to
TSST-1, experience elevated blood glucose levels,
systemic inflammation, and elevated levels of
LPS in their bloodstreams, and insulin-resistance,
all of which are common findings in DM2 [4].
Additionally, such DM2-associated findings were
also seen through effects of TSST-1 on isolated
rabbit adipocytes from treated animals [4].
Collectively, these findings show that chronic
exposure to S. aureus SAgs leads to the
development of DM2 in rabbits. The study also
showed that the continuous low-level exposure
to TSST-1 does not lead to TSS, even though
lymphocyte proliferation and downstream-
proinflammation is occurring.

In discussions with our clinical colleagues, they
state that persons with significant S. aureus
infections develop insulin-resistance and elevated
blood glucose, thus taking on the symptoms of
DM2. As noted above 100% of DM?2 patients and
nearly all obese persons are chronically infected
or colonized with S. aureus.

It was thus evaluated whether or not rabbits with
semi-chronic, serious S. aureus infections develop
insulin-resistance in adipocytes as a result of the
infections. The infection system was infective
endocarditis for seven days with use of a typical
USA200 (CC30) S. aureus which produces TSST-1
[53]. The aortic valves of the animals were
damaged with the use of sterile hard-plastic
catheters abutting the valves for two hours. The
catheters were then removed, and the TSST-1"

S. aureus were then injected intravenously; the
dose of S. aureus was adjusted such that the
animal developed serious infective endocarditis
(as measured by the presence of large vegetations
at the end of 7 days) but did not succumb to their
infections. At the end of the experiment, adipocytes
from animals with infective endocarditis showed
insulin-resistance, whereas adipocytes from
control, non-infective endocarditis animals did not
show insulin-resistance. The study did not
evaluate rabbits for longer than seven days; so it
did not assess damage to other organs or effects
on wound healing. However, it is clear that SAg
exposure, for example exposure to TSST-1 in
menstrual TSS, leads to kidney damage [20, 22]
and failure of wounds to heal [45], as is seen with
diabetic foot ulcers [63].

Collectively, the three sets of experiments
discussed above show that intravenous TSS
S. aureus and subcutaneous SAgs have the ability
to produce DM?2 in rabbits, thus fulfilling the third
of Koch’s postulates.

The final Koch’s postulate states that the same
microbes (and SAgs) need to be re-isolated from
the experimental animals, as has been done.

Thus, it has been shown that S. aureus and its
highly-produced SAgs have the ability to cause
DM2. Since humans are easily chronically
colonized or infected with large numbers of
TSS S. aureus on skin and mucosal surfaces,
particularly in association with obesity and DM2,
it becomes easy to see how S. aureus could be
a cause of the condition. Figure 1 summarizes
a proposed pathway for S. aureus on the skin to
cause the symptoms of DM2 and cause these
symptoms to persist with chronic infection or
colonization.

If pathogenic Gram-positive cocci can cause
DM2, then it is possible that the use of agents to
reduce skin and mucosal strains may help reverse
the course of the condition. It has become
commonplace to assume that S. aureus are only
opportunistic pathogens. This thinking, in absence
of antibiotic treatment, is possibly contributory to
the high infection and colonization rate in humans
by this organism. This may also contribute to
humans falsely assuming that S. aureus is not a
cause of DM2.
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Figure 1. Proposed pathway for development of diabetes mellitus 2 as induced by chronic exposure to
Staphylococcus aureus and more specifically its superantigens on normal skin. S. aureus colonizes the skin of large
numbers of obese individuals, with numbers approaching 100% in pre-diabetic states. These S. aureus, both
methicillin-resistant and methicillin-sensitive, produce superantigens in high concentrations. The highly pro-
inflammatory superantigens penetrate into the skin, which then serves as a reservoir to transport small amounts of
superantigens across the skin barrier. The receptors for superantigens on keratinocytes include the immune co-
stimulatory molecule CD40 and gpl130. The effect of the receptor interactions is chemokine production with
weakening of the skin barrier. Superantigens that transit the skin bind to at least gp130 on adipocytes, cause
adipokine production, and cause both insulin-resistance and elevated blood glucose, the major defining properties of
diabetes mellitus 2. Not shown: Superantigens produced by S. aureus strains also prevent and delay wound healing.
Wound healing is difficult to achieve in diabetic foot ulcers. These ulcers are very often infected with superantigen-
producing S. aureus.
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