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ABSTRACT

Zinc is an essential nutrient for mammals. Zinc has only one oxidation state Zn2+ but it has many coordination states, which
can alter without demanding energy. Coordination states depend on prevailing pH. In soils the coordination state changes
from octahedral (nonphysiologic) form to tetrahedral (physiologic) form when pH rises to about 6.5. Weathering processes of
common soil mineral mica are also pH dependent. Large scale argricultural field liming began from 1950’s onward in the Western
Countries and since that time the incidence of Type 1 diabetes (T1D) began to increase in the Western Countries. Liming elevates
soil pH often near 6.5 and favours mosaic mica-vermiculite nanoparticle formation in which vermiculite corner binds zinc in
tetrahedral (physiological) coordination state. In this pH mica corner remains in native form and offers the plane for soluble
pMHC molecule (binded with antigenic beta-cell specific self peptide) to adhere on mica and as a consequence to trigger the
activation of autoreactive CD4 and/or CD8 T cells. Beta-cell specific autoantigens are released because abundant zinc derived
from endocytosed zinc-mica-vermiculite particles in lysosomes leads to incresed beta-cell apoptosis, also the physiological
neonatal beta-cell mass remodeling enhance beta-cell specific auto-antigen release. Furthermore enterovirusinfections during first
years of life are common and can release beta-cell specific auto-antigens. The probable disease mechanism is dealt with this
review article.
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1. INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease, in which
the production of insulin by pancreatic islet beta-cells has
stopped. Beta-cells are destroyed by the attack of own im-
mune system. T1D breaks out in some of children (before
the age of 15 years), who has a genetic susceptibility for
disease. However only 1 of 14-20 with HLA-conferred sus-
ceptibility progress to the clinical disease.[1] About twelve
per cent of newborns in Finnish DIPP study carried HLA II
susceptibility genes for T1D.[2]

The incidence of T1D has increased since 1950’s. Before

1950’s T1D was uncommon but known disease, the inci-
dence of which was some 2-7/100,000/year (in the sequel the
incidence numbers are always per 100,000 per year). Nowa-
days T1D incidence is about 20,[3] in Finland even 65.[4]

Globally there is over 350 fold difference in the incidence
between countries.[3] It seems that the incidence of T1D in
Finland has ceased to increase during last years,[4] the same
is true also in other high incidence countries.[3] On the other
hand the incidence is increasing in lower incidence countries.
Something in our environment must be changed, because the
heredity cannot change in this time period.
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This environment change cannot be virus or bacteria because
there is e.g. six fold gradient in boundary between Finland
and Russian Karelia. The populations in both side of the
border are genetically homogenous. Sosioeconomic circum-
stances are quite different in Finland and in Russian Kare-
lia.[5] Also agricultural practice are quite different between
Finland and Russian Karelia. When field liming practice is in
common use in Finland, no such practice is in use in Russian
Karelia (Harri Huhta, personal communication).

2. CONTEMPORARY INCREASE OF T1D INCI-
DENCE AND FIELD LIMING

In Finland the soils are acidic and therefore farmers be-
gan field liming in 1950’s.[6] Average field pH has rosen
from 5.50 (1955-60) to 5.87 (1986-90), thereafter field pH
has fallen to 5.72 (1966-2000). In top years lime was
used 1400×106 kg/year (1984-85), thereafter (1996-97) lime
quantity has fallen to 500×106 kg/year.[7]

In the year 1953 the incidence of T1D was 12 and reached
the peak in the year 2006 being 65. Thereafter the incidence
has had the lowering diatheses.[4] It seems that the rise and
the fall in the incidence of T1D are a bit backward compared
to the liming practice.

Association between liming and T1D can be found around
the world. In the Brazil the huge Cerrado (Brazil’s savannah)
was changed to a farm field from 1973 on. The first step was
massive liming which is continuing to day.[8, 9] The incidence
of T1D in the Cerrado area has increased from 2.82 in the
year 1987 to 18.4 in the year 2002, a 6.5 fold increase.[10]

Incidense of T1D is very high and increasing in the Canadian
Province Newfoundland and Labrador (NL) over the period
1987-2010. Incidence increased by a factor of 1.03% per
year over 24 years and was 49.9 in the period 2007-2010,
it is one of the highest reported worldwide.[11] Cropland
liming in Canada is common only in the Provinces of NL
and Prince Edvard Island. In the year 2010 lime was used on
only 1.1% of the whole Canadian cropland area. In contrast
to this, 19.5% of cropland area was limed in NL.[12]

3. EFFECTS OF SOIL PH ON ZINC SPECIA-
TION

Zinc is ubiquitous metal in soils and waters. Zn2+ has a
strong tendency to complexate with various ligands in soils
and waters so that the true free Zn2+ concentrations are in
picomolar level.[13] Zn has only one oxidation states Zn2+.
Zinc atom has two main coordination states, tetrahedral and
octahedral. Switching from octahedral to tetrahedral and
vice versa does not demand energy but depends only on sur-
rounding atoms and their geometry and prevailing pH.[14] In

proteins the ligand forming atoms are oxygen, nitrogen, and
sulfur atoms from the side chains of aminoacids histidine,
glutamate, aspartate and cysteine.[15]

In soil environment Zn2+ speciation (complexation with
mineral particles in octahedral/tetrahedral manner) depends
strongly on soil pH. In the acid pH (<6.5) predominantly
octahedral coordination prevails and in higher pH (>6.5)
tetrahedral coordination prevails. Zinc containing minerals,
most common in soils ZnS (sphalerite), weather slowly and
depending on prevailing pH, neoformed particulate zinc com-
plexes contain octahedral and/or tetrahedral zinc depending
on pH. In the soil sample (topsoil, mixed clay mineralogy,
Northern Switzerland), whose pH was 6.5, 43%-45% from
the added ZnS was tetrahedrally coordinated after 4 years
of incubation. It could not be found any tetrahedrally co-
ordinated Zn in the soil sample (topsoil, clay loam texture,
North Carolina, USA), whose pH was 5.0, after 4 yers of
incubation. In the soil sample, whose pH was 7.7 (very high),
(topsoil, calcareous, high organic matter content, Northern
Switzerland), 13% from added Zn was tetrahedrallycoordi-
nated after 4 years of incubation.[16] Soils contain various
zinc sorbents. One of the most effective zinc sorbent is a
clay mineral vermiculite. Zinc sorbed on vermiculite is not
sorbed very tightly so zinc can be released from vermiculite
by various zinc ligands e.g. human zinc transporters (pro-
teins). Zinc sorbed on manganese oxide, also effective zinc
sorbent, zinc sits very tightly and cannot released by organic
zinc ligands.[17] Intrestingly in high-risk T1D country Fin-
land, the highest T1D-risk areas are convergent to the areas
to whom it is typical the low manganese concentration in the
stream waters.[18]

Pure vermiculite is only rarely found in soils. As a rule
mosaic particles (scales) in which vermiculite and mica are
intergrown are found in soils. Mica is very common soil
mineral. Mica (aluminosilicate) is one of numerous silica
polymorphs, which includes e.g. quartz, asbestos, and amor-
phous silica. In litterature the term silicate is often used as
synonym for silica polymorphs. Pure mica nanoparticles has
immunostimulatory effects and it functions as superantigen
in T cell activation. Mica is sheet mineral, the basal sheet
being in the scale of 1 nm in thickness. Mica sheet is very
flexible and glossy.[19, 20]

Limed soils contains flat particles (mikro-nano scale) in
which one corner consists of flat flexible, glossy mica and
the other corner consists of vermiculite and to it sorbed tetra-
hedrally (bioavailable) zinc. Zinc functions as ligand that
guides the particle to islet environment because beta-cell is
the great zinc user.[21] Orally administered mica nanoparti-
cles can cause suppressive effects on subcutaneously trans-
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planted human breast cancer cell growth in mouse xenograft
model. This indicates that mica nanoparticles are absorbed
from gut to circulation and from circulation to tumor en-
viroment at least in mice.[22] These mosaic particles are
introduced into human through water and/or food and/or
breathing air.

4. ROLE OF ZINC IN T CELL ACTIVATION

Zinc is a micronutrient needed for cell activities including
cell growth, differentiation and survival. There is growing
evidence that zinc functions as a signal molecule in many
signaling cascades. The importance of zinc for human physi-
ology is supported by the findings that approximately 10%
of human genome is encoding zinc-proteins. Because Zn
is so essential as a signaling molecule, its homeostasis is
tightly regulated by Zn transporters and intracellular metal-
lothioneins (specific zinc binding cysteine rich proteins). At
present it is known 24 various Zn transporters, of which 14
mediate inward (into cytoplasm) Zn transport (ZIP family)
and 10 mediate outward (from cytoplasm into extracellu-
lar space or into intracellular organelles) Zn transport (ZnT
family).[23]

In T cell activation dendritic cells or other antigen presenting
cells (APC) form a contact with T cell, forming a kind of
an immunologic synapse. In this contact peptide containing
class I and/or class II MHC molecule (pMHC) on the sur-
face of APC contacts cognate T cell receptor (TCR). TCR
is activated and naive CD4+ or CD8+ T cell differentiates
into e.g. CD4+ Th1 memory cell or CD8+ memory cytotoxic
T cell. If APC presents autoantigenic peptide (self peptide)
in its MHC I or II, activated T cells can bring about an au-
toimmune disease. Proper T cell activation depends also on
suitable cytokine milieu.

When in contact with TCR (forming immunologic synapse)
and T cell membrane, APC decreases its intracellular zinc
cocentration by zinc exporters, mainly ZnT1 and T cells
increase intracellular zinc concentration by zinc importers
ZIP6 and ZIP8. Perhaps the contact between APC and T
cell resembles the nervous system synapse and zinc transfers
directly from APC to T cell through a direct cell-cell contact,
through a direct ZnT1-ZIP6 contact and ZnT1-ZIP8 contact.
Zinc concentration increases particularly in the subsynap-
tic region of T cell (a kind of zinc wave).[23–25] Up to date
experiments concerning the effects of zinc on immune acti-
vation has been done with Zinc salts (free Zn2+ ion). No one
studies done with complexated particle bound zinc cannot be
found in literature.

5. SUPPOSED MECHANISM OF T CELL AC-
TIVATION BY ISLET-SPECIFIC AUTOANTI-
GENS IN T1D

Most healthy individuals have beta-cell specific autoreactive
T cells in their peripheral blood (central memory T cells).
In healthy individuals Treg cells are thought to prevent the
further activation of these central memory T cells to effector
memory CD4+ T cells or effector memory cytotoxic CD8+
T cells.[26, 27] T1D development requires both beta-cell spe-
cific further activated CD4+ T cells and beta-cell specific
further activated CD8+ T cells.[28] This kind of beta-cell spe-
cific T cell activation must occur in a something unexpected
way. Because the activation of CD8+ T cell needs the help
of activated CD4+ T cell, probably the first fateful event is
irrelevant central memory CD4+ T cell futher activation to
effector memory CD4+ T cell.[29]

Figure 1. Proposed mechanism of atypical central memory
CD4+ T cell further activation in pancreatic islet
environment
CD4+ central-memory T cell in pancreatic islet enviroment. T cell
adherent mica-vermiculite has on its mica corner beta cell specific
peptide+MHC II molecule complex (pMHC II) which triggers TCR.
Zinc transporters ZIP6 and ZIP8 acquire zinc from vermiculite
corner of mica-vermiculite scale. Zn concentration in T cell
increases especially in TCR subregion. The net effect of increased
Zn concentration is the activation of co-stimulatory signaling
(CD28) pathway kinases and the inhibition of co-inhibitory
signaling pathway phosphatases. As an example is one of the
stimulatory pathway originating from CD28 co-receptor activation.
AKT and mTOR are downstream kinases. Zn functions as mitogen.
The end result is effector memory CD4+ T cell.

The contact between APC and CD4+ T cell is not always
necessary for the activation of CD4+ T cell. On glossy
surface-anchored antigenic peptide bound soluble MHC II
molecule can activate the same antigenic peptide specific
CD4+ T cell (see Figure 1). Glossy surfaces can be pre-
sented by e.g. plastic, glass and mica.[30, 31] In successful
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CD4+ T cell activation, the activation of various co-receptors
(co-signaling receptors) on T cell is also mandatory. One
important co-stimulatory receptor is CD28, which is impor-
tant in metabolic change of activated T cell. Naive or central
memory CD4+ T cell can not be succesfully activated into
effector-memory T cell without changeing its metabolism
from oxidative metabolism to aerobic glycolysis.[32]

The strong zinc influx (zinc wave) in context of TCR acti-
vation may result in down-stream events similar to CD28
co-receptor signaling (metabolic change in T cell). In down-
stream events of CD28 signaling various kinase enzymes are
activated and phosphatase enzymes are inhibited. Zinc pro-
motes kinase activity and inhibits phosphatase activity.[24, 33]

In the neonatal period there is enhanced beta-cell remodelling
associated with beta-cell apoptosis and enhanced beta-cell
specific antigen release.[34] This may trigger T1D by previ-
ously described manner. The known T1D associated HLA
risk haplotypes may preferentially bind some auto-antigens
released in beta cell apoptosis.[35]

Enterovirus infections are common in children within first
years of life. Many enteroviruses are pancreotropic and hu-
man islet cells express coxsackie virus receptor. Enterovirus-
infection can cause islet cell cytolysis which releases islet-
specific antigens within islet milieu. Enterovirus infection
before the age of six months seems to be especially danger-
ous and also after the age of two years.[2]

Lysosomal dysfunction also increase antigen abundance.
Lysosomes clean a cell from dysfunctional cytoplasmic or-
ganelles and damaged proteins by hydrolytic enzymes. Func-
tional cysteine cathepsins B and L have a central role on
this cleaning (called autophagy). Inhibition of cathepsin B
and L enhances beta-cell apoptosis and antigen release in
the beta-cell milieu.[36] Interestingly cathepsins B and L are
very zinc sensitive enzymes. Inhibitory zinc cocentration for
these enzymes is 0.1-1 mikroM. When lysosomes engulf zinc
sorbed vermiculite particles, lysosomal zinc concentration
may exceed this concentration.[37]

6. CONCLUSION
The incidence of T1D began to increase from 1950’s on in
Western developed countries. Nowadays the incidence of

T1D is increasing most rapidly in low incidence countries.
Different environmental factors and changes is proposed to
be behind this development e.g. enterovirus infections and
hygiene hypothesis.

T1D is an autoimmune disease and demands an external trig-
ger to break out. Soil liming that began on a large scale since
1950’s is a clear environmental change, soil pH rises and
mica weathering in mica-vermiculite axis changes[38] and
zinc coordination in mica-vermiculite nanoparticles changes
from octahedral to tetrahedral (bioavailable). These nanopar-
ticles can function as autoimmunity trigger in T1D.

Silica based engineered nanoparticles have many biomedical
applications e.g. drug delivery and gene delivery. The sur-
face of silica based nanoparticles can be doped with various
atoms or molecules that directs nanoparticles to required
tissue or cell type. Up to date applications of silica based
nanoparticles have restricted to preclinical studies since po-
tential adverse effects, mainly inflammation.[39] It is still very
challenging to detect and characterize nanoparticles from en-
vironmental samples. The association between liming and
T1D is therefore difficult to prove by present detection meth-
ods. Development in analytical methods is crucial to prove
this association impressively.[40]

Besides soils, also lakes and rivers and river catchments have
been limed to mitigate lake and river acidification in many
countries e.g. in Sweden, Norway and Scotland. The large-
scale federal liming program in Sweden was initiated in 1977
to mitigate lake acidification.[41] A significant geographical
variation in incidence rate of T1D between 1977-1995 was
found between the municipalities in south east Sweden. In
the same region it was also earlier shown space-time clus-
ters in T1D incidence.[42] Investigation which take account
of liming history (agricultural if possible and lakes, rivers
and catchments) and T1D incidence spatial clustering in that
region should be desirable.
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