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Abstract: Human type 1 diabetes mellitus is a chronic autoimmune disease characterized by the
selective loss of insulin-producing B-cells in pancreatic islets of genetically susceptible individuals. In
this communication, a new hypothesis is postulated which is based on the observations that strep-
tozotocin (STZ), a chemically reactive and cytotoxic compound produced by certain gram-positive
bacteria, can be preferentially taken up into islet 3-cells and induce cytotoxicity and autoimmunity. It
is hypothesized that humans might be occasionally exposed to STZ through opportunistic infections
with the STZ-producing bacteria and/or through ingestion of certain food products that contain
STZ. In addition, the potential presence of the STZ-producing bacteria in the gut microbiota of
some individuals might be another source of long-term STZ exposure. Because of the high chemical
reactivity of STZ and its breakdown products, these chemicals can covalently modify certain cellular
macromolecules (e.g., DNA and proteins), and the covalently modified cellular components would
serve as new antigens, potentially capable of inducing both humoral and cellular autoimmune re-
sponses in the islets of certain individuals. In addition to STZ exposure, the eventual development of
autoimmunity against STZ-exposed islet B-cells also depends critically on the genetic predisposition
of the susceptible individuals plus the opportunistic presence of a conducive, strong environmental
trigger, which often is presented as severe febrile viral infections subsequently inducing strong
aberrant reactions of the body’s immune system. The proposed pathogenic hypothesis is supported
by a considerable body of direct and indirect evidence from laboratory animal studies and clinical ob-
servations. Certainly, more experimental and clinical studies are needed to carefully further examine
each of the key components of the proposed pathogenic hypothesis.

Keywords: autoimmune diabetes; pathogenic mechanism; streptozotocin-induced p-cell damage

1. Introduction

Clinically, there are four main types of diabetes mellitus (DM) in humans, namely, type
1 DM (T1DM), type 2 DM, gestational DM, and other specific types of DM [1]. TIDM is char-
acterized by the loss of insulin-producing B-cells in the islets of Langerhans in the pancreas,
resulting in insulin deficiency. While T1IDM can be further classified as autoimmune-
mediated or idiopathic, the majority is thought to be immunologically mediated, in which
islet B-cell loss is the result of a selective autoimmune attack in genetically susceptible
individuals [2—4]. There is no known preventive measure available at present for TIDM.
Most affected people are otherwise healthy and of a healthy body weight when disease
onset occurs [4]. Sensitivity and responsiveness to insulin are usually normal, especially
in the early stages [4]. TIDM can affect both children and adults but was traditionally
termed “juvenile diabetes” because the majority of cases occur in children [4]. Type 2
DM mainly results from insulin resistance, a condition in which cells in the body (such as
hepatocytes, skeletal muscle cells, and adipocytes) fail to respond to insulin properly [5].
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Gestational DM occurs when pregnant women without a previous diagnosis of DM develop
hyperglycemia [6]; this condition sometimes may precede the onset of type 2 DM [7]. There
are also certain “specific types” of DM in humans which are due to other causes, such as
monogenic diabetes syndromes and diseases of the exocrine pancreas [8].

The pathogenic mechanism underlying the autoimmune attack in T1IDM is still poorly
understood at present. In 1986, a disease model for the development of autoimmune T1IDM
was proposed by Eisenbarth [9]. It was suggested that people are born with various degrees
of susceptibility to developing TIDM. When exposed to certain environmental risk factors,
it is likely to trigger autoimmunity and destruction of islet B-cells in susceptible individuals,
which subsequently results in the development of TIDM [9]. Over the years, a long list of
environmental risk factors has been suspected of playing a role in islet autoimmunity and
the subsequent development of TIDM, which include viruses, dietary factors, vitamin D,
nitrites and N-nitroso compounds, gluten and fiber, vaccinations, certain pollutants and
toxins, microbiomes, perinatal and psychological stress, and others [10].

In this communication, a new hypothesis is proposed, which speculates that infec-
tions caused by streptozotocin (STZ)-producing bacteria coupled with the body’s aber-
rant immune response, which often is triggered by the accompanying febrile viral infec-
tions, are an important pathogenic cause for human autoimmune T1DM in genetically
susceptible individuals.

2. Hypothesis

STZ is produced by certain strains of the gram-positive bacteria Streptomyces achromogenes,
that have a wide distribution in the environment [11-15]. It was originally identified in the
late 1950s as an antibiotic [11]. Later, it was found that STZ has preferential cytotoxicity in
the insulin-producing islet S-cells [16,17]. Because of this unique pharmacological property,
STZ has been used for treating carcinoma of human pancreatic islet cells [18,19]. Regarding
the mechanism of STZ’s anticancer action, it was suggested that STZ, being a glucosamine—
nitrosourea compound, can induce strong cytotoxicity mostly by causing damage to cellular
DNA and proteins through covalent modifications, although other mechanisms were also
thought to be involved [20].

Structurally, STZ is similar to glucose (Figure 1) and is selectively transported into islet
B-cells by GLUT2 (a glucose transporter present in the cell membrane of islet S-cells), but it
is basically not recognized by other glucose transporters [16,17]. Because the islet S-cells of
some laboratory animals (e.g., rats and mice) express very high levels of GLUT2 and thus
are preferentially sensitive to STZ’s cytotoxicity [16,17], STZ has been commonly used as a
tool of choice in biomedical research to produce animal models of DM through selective
destruction of their islet B-cells [21-24]. Here it is of note that while the precise mechanism
by which STZ induces autoimmune-type DM in animal models is still not completely clear
at present, there is, nonetheless, considerable experimental evidence clearly demonstrating
that administration of multiple low doses of STZ (MLD-STZ) could produce a long-lasting
autoimmune-type DM in rodents with pathogenic characteristics closely resembling those
of human autoimmune T1DM (discussed in detail later).

In this paper, a hypothesis is proposed that attempts to explain the potential contri-
bution of STZ in the etiology of human autoimmune T1DM (Figure 2). Specifically, it is
hypothesized that humans might occasionally be exposed to STZ through opportunistic
infections with the STZ-producing bacteria (e.g., Streptomyces achromogenes) or through
certain food products that contain STZ or drinking contaminated water. In addition, the
possible presence of the STZ-producing bacteria in human gut microbiota (discussed later)
may also increase the likelihood of a chronic STZ exposure. Moreover, it is further hy-
pothesized that STZ generated by the infecting bacteria may preferentially accumulate in
pancreatic islet S-cells and subsequently cause chemical damage to these cells through
covalent modifications of their cellular macromolecules (such as DNA and proteins). It is
speculated that the direct chemical toxicity to islet B-cells caused by relatively lower doses
of STZ (which would not quickly kill all or most islet B-cells) usually would be short lasting
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and likely would not cause permanent DM as the remaining islet B-cells are expected to
slowly regenerate and thus recover, at least partially, from the initial chemical damage. This
suggestion appears to be in line with an earlier clinical study [25] showing that treatment of
domestic pigs with STZ at high doses (100-150 mg/kg body weight) would produce a com-
plete and permanent diabetic condition, but when the animals were treated with a slightly
lower dose of STZ (85 mg/kg body weight), they would only develop a transient diabetic
reaction, suggesting that the chemically damaged islet B-cells might be able to regenerate
and partially recover from the initial damage. However, because STZ can also covalently
modify cellular components in islet B-cells, the covalent modifications of certain cellular
macromolecules (such as DNA and proteins) by STZ and its chemically reactive breakdown
products (Figures 3 and 4) may lead to the formation of new cellular autoantigens. These
changes might trigger the production of autoimmune-type humoral and cellular immune
responses, and subsequently, initiate long-lasting autoimmune attacks against islet S-cells.
It is expected that in most cases, the induced autoimmune T and and B cells would only
attack the islet B-cells that contain antigenic cellular macromolecules covalently modified
by STZ or its chemically reactive breakdown products. Here it should be noted that in some
cases it is also possible that the autoimmunity induced in the body following exposure to
STZ-modified antigenic cellular macromolecules might cross-react with the same cellular
components of islet B-cells even in the absence of covalent modifications.
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Figure 1. The chemical structure of STZ in comparison with a-glucose, B-glucose, and a-D-glucosamine.
STZ contains an a-glucose chemical moiety, which is believed to be the structural basis for its ability
to serve as a substrate for the glucose transporter GLUT?2. It is of note that STZ also shares a close
structural similarity to a-D-glucosamine.
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Figure 2. A proposed hypothesis on the potential role of STZ in the pathogenesis of autoimmune
T1DM in humans. A detailed description of the hypothesis is provided in the main text under
Section 2 (“Hypothesis”).
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Figure 3. Pathways of chemical decomposition of STZ in pancreatic islet B-cells and the covalent
modifications of cellular macromolecules (mostly proteins and DNA) by chemically reactive decom-
position products of STZ (e.g., isocyanate and carbonium ion). While the carbonium ion is highly
reactive and can covalently modify (methylate) various macromolecules within islet S-cells in a facile
manner, STZ’s isocyanate derivative is bulkier and likely more antigenic once it covalently modifies a

macromolecule (such as a protein) through carbomoylation.
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Figure 4. Methylation by the STZ breakdown product carbonium ion of the guanine bases contained in cel-
lular DNA and RNA at the N7 and O° positions (panel A) and of the DNA's phosphate backbone (panel B).

While the appearance of autoantibodies against islet S-cells is widely viewed as the
first detectable sign of B-cell autoimmunity, it is the cellular immune response against
STZ-modified islet autoantigens that eventually causes persistent 5-cell damage and the
pathogenesis of human T1DM [26]. It is speculated that cellular, as well as humoral immune
responses, are both driven by STZ-modified islet autoantigens in genetically susceptible
individuals under conducive conditions triggered by environmental factors.

In addition to STZ exposure and the formation of covalently modified new cellu-
lar autoantigens, it should be clearly pointed out that the eventual development of the
autoimmune-type responses in the islets of certain individuals would also depend critically
on the genetic predisposition of the susceptible individuals plus the timely presence of an
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environmental trigger, which might be in the form of aberrant strong immune responses of
the body occurring concurrently (such as in response to severe febrile viral infections). It is
speculated that when these critical genetic and environmental factors are absent, pathogenic
autoimmune responses would not take place even if the STZ-exposed islet B-cells have
already formed new cellular autoantigens.

Provided below (Sections 3-9) is a critical evaluation of each major component
of the proposed hypothesis along with a discussion of the available experimental and
clinical observations that may offer direct, indirect, or circumstantial support for the
proposed hypothesis.

3. Potential Sources of Human STZ Exposure
3.1. STZ-Producing Bacteria

STZ is produced by certain strains of Streptomyces achromogenes [11-15] and has a broad-
spectrum antibiotic activity and selective antineoplastic property (reviewed in [13,20]).
Streptomyces achromogenes belongs to the genus Streptomyces which are gram-positive bacte-
ria with a wide distribution and abundant presence in soil [13-15,27]. In addition to soil,
habitats of Streptomyces also include animal fodders and other organic materials [15].

3.2. Gut Microbiota

It is known that there are about 500 to 1000 species of gut microorganisms present
in humans [28]. Studies have clearly indicated that gut microbiota is associated with the
pathogenesis of TIDM [29-31]. It was reported earlier that modulation of gut microbiota
in Bio-Breeding DM-prone rats, a rat model for TIDM, through antibiotic use results in
decreased incidence and delayed onset of TIDM [29]. Mechanistically, it is possible that
certain strains of the STZ-producing bacteria might be present in the gut microbiota of some
susceptible human subjects, thereby contributing to an increased risk for developing T1IDM.
Here it should be noted that it was speculated earlier that there might be certain degrees
of molecular mimicry between islet cell antigens and certain microorganism components,
which might also partially contribute to the pathogenesis of TIDM [32].

In addition, it is speculated that livestock, such as cows, may be fed with fodders
containing STZ-producing Streptomyces as well as the toxic chemical STZ. After entering the
body of cows, the STZ-producing Streptomyces might become part of cows’ gut microbiota,
and as a result, STZ might be present in cow’s meat and milk either in its free form or in
covalently adducted forms (i.e., STZ and its breakdown products may covalently modify
macromolecules of cow meat and milk). When humans ingest cow’s meat or milk as food,
STZ may enter the human body. Regarding this potential route of STZ exposure in humans,
there were some epidemiological studies speculating that early dietary intake of customary
cow’s milk formula under the age of 5 might be associated with an increased risk of S-cell
autoimmunity and T1DM [33,34]. A more detailed discussion on this highly speculative
and controversial topic is provided later in Section 9.

3.3. Environmental Sources of STZ

It was reported that soil Streptomyces can readily contaminate rivers and freshwater
lakes after heavy rainfalls; thus the drinking water supplies sometimes may become
contaminated with Streptomyces [14]. Under such circumstances, humans and animals are
likely to be occasionally exposed to low levels of Streptomyces and their toxic product STZ
through the water they drink.

3.4. Opportunistic Infections with STZ-Producing Bacteria

Generally, Streptomyces are usually considered of low pathogenicity in humans. While
the reported cases of infections caused by Streptomyces are relatively small compared to
many other bacteria, it has also been noted that the real cases of human infection with
Streptomyces may be greatly underestimated [13,14]. Mycetoma, the chronic suppurative
infection of the skin and underlying soft tissue and bone, is a more common presentation of
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Streptomyces infection [35]. Moreover, there are also reported cases of Streptomyces infections
that lead to infections in the lung, blood stream, and /or pericardia in the patients [14,35-39].
Based on existing clinical case reports, Streptomyces infections often occur in individuals
with underlying diseases that would weaken the body’s immune system functions. An
earlier paper reviewing 19 cases of invasive Streptomyces infections noted that some of the
preexisting conditions, such as cancer, AIDs, autoimmune disease, presence of a central
venous catheter, and prosthetic heart valve, were found in most cases (14/19) [37,38].

These findings support a general view that when the body’s immune system function
is compromised, opportunistic infections with STZ-producing Streptomyces may take place.
It is further speculated that when the body’s immune system function is under severe
stress caused by the accompanying febrile viral infections, STZ, which is produced by the
infecting Streptomyces, might induce aberrant autoimmune responses in pancreatic islets
of genetically susceptible individuals, which results from STZ’s covalent modifications of
the cellular components in islet S-cells. The detailed mechanism by which STZ induces
islet B-cell damage and the ensuing autoimmune responses are described in detail below in
Sections 4 and 5.

4. STZ Can Readily Induce Autoimmune Diabetes in Animal Models

STZ is a naturally occurring alkylating agent. Structurally, it is nitrosamide methyl-
nitrosourea (MNU) linked to the C-2 position of a-D-glucose [40] (Figure 1). The glucose
moiety is a component in STZ that determines its specific cytotoxicity in islet B-cells, as
these cells preferentially express the glucose transporter protein GLUT2 [7,8], which has
a high affinity for the transport of STZ. Studies using *C-labeled STZ found that STZ
is preferentially taken up by islet B-cells [30]. Consistent with this observation, STZ has
markedly higher toxicity in islet -cells than MNU, a well-known alkylating agent [41].

Because STZ can selectively destroy islet B-cells [42,43], it has been widely used in
diabetes research as a tool to induce hyperglycemia and insulitis in animal models [21-24].
In general, rats are sensitive to the effect of STZ and therefore are among the commonly used
animal models in research settings [21-24]. The intensity and duration of hyperglycemia
in rats depend on the amount and frequency of STZ administration. Based on many
experimental observations from different research groups, there are two well-characterized
regimens of STZ administration that are best suited to induce diabetic conditions in rats [21].
One is the “single high-dose regimen”, which gives a single injection of a high dose of STZ
(usually at 200 mg/kg body weight) in rats [21]. At high doses, it has been suggested that
STZ could induce GSH depletion, severe oxidative stress, and cell death in pancreatic islet
(-cells in rats [44,45], which was accompanied by rapid elevation of blood glucose levels
usually within a very short time (around 48 h) [21]. This model has been widely used as a
short-term DM rodent model, and diabetic animals are usually observed and tested for a
relatively short experimental period [21]. Another method is commonly referred to as the
“multiple low-dose STZ (MLD-STZ) regimen”, which tends to induce immune responses
in the pancreatic islets of treated animals [21-24]. It was found that the experimental
animals (usually rats and mice) that were treated with MLD-STZ (usually at 40 mg/kg
body weight once daily for five consecutive days) would develop insulitis and complex
immune responses in the islets after a latent period of about five days after the last dose
of STZ, and these changes were accompanied by hyperglycemia and markedly reduced
insulin biosynthesis and secretion from islet B-cells [21,22,24,44-46]. Although in most
studies, the pathogenesis and symptoms of DM were only observed for a relatively short
period of time (up to several weeks), there were also studies that explored the long-term
effect of MLD-STZ administration in animals. For instance, it was found that MLD-STZ
administration resulted in stable and long-lasting hyperglycemia in rats with no insulin
response to glucose administration and significant morphological derangements in the
islets 3 months after receiving MLD-STZ treatment [47]. Similar findings were also reported
that the glucose levels were significantly elevated in rats 16 weeks following MLD-STZ
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administration [48]. Together, these results suggest that the MLD-STZ regimen is capable
of inducing a stable, long-lasting DM in experimental animals.

There were also studies showing that the MLD-STZ regimen could induce the kind of
autoimmune responses in animals that closely resemble the characteristic immunological
changes commonly seen in patients with TIDM [49]. A more detailed discussion of the
literature evidence on this particular subject is provided in Sections 6 and 7.

Here it should be noted that there were some earlier studies showing that the MLD-
STZ regimen induced mostly direct pancreatic islet damage instead of autoimmune-type
responses in islet B-cells [46]. This discrepancy might be due to the fact that some animals
under certain conditions (such as starvation) became especially sensitive to the cytotoxic
effect of MLD-STZ in their islet B-cells. If islet B-cells of animals become too sensitive to the
direct toxicity of MLD-STZ under certain conditions (which would be somewhat similar to
those animals receiving multiple high doses of STZ), then the islet cells would be destroyed
too quickly, and under such conditions, the animals may not have sufficient time to develop
the autoimmune-type responses in the islet S-cells [46].

Studies have shown that different species of animals have different susceptibility to
STZ toxicity in their islets [25,26,47-55]. Rats, mice, dogs, pigs, and monkeys appear to be
highly susceptible to the diabetogenic and cytotoxic effects of STZ and have been commonly
used as DM animal models [17,25,47-54]. In comparison, rabbits are relatively resistant
to STZ, and higher doses of STZ are needed to trigger a similar level of diabetic response
in vivo [55]. Furthermore, animals with different strains, genotypes, and gender also have
significantly different sensitivity to STZ-induced islet damage [21,56], suggesting that the
different genetic backgrounds of the laboratory animals may affect the susceptibility to
STZ-induced autoimmune-type DM.

It is of note that while human islet B-cells can effectively take up STZ and thus cause
cytotoxicity in these cells [18], it has also been noted that human islet B-cells are less
sensitive to STZ than islet B-cells from rodents [57,58]. It appears that GLUT2, the primary
glucose transporter contained in rodent islet B-cells which has a high affinity for transport
of STZ, may play a lesser role in human islet S-cells [59]. It is not known whether different
individuals might have varying levels of GLUT2 and other glucose transporters in their
islet B-cells, which could be an important factor determining individual susceptibility to
STZ-induced islet cytotoxicity as well as autoimmunity.

5. STZ Can Covalently Modify Cellular Components to Form Autoimmune Antigens

It is hypothesized that STZ can covalently modify cellular components such as DNA
and proteins to form autoimmune antigens which are targeted by autoimmune T and B
cells. As discussed below, there is ample evidence in support of this possibility.

5.1. Covalent Modifications of Cellular DNA

As an alkylating agent, STZ is known to produce a variety of DNA damages in islet
cells, including covalently modified nucleobases, strand breaks, alkali-labile sites, unsched-
uled DNA synthesis, and chromosomal aberrations [20]. Wilson and Leiter [40] have
proposed a chemical mechanism by which STZ might cause DNA damage in islet S-cells. It
was postulated [40] that once transported inside the cell, STZ can spontaneously decompose
to an isocyanate compound plus methyldiazohydroxide (Figure 3). The isocyanate com-
ponent could either carbamoylate various cellular components or undergo intramolecular
carbamoylation. On the other hand, the methyldiazohydroxide tends to form a highly
reactive carbonium ion which could alkylate various cellular components such as DNA and
proteins. The carbonium ion could react with nucleophilic centers in DNA and generate
DNA lesions which are subsequently removed by excision repair. This excision repair
process involves the enzyme poly (ADP-ribose) synthetase using nicotinamide adenine
dinucleotide (NAD) as a substrate. It has been speculated that in islet S-cells, this enzyme
is highly activated to such an extent that NAD might become depleted, resulting in cellular
dysfunction and ultimately cell death [40]. In partial support of this suggestion, earlier
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studies have shown that when rodents were jointly treated with STZ and nicotinamide,
the toxicity of STZ in islet S-cells of these animals was significantly reduced compared to
animals treated with STZ alone [60,61].

In STZ-treated animals, the N”-position of guanine was found to be the most-frequently
alkylated site in DNA, and the O°-position of guanine is the most-commonly alkylated
base oxygen (Figure 4A). It is postulated that the O°-guanine lesion may play a critical role
in the MLD-STZ model of DM because alkylation of this oxygen interferes with hydrogen
bonding and allows guanine to mispair with thymine, thereby causing a point mutation.
A lesion of this type may activate the expression of a repressed gene that codes for a
protein not normally recognized by the immune system (e.g., a fetal protein or a retrovirus).
Moreover, the repair of O%-methyl guanine is different from the repair of adducts formed
with nitrogens.

In addition to the nucleobase positions, another target for STZ alkylation of DNA is the
phosphate backbone which results in the formation of a phosphotriester (Figure 4B). These
lesions have been reported to be only slowly repaired or not repaired at all [40]. Although
the exact biological consequence of the phosphotriesters has yet to be determined, it was
speculated that these lesions might aid in eliciting an autoimmune reaction against islet
B-cells [40].

5.2. Covalent Modifications of Cellular Proteins

In addition to covalent modification of the DNA, many earlier studies have also in-
vestigated the ability of STZ to modify cellular proteins (Figure 3). It was shown that
treatment of rats with STZ results in a rapid increase in islet B-cells the levels of intracellular
protein modification [59]. Modification of key proteins in islet B-cells is thought to be an
important mechanism by which MLD-STZ administration induces long-lasting cellular
damages through autoimmune responses and attacks [40]. In fact, it has been suggested
earlier that factors other than causing DNA damage also contribute critically to the toxicity
of STZ in islet B-cells [62]. Experimental studies by Wilson et al. [41] showed that in islet
B-cells following exposure to 1*C-labeled STZ, a smaller proportion of the carbonium ion
produced by STZ alkylated DNA whereas a far greater proportion of the ion actually alky-
lated proteins, indicating that proteins were covalently modified by STZ and its breakdown
products to a far greater extent than DNA.

The individual proteins that are specifically alkylated by STZ have not yet been
identified. Earlier, Wilson et al. [41] speculated that the STZ-targeted proteins might
include components necessary for ATP production (such as glycolytic or mitochondrial
enzymes). It is hypothesized that some of the proteins that are covalently modified by STZ
might be involved in glucose transport and/or metabolism as well as insulin secretion in
islet B-cells. Covalent modifications (mostly methylation) of certain cellular proteins may
alter their conformations, subsequently resulting in the formation of new autoantigens [40].

Presently, it is not known which cellular components in islet S-cells that are cova-
lently modified by STZ and its breakdown products would become pathogenic targets for
autoimmune attack by activated T cells and B cells. Some of the cellular targets, such as
insulin, glutamic acid decarboxylase, tyrosine phosphatase-related insulinoma-associated
2 molecules, and zinc transporter-8 [3,63] whose autoantibodies have been identified in
many T1DM patients, might be the potential targets for covalent modifications by STZ.
Two potential additional cellular targets that might also be covalently modified by STZ are
separately discussed below.

5.2.1. Possibility 1. STZ and the O-Glycosylation Process in Islet S-Cells

During O-glycosylation, cellular enzyme O-GlcNAc transferase (OGT) uses the sub-
strate UDP-N-acetylglucosamine (UDP-GIcNAc) to attach a single O-GlcNAc to nuclear and
cytosolic proteins on their serine or threonine residues. Conversely, the enzyme O-GlcNAc-
selective N-acetyl-B-D-glucosaminidase (O-GlcNAcase) removes O-GIcNAc, returning
the protein to its baseline state [64]. This pathway is thought to be especially important
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in pancreatic islet B-cells since they contain much higher levels of OGT than other cell
types [65]. This enables islet S-cells to respond to physiological increases in glucose levels
by converting glucose to the OGT substrate UDP-GIcNAc, thereby dynamically coupling
intracellular O-linked protein glycosylation to the extracellular glucose levels [65]. As a
result, it was speculated that islet B-cells are especially susceptible to disruption of the
O-glycosylation pathway.

STZ is a UDP-GIcNACc analog that can cause p-cell toxicity by irreversibly inhibiting
the function of O-GlcNAcase, likely through covalent modification [65]. Research has found
that treating cultured cells with STZ during O-GlcNAc peptide biosynthesis results in hy-
perglycosylation of the peptide since STZ can inhibit the catalytic activity of O-GlcNAcase.
It is also found that islet B-cells express very high levels of the mRNA encoding OGT
which catalyzes cytoplasmic protein O-glycosylation. When STZ blocks O-GlcNAc removal
from intracellular proteins, B-cells would experience a rapid accumulation of this modified
protein. Accordingly, it is speculated that STZ exposure might lead to the production of
autoantibodies against STZ-modified OGT in T1DM patients.

5.2.2. Possibility 2. STZ May Covalently Modify GLUT2

GLUT?2 is a transmembrane carrier protein that facilitates glucose movement across
the plasma membrane [16,17]. Since STZ contains a glucose moiety, it is proposed that this
molecule is also readily recognized and taken up by islet B-cells through the membrane
glucose transporter GLUT?2 into the intracellular compartment [16,17]. Elsner et al. [66]
compared the uptake and toxicity of STZ and additional four structurally similar chemicals
(MNU, ENU, MMS, and EMS) in bioengineered RINm5F insulin-producing cells. Results
showed that cells expressing the GLUT2 transporter were far more susceptible to STZ’s
cytotoxicity than the control cells, but GLUT2 expression had no similar effect on the
toxicity of MNU, ENU, MMS, and EMS which were not taken up by GLUT2.

It is speculated that GLUT2 might be a selective target protein for covalent modification
by STZ, and the modified GLUT2 might become an autoantigen, contributing to the
development of TIDM. Somewhat in line with this hypothesis, it was reported earlier that
there is a time-dependent reduction of GLUT2 protein level in animals treated with STZ,
and the reduction occurs before the onset of hyperglycemia [17,67].

Here it is of note that in an earlier study [68], the viable rat islet cells were used to
detect whether islet cell surface antibody (ICSA) was present in the sera of diabetic and
control patients. It was found that ICSA was present in almost all recent-onset TIDM under
30 years of age (15/16); the occurrence was much higher than in normal controls (1/18)
or in patients with autoimmune thyroiditis (1/12). Further analysis revealed that most
recent-onset T1IDM under 30 contained class I-ICSA, which is bound exclusively to islet
B-cells. In addition, it was reported that this ICSA could also bind to human pancreatic islet
cells [69]. It will be of considerable interest to determine whether the antigen present on rat
and human islet cells to which ICSA binds is the GLUT2 protein that might be covalently
modified by STZ or its breakdown products.

6. STZ Can Induce Cellular Immune Responses in Pancreatic Islets

Cellular immune responses are thought to play a major role in mediating persistent
B-cell damage that eventually leads to the onset and pathogenesis of TIDM in humans [2,26].
From pancreatic biopsy of pre-diabetic patients or patients with new-onset T1IDM, varying
degrees of reduction in islet B-cell volume were observed in almost all cases, and insulitis
was seen in about half of the cases studied [2,26]. In those samples where insulitis was
observed, the cellular infiltrates were composed of CD8* and CD4* T cells, B lympho-
cytes, and macrophages, with a predominance of CD8" T cells. The inflamed islet cells
had elevated expression of MHC class I molecules [2,26]. Discussed below are some of
the experimental observations showing that MLD-STZ treatment can also induce similar
immunological changes in animal models of autoimmune T1DM.



Cells 2022, 11, 492

12 of 22

6.1. Observations Made in Immune Function-Intact Laboratory Animals

In mice receiving MLD-STZ administration, necrotic changes and endothelial swelling
were often seen in pancreatic islets. Histopathological analysis showed that CD4" and CD8*
T cells as well as invading macrophages and MHC class II-positive cells were detected
in the islets [70]. It was generally thought that the destruction of islet B-cells in animals
receiving MLD-STZ administration was mediated by cellular immune response [60].

The role of cytokines in the progression of islet autoimmunity in MLD-STZ-induced di-
abetic mice had also been studied, which also reflected a cellular immune response against
islet B-cells [2,52,71]. It was found that significant increases in Th1 cell-associated cytokines,
such as IFN-y, TNF-«, and IL-12 mRNA expression, were detected in the islets [52], and
disrupting the production of IFN-7y or IL-12 could ameliorate DM development in these an-
imals, suggesting a strong correlation between Th1 cell-mediated cellular immune response
and pathogenesis of MLD-STZ-induced DM [2,71]. These observations were consistent with
the results from other animal studies reporting that the dominant activation of Th1 over
Th2 cells was a key determinant in the pathogenesis of MLD-STZ-induced autoimmune
DM in rodents [52].

6.2. Observations Made in Immunodeficient Mice

In an earlier study, the T cell-deficient/athymic mice were used to investigate the
role of cellular immune response in MLD-STZ-induced DM in rodent models [32]. It
was observed that treatment of thymectomized BALB/c mice with MLD-STZ induced a
significantly lower percentage of hyperglycemia (6/19) in T cell-deficient mice, whereas the
control mice manifested a 100% incidence of hyperglycemia (10/10) [44]. These findings
indicated that T cell-mediated immune response against chemically altered islet 5-cells
contributed importantly to the induction of DM in animals treated with MLD-STZ.

6.3. Insights Gained from Transplantation Studies

Researchers have studied the transfer of DM conditions through transferring spleen
cells from STZ-treated mice to normal mice [44,56]. For instance, it was reported that
transferred spleen cells obtained from DM mice (induced by MLD-STZ) to normal syngeneic
mice failed to induce hyperglycemia in the recipients [44], but spleen cells transplanted
to the syngeneic mice pretreated with a single low dose of STZ successfully induced
a moderate but progressive increase in blood glucose levels (8/8). These observations
indicated that pretreatment of recipient animals with STZ was necessary for the efficient
transfer of DM conditions.

The pancreatic islet transplant model had also been used to explore the immunological
mechanisms involved in MLD-STZ-induced DM [72]. It was found that insulitis in the
syngeneic islet grafts and diabetes in the recipients occurred when the islet grafts were
transplanted before the recipient animals were treated with MLD-STZ. On the contrary,
when normal islet grafts were transplanted into the recipients after MLD-STZ administra-
tion, no inflammation was observed in the islet grafts, and the transplanted islets effectively
prevented the development of hyperglycemia in the recipients [72]. Furthermore, STZ
exposure of the islet grafts in vitro before transplantation also led to insulitis in the grafts
after transplantation to recipients previously treated with STZ [72].

From these studies, it was clear that STZ exposure for both transplanted islets and
recipients was a prerequisite for the autoimmune response to occur in the transplants.
One logical explanation is that STZ exposure would modify islet B-cells immunologically,
rendering them as newly-appeared autoantigens which can then be recognized and attacked
by the body’s immune system.

7. STZ Can Induce the Production of Autoantibodies against Cellular Components of
Pancreatic Islets

While persistent islet S-cell destruction in T1DM is thought to be mainly mediated
by autoreactive T cells [2,26], the appearance of autoantibodies is actually the first de-
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tectable sign of B-cell autoimmunity and can be used for the prediction of T1IDM in non-
diabetic individuals [3,63]. A series of autoantigens have been identified in patients with
T1DM. It has been suggested that cellular, as well as humoral immune responses, are both
driven by autoantigens and regulated by various cytokines resulting in the pathogenesis of
autoimmune TIDM.

7.1. Clinically Identified T1DM-Related Autoantibodies

The presence of TIDM-associated autoantibodies is a clinical characteristic of TIDM,
and their appearance would enable the prediction of disease occurrence well before clin-
ical symptoms arise [3]. Highly sensitive laboratory measurements can capture 98% of
individuals with autoantibodies at diagnosis. The main ones associated with autoimmune
T1DM development include islet cell autoantibodies (ICA), insulin autoantibodies (IAA),
autoantibodies targeting the glutamic acid decarboxylase (GADA), autoantibodies target-
ing the tyrosine phosphatase-related insulinoma-associated 2 molecules (ICA512 or IA2A),
zinc transporter-8 autoantibodies (ZnT8), and tetraspanin-7 autoantibodies (reviewed
in [3,63,73]).

One or more autoantibodies are usually detected at different stages of DM pathogen-
esis before its clinical onset [74]. The number of detected autoantibodies is related to the
risk of clinical onset. Research has shown that the largest increase in risk was associated
with the presence of two or more autoantibodies [74]. Children who were tested positive
for two or more of the aforementioned autoantibodies were at an increased risk (50-100%)
for developing T1DM over the next 5-10 years [3,75].

Clinical studies showed that autoantibodies might occur as early as 3 months of
age [74-77]. A greater percentage of children develop autoantibodies between the ages of
9 months and 3 years, and the first autoantibody appearing in infants is usually IAA, with
GADA being the second most frequent autoantibody [74-77]. GADA is more common than
IAA in HLA-DR3/3 children but less common in HLA-DR4/8 children [74]. In addition, it
has been reported that children with TIDM have increased titers of autoantibodies against
SS-DNA, Poly A-U, and Poly I-C compared to children in the control group [78]. The
presence of SS-DNA autoantibodies in diabetic children indicates the autoimmune nature
of the disease.

It has been suggested that TIDM most likely is triggered at an early age by autoanti-
bodies primarily directed against cellular components in islet S-cells [3,26,47]. After the
initial appearance of one of these autoantibody biomarkers, a second, third, or fourth
autoantibody against other cellular components might also appear. The larger the number
of B-cell autoantibody types, the greater the risk of rapid progression to clinical onset
of diabetes. This association does not necessarily mean that the B-cell autoantibodies
are pathogenic, but rather they represent reproducible biomarkers of the autoimmune-
mediated pathogenic process. Based on clinical observations of autoantibodies in young
children, it has been suggested that positivity for a single autoantibody usually would
represent a harmless non-progressive -cell autoimmunity in most cases, whereas the pres-
ence of two or more autoantibodies would reflect a progressive process of the disease [3].
It is of note that the development of islet S-cell autoimmunity clearly involves a genetic
risk factor as the pathogenesis of DM often occurs in individuals with the HLA-DR3-DQ?2
and/or HLA-DR4-DQ8 haplotypes [79-81]. The role of genetic factors in the pathogenesis
of T1IDM is separately discussed in Section 8.2.

7.2. Antibodies Identified in STZ-Induced Diabetic Animal Models

DM-associated autoantibodies were also found in STZ-induced diabetic animals. It
had been reported that there was significant mononuclear cell infiltration in pancreatic islets
of CD-1 mice at 21 days after receiving STZ treatment [82]. Immunoglobulin deposition
in islets was also observed in the majority (23/30) of the mice [82]. Further analysis
showed that 17 of the mice had solely IgG deposition while 6 had either IgM or IgG in
separate islet tissues. The detected circulating antibodies included poly A:U (6/30), poly
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I:C (11/30), single-stranded DNA (23/30), and anti-nuclear autoantibodies (10/30) [82].
The observations reported in this study were quite similar to the islet cell autoantibodies
found in humans. It will be of considerable interest to determine whether some of the
clinically observed T1DM-associated autoantibodies are related to the cellular components
covalently modified by STZ or its breakdown products.

8. Environmental and Genetic Factors Affecting the Development of TIDM

Many years ago, a model was proposed to explain the etiology and development of
T1DM, which speculated that people are born with varying degrees of genetic susceptibility
to T1DM, and the disease is only triggered when a genetically susceptible individual is
exposed to a conducive environmental risk factor(s) as a trigger [9]. In the proposed
STZ-induced T1DM pathogenesis model, genetic predisposition/susceptibility and the
environmental risk factor (trigger) are critical pathogenic components, and in the absence
of these necessary conditions, STZ alone likely would not be sufficient to induce overt
autoimmune T1DM in many human cases. Provided below is a brief discussion of the
environmental and genetic factors affecting the pathogenesis of autoimmune TIDM.

8.1. Environmental Factors

As aforementioned, a long list of environmental risk factors has been suggested to be
potentially involved in the pathogenesis of TIDM [10]. Among these factors, viral infection
is an important causative factor [83]. It is speculated that an environmental insult, often in
the form of severe febrile viral infections, is involved in initiating the pathogenic process
in genetically susceptible individuals. This external influence likely would precipitate an
inflammatory response in pancreatic islets known as insulitis which is often accompanied
by infiltration of activated T-lymphocytes.

Offering partial support for this idea, there was a large prospective cohort study
reporting a strong association between early-life respiratory infections and later clinical
T1DM [84]. It was found that among young children (during their first 4 years of life),
the number of respiratory infection episodes (RIEs) within a given 9-month period was
associated with the subsequent onset of islet autoimmunity in the ensuing 3 months. For
each 1-per-year rate increase in infections, the hazard of islet autoimmunity was increased
by 5.6%. The types of respiratory infections independently associated with autoimmunity
are common cold, influenza-like illness, sinusitis, and laryngitis/tracheitis. The RIE-
associated risk of islet autoimmunity was observed primarily for winter RIEs, which is the
high season for respiratory infections. The infection types observed in the winter season
are mostly caused by different respiratory viruses, although bacteria are also frequently
involved in sinusitis [84].

It is of note that febrile RIEs represent a more consistent risk association with islet
autoimmunity compared with non-febrile RIEs, suggesting that fever may be a factor that
increases the islet autoimmunity risk [85]. The clinical course of febrile infections tends to
be more severe and is often associated with pronounced viremia that allows the spread
of the virus to the pancreas. It was suggested that severe infections are also associated
with heightened stress in the endoplasmic reticulum of islet B-cells [82], which might
alter post-translational modifications of the B-cell autoantigens, likely making them more
immunogenic and thus promoting autoimmunization [86,87].

In addition to respiratory viruses, enteroviruses have also been suggested to be another
important factor that triggers islet autoimmunity in the body [88,89]. Studies in animal
models and human subjects have indicated that enterovirus infections during early infancy
were associated with increased risk for B-cell autoimmunity [10,90]. A large prospective
study has found that exposure to enterovirus infections either in utero or during childhood
might initiate 5-cell damage and subsequent TIDM.

In the proposed STZ-induced pathogenesis of human T1DM, environmental risk
factors play a critical role. It is speculated that severe febrile viral infections, caused either
by respiratory viruses or enteroviruses, are important risk factors that might trigger the
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body’s aberrant immune responses against STZ-exposed islet cells in certain genetically
susceptible individuals. In the absence of the environmental trigger(s), the body likely may
not develop overt islet autoimmunity even in genetically predisposed individuals.

8.2. Genetic Factors

It has long been suspected that T1IDM has an important genetic susceptibility compo-
nent involved [91,92]. For instance, it is known that T1DM has an identical twin concor-
dance of 30-70% [93]. Two HLA class II haplotypes are involved in antigen presentation,
namely, HLA DRB1*0301-DQA1*0501-DQ*B10201 (DR3) and HLA DRB1*0401-DQA1*0301-
DQB1*0301 (DR4-DQ8), are linked to approximately 50% of disease heritability and are
prevalent in white people [94,95]. Certain haplotypes are known to reduce T1DM risk,
such as DRB1*1501-DQA1*0102-DQB1-0602 (DR15-DQ6) [89]. In addition, genome-wide
association studies have identified over 60 additional non-HLA loci associated with the
risk of T1IDM [2,94,96].

Animal experiments have also shown that mutations of genes in certain susceptibility
loci including 112, I12ra (CD25), Ctla4, PTPN22, and Pdcal (PD-1) significantly increase the
susceptibility for a number of autoimmune diseases, including T1IDM [1].

In the proposed hypothesis on the pathogenesis of autoimmune T1DM, the STZ-
induced autoimmunity in islet B-cells would be favored to occur when the body’s immune
system is activated in an aberrant fashion, which is critically aided by certain genetic factors.
However, it is presently unclear how these genetic risk factors (such as the HLA haplotypes)
cooperate with critical environmental factors to alter the risk for developing STZ-induced
autoimmune attacks against islet S-cells.

9. Other Potential Factors Related to TIDM
9.1. Potential Role of Gut Microbiota in TIDM

As mentioned earlier, there are about 500 to 1000 species of gut microorganisms
in humans [28]. Studies have indicated that gut microbiota is associated with T1IDM
development [29-31]. It was observed that in Bio-Breeding DB-prone rats, the composition
of gut microbiota before the onset of TIDM was markedly different between the rats that
eventually would or would not develop T1DM [29,97]. Gut microbial composition is also
different between T1DM patients and healthy human subjects [95,96]. It appears that the
microbiota of healthy children is more diverse and stable compared with children who
eventually develop TIDM [98-100]. An earlier study suggested that diet could alter the gut
microbial composition and affect TIDM development in humans and animal models [101].
Moreover, it was reported that modulation of gut microbiota in Bio-Breeding DM-prone
rats through administration of antibiotics decreased the incidence and also delayed the
onset of DM [29,31].

It is speculated that certain bacteria capable of producing STZ might be present in
human gut microbiota, and if this is indeed the case, then it is likely that those individuals
who are more prone to develop T1IDM might have a higher population of STZ-producing
bacteria in their gut microbiota. It will be of interest to experimentally examine this
intriguing possibility.

9.2. Potential Relationship between Cow’s Milk Feeding and Autoimmune T1DM

Some epidemiological studies have speculated that early dietary intake of cow’s milk
proteins significantly increased the risk of S-cell autoimmunity and T1DM, especially in
children with HLA-DQB1 genotypes [33,34]. Similarly, there were also studies reporting a
possible correlation between antibodies against cow’s milk proteins (e.g., bovine serum
albumin BSA) and the incidence of autoimmune T1DM. For instance, the Finland Study
Group examined the humoral immune response to cow’s milk proteins in pediatric patients
with newly diagnosed T1DM [102]. It was found that the IgA and IgG antibodies against
BSA and B-lactoglobulin were higher in TIDM patients compared with their non-diabetic
siblings as well as normal controls, indicating a stronger humoral response to cow’s milk
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proteins occurring in young T1DM patients [88]. Similarly, Levy-Marchal et al. [103] found
elevated anti-BSA antibodies in 74.4% of newly diagnosed T1DM children, significantly
higher than those observed in ICA-positive non-diabetic subjects and normal controls.
In addition, associations of enhanced immune response to two other cow’s milk proteins,
B-lactoglobulin and B-casein, were observed in pediatric TIDM [104,105]. These results
indicate that some genetically susceptible children who have an increased intake of cow’s
milk products might be associated with an increased risk for developing diabetic autoim-
munity. Somewhat in line with the above speculation, an earlier meta-analysis reported that
breastfeeding had some, although limited, protection against TIDM development [106].
Further, the duration of breastfeeding and the age of introduction of cow’s milk formula
are inversely associated with T1IDM risk in a clear dose-dependent manner [107]. However,
it should also be clearly noted here that the above speculation has been highly controversial
in the past, as there were also many investigators who would disagree with it [108,109].

As mentioned earlier, animal fodders and other organic materials are habitats for the
STZ-producing bacteria Streptomyces [15]. Animal fodders are usually comprised of hay;,
straw, silage, compressed and pelleted feeds, oils, mixed rations, sprouted grains, and
legumes (such as bean sprouts, fresh malt, or spent malt). It is possible that cows might
ingest a certain amount of Streptomyces and other bacteria from their fodders that might
be able to produce STZ, and as such, STZ might be present in cow’s milk and its products.
It is also possible that the STZ-producing bacteria Streptomyces might be present in cow’s
gut microbiota. In either case, it is potentially possible that early dietary intake of cow’s
milk products may increase the intake of free STZ in young children, and if that were
the case, then it might lead to increased exposure to islet S-cells to STZ and thus enhance
STZ-induced autoimmunity. In addition, STZ contained in cow’s milk products may form
STZ-cow milk protein conjugates. Their formation would serve as immunogens and may
facilitate the formation of antigen-specific antibodies in the body. While some of these
antibodies likely would readily react with cow’s milk proteins, some others might also
cross-react with STZ-conjugated macromolecular components contained in islet 3 cells. As
such, early childhood use of cow’s milk products might be associated with an increased risk
for developing diabetic autoimmunity. Future laboratory studies are needed to carefully
and critically examine these potential possibilities.

9.3. A Potential Strategy for Reducing the Risk of Developing T1DM

If STZ is confirmed in the future to be an important causative factor in human au-
toimmune T1DM, then it is apparent that it would be highly beneficial to supply the body
with more a-D-glucose (in the form of saline glucose solution) during severe febrile infec-
tions (pediatric patients in particular) as the glucose molecule is a competitive inhibitor
of GLUT2-mediated STZ transport and thus would help reduce the risk of developing
T1DM. In support of this notion, animal studies have shown that pre-injection of mice with
a-D-glucose and 5-thio-D-glucose before STZ administration could effectively abrogate
STZ-induced reduction of GLUT2 protein levels as well as hyperglycemia [110,111].

10. Concluding Remarks

STZ, originally identified in the late 1950s as an antibiotic [11], was later found to
be preferentially toxic to the insulin-producing islet S-cells [16,17] as it could be selec-
tively transported by GLUT?2 into these cells. It is hypothesized that humans might be
occasionally exposed to STZ through opportunistic infections with the STZ-producing
bacteria and/or through ingestion of certain food products that contain STZ. In addition,
the possible presence of STZ-producing bacteria in human gut microbiota may also increase
the likelihood of long-term STZ exposure. Because of the high chemical reactivity of STZ
and its breakdown products, these chemicals, when present inside human islet S-cells,
would covalently modify certain cellular macromolecules (e.g., DNA and proteins), and the
covalently modified macromolecules may serve as new autoantigens with the potential to
induce humoral and cellular autoimmune responses in pancreatic islets of genetically sus-
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ceptible individuals. The chances for the eventual development of autoimmunity against
STZ-exposed islet B-cells likely would be significantly increased if the body is concurrently
having strong aberrant immune responses stimulated by severe febrile viral infections,
which likely would serve as a critical environmental trigger for the pathogenic process.

While the proposed hypothesis is partially supported by some direct or indirect
(circumstantial) evidence from laboratory and clinical studies, there are also important
unanswered questions. For instance, it is known that GLUT2 is present in the liver and
intestine [112-114], in addition to islet B-cells [16,17]. Would cells in these sites also suffer
similar autoimmune-type damage like islet S-cells? The answer is quite clear based on
clinical observations: people with autoimmune T1DM usually do not develop concurrent
autoimmune liver or intestinal diseases. There might be explanations for the apparent target
site preference of STZ’s pathogenicity. When STZ is present inside the human body, it is
expected that this chemical would also exert certain levels of direct cytotoxicity in those cells
(such as hepatocytes and intestinal epithelial cells) that express GLUT2. However, since
hepatocytes and intestinal epithelial cells usually express very high levels of xenobiotic-
metabolizing enzymes (including both Phase I and II metabolizing enzymes) [115], it is
expected that the rate of metabolic disposition of STZ in these target sites would be much
faster than in other cells such as islet S-cells. In addition, hepatocytes usually contain
high levels of glutathione [116,117], which would be an important protective factor in
neutralizing the chemically reactive STZ and its breakdown products. Therefore, it is
likely that hepatocytes may suffer significantly less damage compared to islet -cells when
human subjects are exposed to STZ. This suggestion appears to be in line with some of
the clinical observations [18,118,119]. For instance, clinical studies have shown that when
STZ was given to patients with islet cell carcinoma, strong cytotoxicity was seen in the
pancreatic islets, whereas toxicity in the liver and gastrointestinal tract was observed but
less severe [18,118,119]. Notably, similar observations were also made in experimental
studies using laboratory animals [21,46]. It was found that when the animals were treated
with STZ, there was preferential damage to islet S-cells, whereas damage to other organs,
including the liver and intestine, was relatively mild [21,46].

As aforementioned, STZ can readily cause covalent modifications of cellular macro-
molecules which may result in the formation of new antigens. It is hypothesized that
the development of autoimmune responses against STZ-exposed target cells (such as islet
B-cells) would only occur in genetically susceptible individuals in the joint presence of a
strong environmental trigger. When these critical genetic and environmental factors are
absent, autoimmune responses may not take place, even if the islet B-cells are already
covalently modified by STZ or its breakdown products to form new cellular autoantigens.
This is probably also the reason why most patients with islet cell carcinoma who received
STZ-based chemotherapy did not develop overt autoimmune DM afterward [18,118,119].
Similarly, it is speculated that while many people in the general population might be
exposed to varying levels of STZ (either through environmental sources or resulting from
the endogenous production by their own gut microbiota), only a very small fraction of
people eventually would develop TIDM. This discrepancy might highlight the critical
importance of the genetic and environmental factors working together to bring about the
“perfect storm” of an aberrant autoimmune attack against STZ-exposed islet B-cells. It is
likely that these genetic and environmental factors suitable for the induction of islet -cell
autoimmunity may not work equally well for other organs such as the liver and intestine.
It is certain that more experimental studies are needed to carefully and critically examine
each of the key elements associated with the proposed pathogenic hypothesis on human
autoimmune T1DM, and it would be fascinating to decipher the mechanisms underlying
the complex interplays between genetic factors and environmental triggers that ultimately
help bring about the pathogenic autoimmune attack against STZ-exposed islet S-cells.

Funding: This work is supported, in part, by an endowment fund from the University of Kansas Med-
ical Center (to B.T.Z.) and research grants from Shenzhen Bay Laboratory (No. SZB2019062801007)
and Shenzhen Peacock Plan (No. KQTD2016053117035204).



Cells 2022, 11, 492 18 of 22

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The author would like to thank Rosy Ruoxi Yu, who worked in our research
group as an Administrative Assistant in 2020-2021, for her skillful assistance with collecting the PDF
copies of many papers cited in the reference list, and particularly for her effort in compiling some of
the relevant literature information used in the discussion. An initial short draft of this hypothesis
paper was developed around the end of 2009 when the author still worked at the University of Kansas
Medical Center (Kansas City, KS, USA). This hypothesis paper was first submitted in August 2021 to
another journal for consideration; the author is grateful that the paper is eventually accepted by a
Special Issue (“Autoimmune Diseases: Molecular Mechanisms and Therapies”) of Cells for publication.

Conflicts of Interest: The author declares that he has no competing interests.

References

1. American Diabetes Association. 2. Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes—2021. Diabetes
Care 2021, 44, S15-S33. [CrossRef] [PubMed]

2. Bluestone, J.A.; Herold, K,; Eisenbarth, G. Genetics, pathogenesis and clinical interventions in type 1 diabetes. Nature 2010, 464,
1293-1300. [CrossRef] [PubMed]

3. Knip, M;; Siljander, H. Autoimmune mechanisms in type 1 diabetes. Autoimmun. Rev. 2008, 7, 550-557. [CrossRef] [PubMed]

4. DiMeglio, L.A.; Evans-Molina, C.; Oram, R.A. Type 1 diabetes. Lancet 2018, 391, 2449-2462. [CrossRef]

5. Yki-Jarvinen, H. Insulin Resistance in type 2 diabetes. In Textbook of Diabetes, 4th ed.; Holt, R.1.G., Cockram, C.S., Flyvbjerg, A.,
Goldstein, B.J., Eds.; Blackwell Pubishing Ltd.: Chichester, UK, 2010; pp. 174-190.

6. Garrison, A. Screening, diagnosis, and management of gestational diabetes mellitus. Am. Fam. Physician 2015, 91, 460-467.

7. Spaight, C.; Gross, J.; Horsch, A.; Puder, J.J. Gestational Diabetes Mellitus. Endocr. Dev. 2016, 31, 163-178.

8. Forlenza, G.P,; Moran, A.; Nathan, B. Other Specific Types of Diabetes. In Diabetes in America, 3rd ed.; Cowie, C.C., Casagrande,
S.S., Menke, A., Cissell, M.A., Eberhardt, M.S., Meigs, J.B., Gregg, E.W., Eds.; National Institute of Diabetes and Digestive
and Kidney Diseases (US): Bethesda, MD, USA, 2018. Available online: https://www.ncbi.nlm.nih.gov/books/NBK567985/
(accessed on 2 January 2022).

9.  Eisenbarth, G.S. Type I diabetes mellitus. A chronic autoimmune disease. N. Engl. |. Med. 1986, 314, 1360-1368.

10. Rewers, M.; Ludvigsson, ]. Genetic risk factors for type 1 diabetes. Lancet 2016, 387, 2340-2348. [CrossRef]

11.  Vavra, ].].; Deboer, C.; Dietz, A.; Hanka, L.J.; Sokolski, W.T. Streptozotocin, a new antibacterial antibiotic. Antibiot. Annu. 1959, 7,
230-235.

12.  Conville, P.S.; Witebsky, F.G. Nocardia, Rhodococcus, Gordonia, Actinomadura, Streptomyces, and Other Aerobic Actinomycetes.
In Manual of Clinical Microbiology, 11th ed.; Jorgensen, ].H., Carroll, K.C., Funke, G., Pfaller, M.A., Landry, M.L., Richter, S.S.,
Warnock, D.W.,, Eds.; Wiley: Hoboken, NJ, USA, 2015; pp. 504-535.

13. Hopwood, D.A. Streptomyces in Nature and Medicine: The Antibiotic Makers; Oxford University Press: Oxford, UK, 2007;
ISBN 978-0-19-515066-7.

14. Kampfer, P. The family Streptomycetaceae, part I: Taxonomy. Prokaryotes 2006, 3, 538—-604.

15.  Korn-Wendish, F. The family streptomycetaceae. In The Prokaryotes: A Handbook on the Biology of Bacteria, Ecophysiology, Identification,
Applications; Springer: Berlin/Heidelberg, Germany, 1992.

16. Schnedl, W.J.; Ferber, S.; Johnson, ].H.; Newgard, C.B. STZ transport and cytotoxicity. Specific enhancement in GLUT2-expressing
cells. Diabetes 1994, 43, 1326-1333. [CrossRef] [PubMed]

17.  Wang, Z.; Gleichmann, H. GLUT2 in pancreatic islets: Crucial target molecule in diabetes induced with multiple low doses of
streptozotocin in mice. Diabetes 1998, 47, 50-56. [CrossRef]

18.  Murray-Lyon, I.M.; Eddleston, A.L.; Williams, R.; Brown, M.; Hogbin, B.M.; Bennett, A.; Edwards, J.C.; Taylor, K.W. Treatment of
multiple-hormone-producing malignant islet cell tumour with streptozotocin. Lancet 1969, 2, 895-898.

19. Brentjens, R; Saltz, L. Islet cell tumors of the pancreas: The medical oncologist’s perspective. Surg. Clin. N. Am. 2001, 81, 527-542.
[CrossRef]

20. Bolzan, A.D.; Bianchi, M.S. Genotoxicity of streptozotocin. Mutat. Res. 2002, 512, 121-134. [CrossRef]

21. Furman, B.L. Streptozotocin-induced diabetic models in mice and rats. Curr. Protoc. 2021, 1, e78. [CrossRef]

22. Wu, K.K,; Huan, Y. Diabetic atherosclerosis mouse models. Atherosclerosis 2007, 191, 241-249. [CrossRef]

23.  Goyal, S.N.; Reddy, N.M,; Patil, K.R.; Nakhate, K.T.; Ojha, S.; Patil, C.R.; Agrawal, Y.O. Challenges and issues with streptozotocin-
induced diabetes—A clinically relevant animal model to understand the diabetes pathogenesis and evaluate therapeutics. Chem.
Biol. Interact. 2016, 244, 49-63. [CrossRef]

24. Like, A.A.; Rossini, A.A. Streptozotocin-induced pancreatic insulitis: New model of diabetes mellitus. Science 1976, 193, 415-417.

[CrossRef]


http://doi.org/10.2337/dc21-S002
http://www.ncbi.nlm.nih.gov/pubmed/33298413
http://doi.org/10.1038/nature08933
http://www.ncbi.nlm.nih.gov/pubmed/20432533
http://doi.org/10.1016/j.autrev.2008.04.008
http://www.ncbi.nlm.nih.gov/pubmed/18625444
http://doi.org/10.1016/S0140-6736(18)31320-5
https://www.ncbi.nlm.nih.gov/books/NBK567985/
http://doi.org/10.1016/S0140-6736(16)30507-4
http://doi.org/10.2337/diab.43.11.1326
http://www.ncbi.nlm.nih.gov/pubmed/7926307
http://doi.org/10.2337/diab.47.1.50
http://doi.org/10.1016/S0039-6109(05)70141-9
http://doi.org/10.1016/S1383-5742(02)00044-3
http://doi.org/10.1002/cpz1.78
http://doi.org/10.1016/j.atherosclerosis.2006.08.030
http://doi.org/10.1016/j.cbi.2015.11.032
http://doi.org/10.1126/science.180605

Cells 2022, 11, 492 19 of 22

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.
43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

Gibel, H.; Bitter-Suermann, H.; Henriksson, C.; Sdve-Soderbergh, J.; Lundholm, K.; Brynger, H. Streptozotocin diabetes in
juvenile pigs. Evaluation of an experimental model. Horm. Metab. Res. 1985, 17, 275-280. [CrossRef]

Roep, B.O. The role of T-cells in the pathogenesis of Type 1 diabetes: From cause to cure. Diabetologia 2003, 46, 305-321. [CrossRef]
[PubMed]

Starr, M.P; Stolp, H.; Triiper, H.G.; Balows, A.; Schlegel, H.G. The Prokaryotes: A Handbook on Habitats, Isolation and Identification of
Bacteria; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2013.

Sommer, F; Backhed, F. The gut microbiota—Masters of host development and physiology. Nat. Rev. Microbiol. 2013, 11, 227-238.
[CrossRef] [PubMed]

Brugman, S.; Klatter, F.A.; Visser, ].T.; Wildeboer-Veloo, A.C.; Harmsen, H.J.; Rozing, ].; Bos, N.A. Antibiotic treatment partially
protects against type 1 diabetes in the Bio-Breeding diabetes-prone rat. Is the gut flora involved in the development of type 1
diabetes? Diabetologia 2006, 49, 2105-2108. [CrossRef] [PubMed]

Wen, L; Ley, R.E.; Volchkov, P.Y;; Stranges, P.B.; Avanesyan, L.; Stonebraker, A.C.; Hu, C.; Wong, ES.; Szot, G.L.; Bluestone, ].A.; et al.
Innate immunity and intestinal microbiota in the development of Type 1 diabetes. Nature 2008, 455, 1109-1113. [CrossRef]
Valladares, R.; Sankar, D.; Li, N.; Williams, E.; Lai, KK.; Abdelgeliel, A.S.; Gonzalez, C.F; Wasserfall, C.H.; Larkin, J.; Schatz, D.; et al.
Lactobacillus johnsonii N6.2 mitigates the development of type 1 diabetes in BB-DP rats. PLoS ONE 2010, 5, e10507. [CrossRef]
Maclaren, N.K.; Atkinson, M. A. Insulin-dependent diabetes mellitus: The hypothesis of molecular mimicry between islet cell
antigens and microorganisms. Mol. Med. Today 1997, 3, 76-83. [CrossRef]

Virtanen, S.M.; Résénen, L.; Ylonen, K.; Aro, A.; Clayton, D.; Langholz, B.; Pitkdniemi, J.; Savilahti, E.; Lounamaa, R.; Tuomilehto, J.; et al.
Early introduction of dairy products associated with increased risk of IDDM in Finnish children. The Childhood in Diabetes in
Finland Study Group. Diabetes 1993, 42, 1786-1790. [CrossRef]

Patelarou, E.; Girvalaki, C.; Brokalaki, H.; Patelarou, A.; Androulaki, Z.; Vardavas, C. Current evidence on the associations of
breastfeeding, infant formula, and cow’s milk introduction with type 1 diabetes mellitus: A systematic review. Nutr. Rev. 2012, 70,
509-519. [CrossRef]

Dunne, E.F,; Burman, W.J.; Wilson, M.L. Streptomyces pneumonia in a patient with human immunodeficiency virus infection:
Case report and review of the literature on invasive Streptomyces infections. Clin. Infect. Dis. 1998, 27, 93-96. [CrossRef]
Ahmed, AJ; Ali, S.T.; Weinbaum, D.; Goldberg, E. Streptomyces infection in AIDS presenting with pneumonia and monarthritis.
Infect. Dis. Clin. Pract. 1996, 5, 207. [CrossRef]

Kapadia, M.; Rolston, K.V.; Han, X.Y. Invasive Streptomyces infections: Six cases and literature review. Am. J. Clin. Pathol. 2007,
127, 619-624. [CrossRef] [PubMed]

Caron, F. Streptomyces sp as a cause of nodular pneumonia in a HIV infected patient? Med. Microbiol. Lett. 1992, 1, 297-303.
Riviere, E.; Neau, D.; Roux, X.; Lippa, N.; Roger-Schmeltz, J.; Mercie, P.; Longy-Boursier, M. Pulmonary streptomyces infection in
patient with sarcoidosis, France, 2012. Emerg. Infect. Dis. 2012, 18, 1907. [CrossRef]

Wilson, G.; Leiter, E. Streptozotocin interactions with pancreatic 3 cells and the induction of insulin-dependent diabetes. In The
Role of Viruses and the Immune System in Diabetes Mellitus; Springer: Berlin/Heidelberg, Germany, 1990; pp. 27-54.

Wilson, G.L.; Hartig, P.C.; Patton, N.J.; LeDoux, S.P. Mechanisms of nitrosourea-induced 3-cell damage: Activation of poly
(ADP-ribose) synthetase and cellular distribution. Diabetes 1988, 37, 213-216. [CrossRef]

Lenzen, S. The mechanisms of alloxan- and streptozotocin-induced diabetes. Diabetologia 2008, 51, 216-226. [CrossRef]

Nahdi, AM.T.A.; John, A.; Raza, H. Elucidation of molecular mechanisms of streptozotocin-induced oxidative stress, apoptosis,
and mitochondrial dysfunction in Rin-5F pancreatic 3-cells. Oxid. Med. Cell. Longev. 2017, 2017, 7054272. [CrossRef]

Kim, Y.T.; Steinberg, C. Inmunologic studies on the induction of diabetes in experimental animals: Cellular basis for the induction
of diabetes by streptozotocin. Diabetes 1984, 33, 771-777. [CrossRef]

Szkudelski, T.; Zywert, A.; Szkudelska, K. Metabolic disturbances and defects in insulin secretion in rats with streptozotocin-
nicotinamide-induced diabetes. Physiol. Res. 2013, 62, 663—670. [CrossRef]

Wang-Fischer, Y.; Garyantes, T. Improving the reliability and utility of streptozotocin-induced rat diabetic model. J. Diabetes Res.
2018, 2018, 8054073. [CrossRef]

Ar’Rajab, A.; AhréN, B. Long-term diabetogenic effect of streptozotocin in rats. Pancreas 1993, 8, 50-57. [CrossRef]

Howard, C.F. Nonhuman primates as models for the study of human diabetes mellitus. Diabetes 1982, 31, 37—42. [CrossRef]
[PubMed]

Tancrede, G.; Rousseau-Migneron, S.; Nadeau, A. Long-term changes in the diabetic state induced by different doses of
streptozotocin in rats. Br. J. Exp. Pathol. 1983, 64, 117. [PubMed]

Schlosser, M.].; Kapeghian, J.C.; Verlangieri, A.]J. Selected physical and biochemical parameters in the streptozotocin-treated
guinea pig: Insights into the diabetic guinea pig model. Life Sci. 1987, 41, 1345-1353. [CrossRef]

Wilson, ].D.; Dhall, D.P.; Simeonovic, C.J.; Lafferty, K.J. Induction and management of diabetes mellitus in the pig. Aust. J. Exp.
Biol. Med. Sci. 1986, 64, 489-500. [CrossRef] [PubMed]

Li, X.; Kaminski, N.E.; Fischer, L.]. Examination of the immunosuppressive effect of A9-tetrahydrocannabinol in streptozotocin-
induced autoimmune diabetes. Int. Immunopharmacol. 2001, 1, 699-712. [CrossRef]

Dufrane, D.; van Steenberghe, M.; Guiot, Y.; Goebbels, R.M.; Saliez, A.; Gianello, P. Streptozotocin-induced diabetes in large
animals (pigs/primates): Role of GLUT2 transporter and B-cell plasticity. Transplantation 2006, 81, 36—45. [CrossRef] [PubMed]


http://doi.org/10.1055/s-2007-1013518
http://doi.org/10.1007/s00125-003-1089-5
http://www.ncbi.nlm.nih.gov/pubmed/12687328
http://doi.org/10.1038/nrmicro2974
http://www.ncbi.nlm.nih.gov/pubmed/23435359
http://doi.org/10.1007/s00125-006-0334-0
http://www.ncbi.nlm.nih.gov/pubmed/16816951
http://doi.org/10.1038/nature07336
http://doi.org/10.1371/journal.pone.0010507
http://doi.org/10.1016/S1357-4310(96)10056-3
http://doi.org/10.2337/diab.42.12.1786
http://doi.org/10.1111/j.1753-4887.2012.00513.x
http://doi.org/10.1086/514612
http://doi.org/10.1097/00019048-199603000-00016
http://doi.org/10.1309/QJEBXP0BCGR54L15
http://www.ncbi.nlm.nih.gov/pubmed/17369139
http://doi.org/10.3201/eid1811.120797
http://doi.org/10.2337/diab.37.2.213
http://doi.org/10.1007/s00125-007-0886-7
http://doi.org/10.1155/2017/7054272
http://doi.org/10.2337/diab.33.8.771
http://doi.org/10.33549/physiolres.932509
http://doi.org/10.1155/2018/8054073
http://doi.org/10.1097/00006676-199301000-00011
http://doi.org/10.2337/diab.31.1.S37
http://www.ncbi.nlm.nih.gov/pubmed/6819170
http://www.ncbi.nlm.nih.gov/pubmed/6221747
http://doi.org/10.1016/0024-3205(87)90608-4
http://doi.org/10.1038/icb.1986.53
http://www.ncbi.nlm.nih.gov/pubmed/2954529
http://doi.org/10.1016/S1567-5769(01)00003-0
http://doi.org/10.1097/01.tp.0000189712.74495.82
http://www.ncbi.nlm.nih.gov/pubmed/16421474

Cells 2022, 11, 492 20 of 22

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Salis, A.L; Peterson, R.G.; Stecker, M.S.; Patel, N.H.; Willis, L.R.; Galley, P.; Eclavea, A.C.; Dreesen, R.G. Suprarenal intraarterial
infusion of alloxan and streptozotocin during balloon occlusion of the juxtarenal abdominal aorta: A simple technique for
inducing diabetes mellitus in canines with reduced mortality. Acad. Radiol. 2001, 8, 473—-477. [CrossRef]

Lazarus, S.S.; Shapiro, S.H. Streptozotocin-induced diabetes and islet cell alterations in rabbits. Diabetes 1972, 21, 129-137.
[CrossRef]

Gerling, I.C.; Friedman, H.; Greiner, D.L.; Shultz, L.D.; Leiter, E.H. Multiple low-dose streptozocin-induced diabetes in NOD-
scid/scid mice in the absence of functional lymphocytes. Diabetes 1994, 43, 433—440. [CrossRef]

Eizirik, D.L.; Pipeleers, D.G.; Ling, Z.; Welsh, N.; Hellerstrém, C.; Andersson, A. Major species differences between humans and
rodents in the susceptibility to pancreatic B-cell injury. Proc. Natl. Acad. Sci. USA 1994, 91, 9253-9256. [CrossRef]

Yang, H.; Wright, ].R. Human p cells are exceedingly resistant to streptozotocin in vivo. Endocrinology 2002, 143, 2491-2495.
[CrossRef] [PubMed]

McCulloch, L.J.; van de Bunt, M.; Braun, M.; Frayn, K.N.; Clark, A.; Gloyn, A.L. GLUT2 (SLC2AZ2) is not the principal glucose
transporter in human pancreatic beta cells: Implications for understanding genetic association signals at this locus. Mol. Genet.
Metab. 2011, 104, 648-653. [CrossRef] [PubMed]

Masiello, P.; Broca, C.; Gross, R.; Roye, M.; Manteghetti, M.; Hillaire-Buys, D.; Novelli, M.; Ribes, G. Experimental NIDDM:
Development of a new model in adult rats administered streptozotocin and nicotinamide. Diabetes 1998, 47, 224-229. [CrossRef]
[PubMed]

Kurup, S.; Bhonde, R.R. Combined effect of nicotinamide and streptozotocin on diabetic status in partially pancreatectomized
adult BALB/c mice. Horm. Metab. Res. 2000, 32, 330-334. [CrossRef]

LeDoux, S.; Woodley, S.; Patton, N.; Wilson, G. Mechanisms of nitrosourea-induced B-cell damage: Alterations in DNA. Diabetes
1986, 35, 866-872. [CrossRef]

Lampasona, V.; Liberati, D. Islet autoantibodies. Curr. Diab. Rep. 2016, 16, 53. [CrossRef]

Konrad, R.J.; Kudlow, J.E. The role of O-linked protein glycosylation in S-cell dysfunction. Int. J. Mol. Med. 2002, 10, 535-539.
Hanover, J.A.; Lai, Z.; Lee, G.; Lubas, W.A; Sato, S.M. Elevated O-linked N-acetylglucosamine metabolism in pancreatic B-cells.
Arch. Biochem. Biophys. 1999, 362, 38-45. [CrossRef]

Elsner, M.; Guldbakke, B.; Tiedge, M.; Munday, R.; Lenzen, S. Relative importance of transport and alkylation for pancreatic
B-cell toxicity of streptozotocin. Diabetologia 2000, 43, 1528-1533. [CrossRef]

Gai, W,; Schott-Ohly, P.; Walde, S.S.; Gleichmann, H. Differential target molecules for toxicity induced by streptozotocin and
alloxan in pancreatic islets of mice in vitro. Exp. Clin. Endocrinol. Diabetes 2004, 112, 29-37. [CrossRef]

Van De Winkel, M.; Smets, G.; Gepts, W.; Pipeleers, D. Islet cell surface antibodies from insulin-dependent diabetics bind
specifically to pancreatic B cells. ]. Clin. Investig 1982, 70, 41-49. [CrossRef] [PubMed]

Kniola, B.; Hellstrom, S.; Ludvigsson, J. Islet cell surface antibodies (ICSA) do bind to human pancreas: Computerised, quantitative
determination of ICSA using both pre- and postembedding immunocolloidal techniques. Diabetes Res. Clin. Pract. 1988, 39,
173-183. [CrossRef]

of pentoxifylline is associated with systemic and target tissue modulation of cytokines and nitric oxide production. J. Autoimmun.
2001, 16, 47-58. [CrossRef] [PubMed]

Esensten, ].H.; Lee, M.R,; Glimcher, L.H.; Bluestone, J.A. T-bet-deficient NOD mice are protected from diabetes due to defects in
both T cell and innate immune system function. J. Immunol. 2009, 183, 75-82. [CrossRef] [PubMed]

Weide, L.G.; Lacy, P.E. Low-dose streptozocin-induced autoimmune diabetes in islet transplantation model. Diabetes 1991, 40,
1157-1162. [CrossRef]

McLaughlin, K.A.; Richardson, C.C.; Ravishankar, A.; Brigatti, C.; Liberati, D.; Lampasona, V.; Piemonti, L.; Morgan, D.; Feltbower,
R.G.; Christie, M.R. Identification of tetraspanin-7 as a target of autoantibodies in type 1 diabetes. Diabetes 2016, 65, 1690-1698.
[CrossRef]

Krischer, J.P,; Lynch, K.E; Schatz, D.A ; Ilonen, J.; Lernmark, A Hagopian, W.A.; Rewers, M.].; She, J.-X.; Simell, O.G.; Toppari, J.
The 6 year incidence of diabetes-associated autoantibodies in genetically at-risk children: The TEDDY study. Diabetologia 2015, 58,
980-987. [CrossRef]

Ziegler, A.G.; Rewers, M,; Simell, O.; Simell, T.; Lempainen, ].; Steck, A.; Winkler, C.; Ilonen, J.; Veijola, R.; Knip, M. Seroconversion
to multiple islet autoantibodies and risk of progression to diabetes in children. JAMA 2013, 309, 2473-2479. [CrossRef]
Atkinson, M. A ; Eisenbarth, G.S. Type 1 diabetes: New perspectives on disease pathogenesis and treatment. Lancet 2001, 358,
221-229. [CrossRef]

Ilonen, J.; Hammais, A.; Laine, A.-P.; Lempainen, J.; Vaarala, O.; Veijola, R.; Simell, O.; Knip, M. Patterns of 3 cell autoantibody
appearance and genetic associations during the first years of life. Diabetes 2013, 62, 3636-3640. [CrossRef]

Huang, S.-W.; Maclaren, N.K. Antibodies to nucleic acids in juvenile-onset diabetes. Diabetes 1978, 27, 1105-1111. [CrossRef]
[PubMed]

Gillespie, K.M.; Aitken, R.J.; Wilson, L; Williams, A.J.; Bingley, P]. Early onset of diabetes in the proband is the major determinant
of risk in HLA DR3-DQ2/DR4-DQ8 siblings. Diabetes 2014, 63, 1041-1047. [CrossRef] [PubMed]

Aly, T.A.; Ide, A.; Jahromi, M.M,; Barker, ].M.; Fernando, M.S.; Babu, S.R.; Yu, L.; Miao, D.; Erlich, H.A.; Fain, PR,; et al. Extreme
genetic risk for type 1A diabetes. Proc. Natl. Acad. Sci. USA 2006, 103, 14074-14079. [CrossRef] [PubMed]


http://doi.org/10.1016/S1076-6332(03)80618-9
http://doi.org/10.2337/diab.21.3.129
http://doi.org/10.2337/diab.43.3.433
http://doi.org/10.1073/pnas.91.20.9253
http://doi.org/10.1210/endo.143.7.8901
http://www.ncbi.nlm.nih.gov/pubmed/12072379
http://doi.org/10.1016/j.ymgme.2011.08.026
http://www.ncbi.nlm.nih.gov/pubmed/21920790
http://doi.org/10.2337/diab.47.2.224
http://www.ncbi.nlm.nih.gov/pubmed/9519717
http://doi.org/10.1055/s-2007-978646
http://doi.org/10.2337/diab.35.8.866
http://doi.org/10.1007/s11892-016-0738-2
http://doi.org/10.1006/abbi.1998.1016
http://doi.org/10.1007/s001250051564
http://doi.org/10.1055/s-2004-815724
http://doi.org/10.1172/JCI110601
http://www.ncbi.nlm.nih.gov/pubmed/6123526
http://doi.org/10.1016/S0168-8227(98)00009-6
http://doi.org/10.1006/jaut.2000.0456
http://www.ncbi.nlm.nih.gov/pubmed/11221996
http://doi.org/10.4049/jimmunol.0804154
http://www.ncbi.nlm.nih.gov/pubmed/19535634
http://doi.org/10.2337/diab.40.9.1157
http://doi.org/10.2337/db15-1058
http://doi.org/10.1007/s00125-015-3514-y
http://doi.org/10.1001/jama.2013.6285
http://doi.org/10.1016/S0140-6736(01)05415-0
http://doi.org/10.2337/db13-0300
http://doi.org/10.2337/diab.27.11.1105
http://www.ncbi.nlm.nih.gov/pubmed/720770
http://doi.org/10.2337/db13-0994
http://www.ncbi.nlm.nih.gov/pubmed/24203724
http://doi.org/10.1073/pnas.0606349103
http://www.ncbi.nlm.nih.gov/pubmed/16966600

Cells 2022, 11, 492 21 of 22

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Aly, T.A,; Ide, A.; Humphrey, K.; Barker, ].M.; Steck, A.; Erlich, H.A ; Yu, L.; Miao, D.; Redondo, M.].; McFann, K.; et al. Genetic
prediction of autoimmunity: Initial oligogenic prediction of anti-islet autoimmunity amongst DR3/DR4-DQ8 relatives of patients
with type 1A diabetes. J. Autoimmun. 2005, 25, 40-45. [CrossRef] [PubMed]

Huang, S.; Taylor, G. Immune insulitis and antibodies to nucleic acids induced with streptozotocin in mice. Clin. Exp. Immunol.
1981, 43, 425. [PubMed]

Op de Beeck, A ; Eizirik, D.L. Viral infections in type 1 diabetes mellitus—Why the (3 cells? Nat. Rev. Endocrinol. 2016, 12, 263-273.
[CrossRef]

Loénnrot, M.; Lynch, K.E; Larsson, H.E.; Lernmark, A.; Rewers, M.J.; Toérn, C.; Burkhardt, B.R; Briese, T.; Hagopian, W.A.; She, ].-X.
Respiratory infections are temporally associated with initiation of type 1 diabetes autoimmunity: The TEDDY study. Diabetologia
2017, 60, 1931-1940. [CrossRef]

Yki-Jarvinen, H.; Sammalkorpi, K.; Koivisto, V.A.; Nikkild, E.A. Severity, duration, and mechanisms of insulin resistance during
acute infections. . Clin. Endocrinol. Metab. 1989, 69, 317-323. [CrossRef]

Clark, A.L.; Urano, F. Endoplasmic reticulum stress in beta cells and autoimmune diabetes. Curr. Opin. Immunol. 2016, 43, 60—66.
[CrossRef]

van Lummel, M.; Duinkerken, G.; van Veelen, P.A.; de Ru, A.; Cordfunke, R.; Zaldumbide, A.; Gomez-Tourifio, I.; Arif, S.;
Peakman, M.; Drijfhout, ].W. Posttranslational modification of HLA-DQ binding islet autoantigens in type 1 diabetes. Diabetes
2014, 63, 237-247. [CrossRef]

Oikarinen, S.; Martiskainen, M.; Tauriainen, S.; Huhtala, H.; Ilonen, ].; Veijola, R.; Simell, O.; Knip, M. Hy6ty H: Enterovirus RNA
in blood is linked to the development of type 1 diabetes. Diabetes 2011, 60, 276-279. [CrossRef] [PubMed]

Yeung, W.-C.G.; Rawlinson, W.D.; Craig, M.E. Enterovirus infection and type 1 diabetes mellitus: Systematic review and
meta-analysis of observational molecular studies. BM]J 2011, 342, d35. [CrossRef] [PubMed]

Knip, M. Environmental triggers and determinants of 3 cell autoimmunity and type 1 diabetes. Rev. Endocr. Metab. Disorders
2003, 4, 213-223. [CrossRef]

Concannon, P; Rich, S.S.; Nepom, G.T. Genetics of type 1A diabetes. N. Engl. |. Med. 2009, 360, 1646-1654. [CrossRef]

Todd, J.A.; Walker, N.M.; Cooper, ].D.; Smyth, D.J.; Downes, K.; Plagnol, V.; Bailey, R.; Nejentsev, S.; Field, S.F; Payne, F. Robust
associations of four new chromosome regions from genome-wide analyses of type 1 diabetes. Nat. Genet. 2007, 39, 857-864.
[CrossRef] [PubMed]

Redondo, M.]J.; Jeffrey, J.; Fain, PR.; Eisenbarth, G.S.; Orban, T. Concordance for islet autoimmunity among monozygotic twins.
N. Engl. ]. Med. 2008, 359, 2849-2850. [CrossRef] [PubMed]

Noble, J.A. Immunogenetics of type 1 diabetes: A comprehensive review. ]. Autoimmun. 2015, 64, 101-112. [CrossRef]

Pociot, F; Lernmark, A. Genetic risk factors for type 1 diabetes. Lancet 2016, 387, 2331-2339. [CrossRef]

Frederiksen, B.N.; Steck, A.K.; Kroehl, M.; Lamb, M.M.; Wong, R.; Rewers, M.; Norris, ]. M. Evidence of stage- and age-related
heterogeneity of non-HLA SNPs and risk of islet autoimmunity and type 1 diabetes: The diabetes autoimmunity study in the
young. Clin. Dev. Immunol. 2013, 2013, 417657. [CrossRef]

Roesch, L.F; Lorca, G.L.; Casella, G.; Giongo, A.; Naranjo, A.; Pionzio, A.M.; Li, N.; Mai, V.; Wasserfall, C.H.; Schatz, D.; et al.
Culture-independent identification of gut bacteria correlated with the onset of diabetes in a rat model. ISME ]. 2009, 3, 536-548.
[CrossRef]

Murri, M,; Leiva, I.; Gomez-Zumaquero, ].M.; Tinahones, FJ.; Cardona, F,; Soriguer, F.; Queipo-Ortuno, M.I. Gut microbiota
in children with type 1 diabetes differs from that in healthy children: A case-control study. BMC Med. 2013, 11, 46. [CrossRef]
[PubMed]

Knip, M,; Siljander, H. The role of the intestinal microbiota in type 1 diabetes mellitus. Nat. Rev. Endocrinol. 2016, 12, 154-167.
[CrossRef] [PubMed]

Giongo, A.; Gano, K.A ; Crabb, D.B.; Mukherjee, N.; Novelo, L.L.; Casella, G.; Drew, J.C.; Ilonen, J.; Knip, M.; Hyoty, H.; et al.
Toward defining the autoimmune microbiome for type 1 diabetes. ISME ]. 2011, 5, 82-91. [CrossRef] [PubMed]

Tremaroli, V.; Backhed, F. Functional interactions between the gut microbiota and host metabolism. Nature 2012, 489, 242-249.
[CrossRef]

Savilahti, E.; Saukkonen, T.T.; Virtala, E.T.; Tuomilehto, J.; Akerblom, H.K. Increased levels of cow’s milk and S-lactoglobulin
antibodies in young children with newly diagnosed IDDM. The Childhood Diabetes in Finland Study Group. Diabetes Care 1993,
16, 984-989. [CrossRef]

Lévy-Marchal, C.; Karjalainen, J.; Dubois, E.; Karges, W.; Czernichow, P.; Dosch, H.-M. Antibodies against bovine albumin and
other diabetes markers in French children. Diabetes Care 1995, 18, 1089-1094. [CrossRef]

Vaarala, O.; Klemetti, P.; Savilahti, E.; Reijonen, H.; Ilonen, J; Akerblom, H.K. Cellular immune response to cow’s milk
B-lactoglobulin in patients with newly diagnosed IDDM. Diabetes 1996, 45, 178-182. [CrossRef]

Cavallo, M.G.; Fava, D.; Monetini, L.; Barone, E; Pozzilli, P. Cell-mediated immune response to 3 casein in recent-onset
insulin-dependent diabetes: Implications for disease pathogenesis. Lancet 1996, 348, 926-928. [CrossRef]

Cardwell, C.R.; Stene, L.C.; Ludvigsson, J.; Rosenbauer, J.; Cinek, O.; Svensson, J.; Perez-Bravo, E.; Memon, A.; Gimeno, 5.G;
Wadsworth, E.J.; et al. Breast-feeding and childhood-onset type 1 diabetes: A pooled analysis of individual participant data from
43 observational studies. Diabetes Care 2012, 35, 2215-2225. [CrossRef]


http://doi.org/10.1016/j.jaut.2005.09.002
http://www.ncbi.nlm.nih.gov/pubmed/16242305
http://www.ncbi.nlm.nih.gov/pubmed/6456098
http://doi.org/10.1038/nrendo.2016.30
http://doi.org/10.1007/s00125-017-4365-5
http://doi.org/10.1210/jcem-69-2-317
http://doi.org/10.1016/j.coi.2016.09.006
http://doi.org/10.2337/db12-1214
http://doi.org/10.2337/db10-0186
http://www.ncbi.nlm.nih.gov/pubmed/20943747
http://doi.org/10.1136/bmj.d35
http://www.ncbi.nlm.nih.gov/pubmed/21292721
http://doi.org/10.1023/A:1025121510678
http://doi.org/10.1056/NEJMra0808284
http://doi.org/10.1038/ng2068
http://www.ncbi.nlm.nih.gov/pubmed/17554260
http://doi.org/10.1056/NEJMc0805398
http://www.ncbi.nlm.nih.gov/pubmed/19109586
http://doi.org/10.1016/j.jaut.2015.07.014
http://doi.org/10.1016/S0140-6736(16)30582-7
http://doi.org/10.1155/2013/417657
http://doi.org/10.1038/ismej.2009.5
http://doi.org/10.1186/1741-7015-11-46
http://www.ncbi.nlm.nih.gov/pubmed/23433344
http://doi.org/10.1038/nrendo.2015.218
http://www.ncbi.nlm.nih.gov/pubmed/26729037
http://doi.org/10.1038/ismej.2010.92
http://www.ncbi.nlm.nih.gov/pubmed/20613793
http://doi.org/10.1038/nature11552
http://doi.org/10.2337/diacare.16.7.984
http://doi.org/10.2337/diacare.18.8.1089
http://doi.org/10.2337/diab.45.2.178
http://doi.org/10.1016/S0140-6736(95)12065-3
http://doi.org/10.2337/dc12-0438

Cells 2022, 11, 492 22 of 22

107.

108.
109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

Rosenbauer, J.; Herzig, P; Kaiser, P.; Giani, G. Early nutrition and risk of type 1 diabetes mellitus—A nationwide case-control
study in preschool children. Exp. Clin. Endocrinol. Diabetes 2007, 115, 502-508. [CrossRef]

Goldberg, J.P; Folta, S.C.; Must, A. Milk: Can a “good” food be so bad? Pediatrics 2002, 110, 826-832. [CrossRef] [PubMed]
Agostoni, C.; Turck, D. Is cow’s milk harmful to a child’s health? ]. Pediatr. Gastroenterol. Nutr. 2011, 53, 594-600. [CrossRef]
[PubMed]

Wang, Z.; Dohle, C.; Friemann, J.; Green, B.S.; Gleichmann, H. Prevention of high- and low-dose STZ-induced diabetes with
D-glucose and 5-thio-D-glucose. Diabetes 1993, 42, 420-428. [CrossRef]

Wang, Z.; Gleichmann, H. Glucose transporter 2 expression: Prevention of streptozotocin-induced reduction in p-cells with
5-thio-D-glucose. Exp. Clin. Endocrinol. Diabetes 1995, 103 (Suppl. 2), 83-97. [CrossRef] [PubMed]

Thorens, B. GLUT2, glucose sensing and glucose homeostasis. Diabetologia 2015, 58, 221-232. [CrossRef]

Reimann, F,; Habib, A.M.; Tolhurst, G.; Parker, H.E.; Rogers, G.J.; Gribble, EM. Glucose sensing in L cells: A primary cell study.
Cell Metab. 2008, 8, 532-539. [CrossRef]

Ait-Omar, A.; Monteiro-Sepulveda, M.; Poitou, C.; Le Gall, M.; Cotillard, A.; Gilet, J. GLUT2 accumulation in enterocyte apical
and intracellular membranes: A study in morbidly obese human subjects and ob/ob and high fat-fed mice. Diabetes 2011, 60,
2598-2607. [CrossRef]

Klaassen, C.D. Casarett & Doull’s Toxicology: The Basic Science of Poisons, 9th ed.; Klaassen, C.D., Ed.; McGraw-Hill Education:
New York, NY, USA, 2018.

Moron, M.S,; Depierre, ].W.; Mannervik, B. Levels of glutathione, glutathione reductase and glutathione S-transferase activities in
rat lung and liver. Biochim. Biophys. Acta. 1979, 582, 67-78. [CrossRef]

Altomare, E.; Vendemiale, G.; Albano, O. Hepatic glutathione content in patients with alcoholic and non-alcoholic liver diseases.
Life Sci. 1988, 43, 991-998. [CrossRef]

Broder, L.E.; Carter, S.K. Pancreatic islet cell carcinoma. II. Results of therapy with streptozotocin in 52 patients. Ann. Intern. Med.
1973, 79, 108-118. [CrossRef]

Moertel, C.G.; Hanley, J.A.; Johnson, L.A. Streptozocin alone compared with streptozocin plus fluorouracil in the treatment of
advanced islet-cell carcinoma. N. Engl. . Med. 1980, 303, 1189-1194. [CrossRef] [PubMed]


http://doi.org/10.1055/s-2007-973829
http://doi.org/10.1542/peds.110.4.826
http://www.ncbi.nlm.nih.gov/pubmed/12359802
http://doi.org/10.1097/MPG.0b013e318235b23e
http://www.ncbi.nlm.nih.gov/pubmed/21921812
http://doi.org/10.2337/diab.42.3.420
http://doi.org/10.1055/s-0029-1211400
http://www.ncbi.nlm.nih.gov/pubmed/8839260
http://doi.org/10.1007/s00125-014-3451-1
http://doi.org/10.1016/j.cmet.2008.11.002
http://doi.org/10.2337/db10-1740
http://doi.org/10.1016/0304-4165(79)90289-7
http://doi.org/10.1016/0024-3205(88)90544-9
http://doi.org/10.7326/0003-4819-79-1-108
http://doi.org/10.1056/NEJM198011203032101
http://www.ncbi.nlm.nih.gov/pubmed/6252466

	Introduction 
	Hypothesis 
	Potential Sources of Human STZ Exposure 
	STZ-Producing Bacteria 
	Gut Microbiota 
	Environmental Sources of STZ 
	Opportunistic Infections with STZ-Producing Bacteria 

	STZ Can Readily Induce Autoimmune Diabetes in Animal Models 
	STZ Can Covalently Modify Cellular Components to Form Autoimmune Antigens 
	Covalent Modifications of Cellular DNA 
	Covalent Modifications of Cellular Proteins 
	Possibility 1. STZ and the O-Glycosylation Process in Islet -Cells 
	Possibility 2. STZ May Covalently Modify GLUT2 


	STZ Can Induce Cellular Immune Responses in Pancreatic Islets 
	Observations Made in Immune Function-Intact Laboratory Animals 
	Observations Made in Immunodeficient Mice 
	Insights Gained from Transplantation Studies 

	STZ Can Induce the Production of Autoantibodies against Cellular Components of Pancreatic Islets 
	Clinically Identified T1DM-Related Autoantibodies 
	Antibodies Identified in STZ-Induced Diabetic Animal Models 

	Environmental and Genetic Factors Affecting the Development of T1DM 
	Environmental Factors 
	Genetic Factors 

	Other Potential Factors Related to T1DM 
	Potential Role of Gut Microbiota in T1DM 
	Potential Relationship between Cow’s Milk Feeding and Autoimmune T1DM 
	A Potential Strategy for Reducing the Risk of Developing T1DM 

	Concluding Remarks 
	References

