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ABSTRACT: Aluminum (Al) is a common environmental compound with
immune-adjuvant activity and granulomatous inflammation inducer. Al
exposure in food, additives, air, pharmaceuticals, and water pollution
is ubiquitous in Western culture. Crohn’s disease (CD) is a chronic relapsing intestinal inflammation in genetically susceptible individuals and
is influenced by yet unidentified environmental factors. It is hypothesized, in the present review, that Al is a potential factor for induction
or maintaining the inflammation in CD. Epidemiologically, CD incidence is higher in urban areas, where microparticle pollution is prevalent. Al immune activities share many characteristics with the immune
pathology of CD: increased antigen presentation and APCs activation,
many luminal bacterial or dietary compounds can be adsorbed to the
metal and induce Th1 profile activity, promotion of humoral and cellular
immune responses, proinflammatory, apoptotic, oxidative activity, and
stress-related molecule expression enhancement, affecting intestinal bacterial composition and virulence, granuloma formation, colitis induction
in an animal model of CD, and terminal ileum uptake. The Al–bacterial
interaction, the microparticles homing the intestine together with the extensive immune activity, put Al as a potential environmental candidate
for CD induction and maintenance.
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INTRODUCTION
The incidence of inflammatory bowel disease (IBD) is rising in the developed countries and is becoming more common in formerly low-incidence areas
in the underdeveloped ones. In the United States, the illness is not associated
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with Caucasians alone; it is spreading to Hispanics and African Americans,
suggesting that environmental factors play a role in disease expression. It is
clear from twin studies that genetic determinants account for at most 50%
of Crohn’s disease (CD) susceptibility. On the other hand, cigarette smoking,
appendectomy, and enteric infections are the best characterized environmental
factors. The ordinarily balanced ecosystem between epithelial cells, immune
system, and resident flora is disrupted in CD, resulting in chronic, relapsing
intestinal inflammation. The dysregulated immune reaction and the loss of
tolerance toward the commensal microbiota or to some of its constituents are
the current hypotheses for the development of CD.1
These aberrant immune reactions could be primary or secondary processes.
However, it is also possible that environmental factors could initiate such
inflammatory reaction. For many years, exposure to xenobiotic-like metals
was suggested to induce an immune response in different diseases including
autoimmune conditions.2,3 For example, mercury induces antibodies against
renal antigens and inhibits RT6+ T cells.4 The same metal is at the origin of
murine mercury-induced autoimmune disease.5 Exposure to cobalt, aluminum
(Al), tin, zirconium, and beryllium has been associated with lung inflammation6,7 and granulomatous pneumonitis.7 Zirconium lactate was implicated
in causing specific cell-mediated granulomatous skin reaction.8 Podoconiosis, an endemic, nonfilarial form of elephantiasis results from absorption of
microparticles of silica and alumino-silicates through bare feet and metals,
such as silica, titanium, and Al are present in microgranulomata within the
inguinal lymph nodes.9 Silver taken up into cells via transferring receptors results in the presence of selected CD4+ T cells10 and T cell clones from patients
with chronic beryllium disease are major histocompatibility complex (MHC)
class-2 restricted.11 In those lines, Al phosphate and hydroxide, used as adjuvants, enhance immune response to an antigen, activate complement, prime
helper T cells for IgE production, and induce antibodies production.12,13 The
widespread use of Al was enhanced by the belief that it is not toxic and quickly
excreted from the body by urine. It turned out, however, that Al has some
pathologic effects on human health. Postdialysis encephalopathy, degenerative
brain disorders, osteomalacia, cholestasis, ototoxicity, normo- or microcytic
anemia, hemolytic anemia, disturbed erythropoiesis process, and inhibition of
macrophage and leukocyte defensive mechanism were extensively described.14
It is possible that this metal-induced immune activation could occur in the intestine of CD patients.
Recently, Perl et al.15 put forward the hypothesis that due to bacterial–
metal interactions, Al and other metals are potential environmental factors,
having a role in CD induction. They proposed that the metal-related trace
element uptake and/or regulatory system of either the putative mycobacteria
or of the human host, or both, are involved in the pathogenesis of CD. The
metal uptake/regulatory system allows access to mycobacteria of Al, resulting
in an alteration in the organism’s virulence and/or the host’s ability to contain
it. Once the Al-loaded organism is incorporated into the host, Al enhances
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the organism’s ability to induce a prominent granulomatous immune response,
thus giving rise to the pathologic features of CD. Extensive data have been
gathered on Al and the terminal ileum in normal and CD patients,16 on effects
of Al on humoral and cellular immunity and on intestinal flora and the new
observation on Al enhancing colitis. The present review extends the bacterial–
metal hypothesis and focuses on Al as a potential environmental mineral,
an inducer of colitis. The review expands on Al and the immune system,
the animal and human intestine, and the ensuing harmful immune effects of
the metal. The bacterial–aluminum interaction, extensively reviewed by Perl
et al.,15 will not be dealt presently.
The objectives of the present paper are to describe, on the basis of the current
knowledge, the potential harmful effect of Al on the human intestinal lumen
and mucosa, and hypothesize possible mechanisms for Al-induced CD immune
colitis.

SOURCES OF ALUMINUM EXPOSURE
Al is the most widely distributed metal in the environment and is extensively used in daily life. It composes 8.3% of the earth’s crust and its main
source of intake is food.17,18 Although it has no known biological function,
it is consistently introduced into living systems through soil, water, food, and
pharmaceutical agents. In the environment, higher soil concentration exists in
waste sites near certain industries, such as coal combustion, Al mining and
melting, and car manufacturing. Flux of dust is a large source of airborne Al.
In the atmosphere, it is mainly found as aluminosilicates and the background
levels of Al range from 0.005 to 0.18 mg/m3 . In urban areas, Al levels in the
drinking water are higher and acid rain contributes significantly to its environmental exposure. Worldwide, it is estimated that 70% of the cultivable lands
are acidic enough for Al toxic effects.
The main dietary source of Al is food grown in Al-containing soil. An acidic
pH contributes to its solubility resulting in accumulation in plant roots. Food
additives, such as processed cheese, baked goods, grain products, cake and
pancake mixes, vending machine powdery milk and cream powder substitute,
sugar, frozen dough, etc., add substantial amount to Al intake. Silicates and aluminiumsilicates are usually added to food products at 0.1–1%(w/w) to enable
free flow. Preservatives, coloring and levering agents, soy-based milk formulae
and products, cola drinks, coffee and tea leaves, and Al cooking utensils are
additional sources. Spices and aromatic herbs and the more recently described
high Al content of tobacco and cannabis are additional potential human exposures.19 Water purification procedures increase the content of soluble, low
molecular weight, chemically reactive, and more readily absorbed Al species.
Different substances when added to the water affect Al bioavailability and
toxicity in aqueous organisms resulting in facilitating Al entry into the food
chain.20
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Certain occupational groups, for example, workers of Al refining, metal,
printing, publishing, and automotive industries are confronted with higher
exposure. Al is considered an occupational hazard in relation to exposure to Al
dusts and fumes. Antiperspirants containing Al chlorohydrate are an additional
potential hazard.
Iatrogenically, Al potential exposure was described from high Al dialysate
or intravenous solutions, consumption of Al-containing phosphate binders or
antacids and stress ulcer prophylaxis, buffered aspirins, antidiarrheal products, alum irrigation in the urinary bladder, Al-containing bone cement, and
the controversial Al-containing adjuvants used routinely in vaccines.21,22 An
average individual’s intake amounts to >1012 microparticles/day and the daily
consumption of Al sodium silicate is estimated as 0.5 mg/person per day in
the United Kingdom.16 It was estimated that the mean Al intake by an adult
male is 10 mg/day whereas that by an adult female is 7 mg/day.18

ALUMINUM ABSORPTION AND DISTRIBUTION
The highly polarized Al3+ ion is absorbed from the gastrointestinal tract
mainly in its hydrated form by solvent drag through paracellular passive diffusion. On top of its absolute amount ingested, the key notion for this metal
absorption is bioavailability determined by its solubility and diffusibility.23
Solubility above pH 4 depends on luminal presence of ligands. The more
the Al3+ ion is bound into stable complex, the less it is able to dissociate
water to precipitate along with the hydroxide anion in the form of the insoluble Al (OH) 3 . Diffusibility, however, is determined by ligands neutralization
of Al electrical charge. Organic dietary components, such as citrate, succinate, tartrate, glutamate, gluconate, and lactate,23–26 enhance Al bioavailability. Luminal mucins regulate Al hydroxipolymerisation and thus impact its
bioavailability.27 Intestinal absorption of Al per se is very poor, below 1%.28
In healthy human volunteers, the most recent estimates of fractional intestinal Al absorption were in the range of 0.06–0.1%.29 Recently, in intensive
care unit patients, the mean absorption of enteral Al from sucralfate was only
0.019%.21 The total body burden of Al in healthy human subjects is approximately 30–50 mg, in flux between different systemic compartments. Following
bone, the organ order of increased Al levels in exposed animals was the kidney
> liver > testes > skeletal muscle > heart > brain. Al also occurs in the
lower gastrointestinal tract and lymph nodes.18 In rats, the passive and paracellular Al absorption occurs in the small intestine and more distally in the
colon.30 Once absorbed, it is mainly transported by transferrin at the sites left
vacant by iron, and to a far less degree by albumin.
Inside the cell, Al is accumulated in the lysosome, nucleus, and chromatin
but has been found in cytosole and mitochondria. More recently, after gastric
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loading of Al chloride, selective concentration and precipitation of the Al salt
was observed as nonsoluble form in enterocytes of the proximal intestine,
localized in the apical part of the enterocytes. In addition, the precipitation
in duodenal enterocytes allows the element absorbed as soluble form to be
eliminated as an insoluble form along with the desquamation of the apoptotic
enterocyte.31

IMMUNE EFFECTS OF ALUMINUM
Antigen Presentation
It is unlikely that Al adjuvants act via a toll-like receptor (TLR), like
many microbial molecules, such as lipopolysaccharide (LPS) and bacterial
DNA. Nevertheless, evidence suggests that Al compounds can directly activate antigen-presenting cells (APC). Al adjuvants had two direct effects on
APC: enhanced uptake of antigens and increased interleukin (IL)-1 production that may explain enhanced antigen-specific T cell responses. This immune
activation can operate through five potential pathways: (1) A much better proliferative response by autologous T cells was observed by pulsing human peripheral blood monocytes with aluminum hydroxide-absorbed tetanus toxoid
than monocytes pulsed with soluble tetanus toxoid alone. This correlated with
increased uptake of the pulsing agent and increased IL-1 secretion. (2) Al
particles are <10 m in diameter, thus they may be more efficiently taken
up by phagocytosis than soluble antigens. Antigen internalization by dendritic
cells is enhanced by Al adsorption and by the aggregate size of less then
10 micron in diameter.32 (3) Alternatively, a more efficient uptake of soluble
(desorbed) antigen can be enhanced by direct activation of APC by Al. Most
recently, the desorption of Al adjuvant from the protein antigens was observed
within hours.33 (4) Al hydroxide increased the expression of MHC and several
co-stimulatory molecules on peripheral blood monocytes, accompanied by increased expression of IL-4, IL-1, IL-6, and tumor necrosis factor (TNF).34 In
contrast, Rimaniol et al. demonstrated that peripheral blood mononuclear cells
(PBMC)-derived macrophages could also be activated by Al hydroxide (endotoxin free) to become CD83/CD1a-positive DCs. These cells appear to have
specifically upregulated MHC class II and CD86 without involving IL-4.35
(5) In addition, intramuscular injection of Al adjuvants causes tissue necrosis. Recently, it was suggested that necrotic cells release a yet to be identified
molecule that activates dendritic cells,36 thus potentiating antigen presentation. Direct cytotoxicity of Al to the APC may cause bystander activation of
dendritic cells. Endogenous mediators, such as interferons (IFN), IL-12, IL-15,
TNF, and IL-1, have been proposed to activate DC and show adjuvant activity
themselves or taking part in the activity of certain adjuvants.37
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Humoral Immunity
Generation of maximal T cell responses requires B-cell antigen presentation
and the differential expression of co-stimulatory molecules by B cells may
affect polarization of naı̈ve T cells to Th1 or Th2 phenotypes. Surprisingly,
immunization with alum or alum/LPS-induced unregulated ICOS-B7RP-1 on
antigen-specific T and B cells following Th1 induction, contrary to the original
implication of this receptor-ligand pair in Th2 generation.38
The complement cascade is activated by Al hydroxide and complement
plays an important role in B-cell response regulation. B cells and follicular
dendritic cells have two distinct receptors, CD21 and CD35, respectively, for
C3 and C4 products. CD21 forms a complex with CD19 on B cells, facilitating
signal transduction via the membrane immunoglobulin receptor resulting in
enhanced immune response. The CD35 receptor on follicular dendritic cells,
on the other hand, binds immune complexes and retains these in undegraded
form for several months, enabling the generation and maintenance of memory
B cells. In summary, Al adjuvant, by activating the complement, enhances
the humoral immune response by targeting antigens to B cells and follicular
dendritic cells.39

Cellular Immunity
It is well documented that Al adjuvants selectively stimulate a type 2 immune response and do not induce cytotoxic T cell-mediated immunity. This
mode of action is appropriate for vaccines against extracellular pathogens, bacterial exotoxins, and helminth parasites but inappropriate for vaccines against
intracellular pathogens, such as viruses, mycobacteria, and certain protozoa.
Strategies to modify the formulation of Al compounds to overcome the induced immune response of Th2 polarization toward Th1 activation have been
recently described:39
1. Jankovic et al.40 demonstrated that presentation of IL-12 on alum enhances its immunomodulatory effects, promoting humeral-specific antibodies and type 1 cytokine response. Because IL-12 was >98% adsorbed
to alum prior to injection to the mice, it was suggested that the release of
IL-12 over time may have increased its biological half-time. Moreover,
IL-12 redirected murine immune responses to aluminum-phosphate–
adsorbed antigen toward Th1 and CD4+ CTL responses.41 The adsorbed
antigen decreased the optimal dose of IL-12 required to enhance antigen
immunogenicity and shift responses toward a Th1-like profile. Of note,
other metals, mercury and rIL-12, were proven to deviate a classical Th2
toward Th1 response in murine mercury-induced autoimmunity.5 It is
worth mentioning that IL-12 is a cytokine secreted by dendritic cells,
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macrophages, and B cells in response to bacteria, intracellular parasites,
and viruses, and plays a pivotal role in driving the differentiation of naı̈ve
T cells toward the Th1 phenotype. This action is potentiated when adsorbed to Al. IL-12 overcomes the Th2 polarizing effect of Al compounds.
Are such interactions occurring in the intestine of some CD predisposed
individuals?
2. Synthetic CpG oligonucleotides, such as bacterial DNA, are potent inducers of IL-12, dendritic cell maturation, and Th1-type immune responses.
Co-administering with alum and antigen results in a marked increase of
antigen-specific antibody response of both IgG1 and IgG2a subclasses,
in comparison with either CpG oligonucleotides alone or aluminum hydroxide alone, indicating a strong synergistic effect.42 Alum-adsorbed
CpG is as effective as Alum-adsorbed IL-12 for priming Th1 lymphocytes in cattle immunized with rickettsial antigen.43 Moreover, Alum has
a strong affinity for bacterial DNA.44 The relationships between the human intestinal flora DNA or CpG elements and luminal Al compounds
were not elaborated.
3. The classical alum-induced Th2 profile can be switched toward Th1 polarization by mixing it with  -inulin, a polysaccharide, to form Algammulin.45 It is a potent enhancer of the Th1 immune response pathway,
boosting seroconversion rates and immunological memory, establishing
protective antibody classes, and enhancing cell-mediated immunity.46
Inulin, which is a natural constituent of many edible plants, increases
minerals, such as calcium and magnesium absorption and its effects on
Al absorption have not yet been studied.47 It is a well-known prebiotic
that affects human colonic luminal flora. The mutual coexistence of inulin, Al salts, microbiota, and colonic immune system in the human colon
have not yet been explored.
4. As mentioned above, alum and alum/LPS immunization induced unregulated ICOS-B7RP-1 expression on antigen-specific T and B cells following Th1 and not Th2 induction.38 Generation of antigen-committed Th1
or Th2 responses is alum dependent through differential co-stimulation
in antigen-specific B cells that may subsequently influence T cell polarization.
Al compound composition affects its immune influence. Al hydroxide is
more potent than Al phosphate adjuvant in Th1 immunodeviation toward a multiantigenic formulation.48 Interestingly, a short-term exposure of a freshwater
crayfish with aqueous Al impaired the ability of its hemocytes to recognize
and/or remove bacteria from the circulation. Neutral pH aqueous Al impairs
invertebrate immunity.49 Most recently, fine particles that adsorbed LPS via
bridging calcium cations induced marked proinflammatory signaling in primary human mononuclear phagocytes.50 Specifically, caspase 1-dependent
IL-1 and apoptosis were induced. The consequence of luminal Al salts
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cohabitation with the human intestinal immune system and luminal microbiota is yet an enigma.
Granuloma Formation
Aluminum granuloma is a well-described phenomenon, noticed after intradermal vaccination and hyposensitization.51–53 It may be formed intradermaly,
in buccal cavity, muscle, breast, liver, brain, meninges, and lymph nodes. Pulmonary granulomatosis can be induced by Al.54

ALUMINUM AND THE HUMAN TERMINAL ILEUM
The first to describe exogenous pigment in human Peyer’s patches were
Shepherd et al. in 1987.55 All normal and diseased samples of the small bowel
of individuals above the age of 6 years and none of the younger ones were
positive. On analysis, the pigmented Peyer’s patches’ macrophages contained
Al and silicon, diffusely spread throughout the cytoplasm and around dilated
submucosal lymphatics and in mesenteric lymph nodes. Two years later, Urbanski et al. documented black pigment within macrophages in the lamina
propria and submucosa of the human Peyer’s patches.56 Most of the particles
were predominantly Al and magnesium-rich silicates and considered of exogenous origin. Powell et al. extended our knowledge on the physicochemical
structure of the pigments.57 Laser scanning and electron microscopy showed
macrophage phagolysosomes in the human gut-associated lymphoid tissue,
loaded with three types of microparticles, one of them being aluminosilicates
of less than 100–400 nm in length. They suggested this cellular pigment to
derive from the environment, to be inert inorganic microparticles that in susceptible individuals cause chronic latent granulomatous inflammation.

ALUMINUM AND THE ANIMAL INTESTINAL
INFLAMMATION
In animal experiments, dogs fed on a daily ration of finally divided sand
or talcum powder developed intestinal inflammation with pronounced lymphedema and pathological features of regional enteritis.58 A cluster of six lethal
equine granulomatous enteritis cases linked to Al have been described by Fogarty et al.59 Tissue Al concentrations in all horses were elevated in the affected
intestine that presented many histological similarities to human CD. Chemical
analysis demonstrated concentrated Al within intestinal wall microorganism
suggesting microorganism–Al interaction associated with the equine condition.15 Recently, we studied the effect of dietary Al in specific pathogen-free
microbiota-induced colitis in IL-10 knockout mice model.60 Increased Allactate concentration up to 200 M in their drinking water stimulated T cell
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proliferation and INF secretion by splenocytes. Al drinking worsened colitis
documented by significantly increased colonic histological scores accompanying higher Al intake. Colonic strips IL-12 secretion increased with higher
Al intake. Of note, higher dietary Al induced pink E. coli colonies as cultured on MacConkey agar plates suggesting Al to influence intestinal bacterial
ecologic composition. This represents the first causal relationship between environmental Al stimulating intestinal and systemic immune responses in vitro,
and enhancing colitis in vivo, in animal.

ALUMINUM AND CROHN’S DISEASE
A major contribution to the microparticles–CD association hypothesis has
been reported by the Powell group in the United Kingdom16,57,61,62 and Perl
et al. forwarded the bacterial–Al interaction hypothesis in the etiology of CD.15
In the Western diet more than 1012 ultrafine particles are ingested per person every day62 and those microparticles adsorb luminal constituents and are
taken up by human intestinal lymphoid tissue. Based on the above information, Powell et al. studied the effects of microparticle (TiO(2)) on colonic
biopsy specimens and PBMCs from IBD patients. Only when LPS adsorbed
to Tio(2), and not each alone, was incubated with the two organs, a significant
increase of IL-1 secretion occurred in the IBD patients.63 Comparably, Al was
shown to induce IL-1 secretion from human peripheral blood monocytes.64
It can be concluded that ultrafine dietary particles are not immunogenically
inert but may present an important adjunct in overcoming normal gut tolerance to endogenous luminal molecules. When studied on IBD lamina propria
macrophages, the conjugate of LPS, calcium, and titanium dioxide induced
IL-1 release and macrophage apoptosis above the controls.65 Thus, endogenous or exogenous microparticles can aggravate the ongoing inflammation of
IBD. Despite the fact that Al was not studied in the last two studies on IBD
tissues, Al is known to induce IL-1 secretion from human peripheral blood
monocytes and is an inducer of apoptosis.64,66 Inorganic microparticles intake
assessment in patients with CD showed no difference compared to controls
in the United Kingdom.62 If exposure to microparticles is associated with CD
intestinal inflammation, then the excess intake as a problem was ruled out.
After identification of low microparticle-containing food, the same group assessed the impact of a low-microparticle diet in CD. In a preliminary study, CD
activity index improved significantly.67 However, 4 years later the same group
accomplished an adequately powered and carefully conducted dietary trial in
active CD patients. There was no evidence that reducing microparticles intake
led to remission in those patients.68 Whether dietary microparticles may be involved in the initial triggering or, recurrence of CD in genetically susceptible
subjects is a challenge for future investigations.
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DISCUSSION
Despite the excitement about the genomics of CD, the major part played
by environmental factors is now well recognized.69 The chief suspects are
microbiota and dietary constituents.70,71 Among the potential dietary agents,
none has yet emerged as a favorite. In the present review, we have summarized
the literature on the microparticles’ component of the diet, focusing on Al as a
potential environmental factor in CD induction. This metal is widely distributed
in the environment and the main exposure is by water and food entering directly
to the gastrointestinal tract. Interestingly, urban areas are more Al contaminated
and CD is more prevalent in the cities. CD incidence and Al exposure are
increasing as a result of westernization of lifestyle, such as changes in diet and
variations in exposure to pollution and industrial chemicals. As recently shown,
CD patients do not consume more microparticles than the normal population,
at least in the United Kingdom,62 but Al compound’s intestinal handling in CD
has not yet been studied.
Concerning human absorption, Al is poorly absorbed but many luminal compounds influence bioavailability determined by its solubility and diffusibility.
One such factor is intestinal mucin, which is altered in CD patients.27,72 Al
is absorbed along the gastrointestinal tract, which is the target organ for CD.
In fact, once absorbed, it is transported by transferrin at the sites left vacant
by iron.73 Moreover, Al uptake is TfC2 genetically determined and increased
Al uptake was observed in rich transferrin receptor cells.74–76 Parallely, in CD,
iron intake and iron stores are low and transferrin levels are high, potentially
favoring Al absorption and cellular and systemic transport.77–79
From the genetic aspects, intestinal permeability of Al is genetically influenced and CD is genetically predetermined including genetically increased
intestinal permeability.74,75,80–83 In both, DNA damage occurs. In CD there is
an increased DNA damage, and Al is a well-known metal that induces DNA
helical transition and damage.84–86
The etiology for CD is unknown, but recent studies strongly suggest that
an inappropriate or exaggerated immune response to normal constituents of
the gut bacterial flora exists in CD.69–71 Perl et al. extensively reviewed the
data on Al–bacterial interaction.15 An extended hypothesis elaborating on the
immunological aspects shared between CD and Al immune effects is presented (TABLE 1). In CD, inflammatory signals are amplified and maintained
as a result of an active cross-talk between immune and nonimmune cells.
Endless numbers of such inflammatory molecules were described in CD.87
Al alone, however, and Al-adsorbed biomolecules, inhabitants of the human
intestinal lumen, induces many of them. The main immune phenomena occurring in CD are activation of mucosal CD4+ T lymphocytes, dysregulated
apoptosis, Th1 cell-derived cytokines; and IFN- , TNF-, IL-6, IL-1, and
IL-2 secretion, orchestrated multiple immunoactive molecule that drive and
maintain Th1 polarization, such as IL-12, IL-18, and osteopontin. In addition,
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TABLE 1. Shared aspects between aluminum and Crohn’s disease

Aluminum
Epidemiology
Increased exposure in industrial societies
Genetic influence
Genetic influence on Al intestinal
permeability
Al induced pathology is genetically
determined
Induces DNA helical transition and
damage
Immunological aspects
IL-12 overcomes the Al TH2
polarization
Alum + IL-12 induce TH 1 response
Alum + cytokines improve TH 1
effectiveness
Induces macrophage differentiation
Macrophage cytotoxicity is Al particle
size dependent
Promote humeral immune response
Inflammatory profile
Proinflammatory genes expression
Pro-oxidant activity
Proapoptotic
Induces stress-related gene expression
Induces TNF- release
Induces IL-6 release
Activate NF-KB, HIF-1
Iron and transferring relationship
Al compete with Fe on transferrin
receptors
Increased Al uptake in rich transferrin
receptors cells
Tissue Al uptake is TfC 2 genetically
determined

Crohn’s disease
Increased prevalence in industrial areas
Genetically increased intestinal permeability
CD is genetically determined
Increased DNA damage
IL-12 induces TH 1 differentiation
A TH 1 class disease
Increased TH 1 cytokine profile
Increased mature dendritic cells
Decreased macrophage function
Expanded B-cell population
Classical inflammatory state
Increased oxidative stress and pro-oxidants
Dysregulated apoptosis
Increased HSP70, cox-2
TNF drives inflammation
Increased IL-6, IL-2r, MIP1-
Dysregulated NF-KB, activated HIF-1
Decreased iron intake and body store
Increased free transferring receptors

in CD, increased maturation of dendritic cells, decreased macrophage function, and expanded B-cell population have been described.87–92 On the
same line, Al, which is a classical Th2 cytokine profile inducer, in the
presence of IL-12, CpG, bacterial DNA or LPS, and other bacterially or
dietary originated bioactive constituents, switches Th lymphocyte polarization toward Th1 phenotype.38,40–45 Importantly enough, the human intestinal lumen is inundated with bacterial constituents and prebiotics, such as
inulin. Moreover, CD mucosal inflammation is a major source for key cytokines, such as IL-12, IL-18, etc. that drive Th1 responses. Once adsorbed
to Al, enhanced immune stimulation and more selective Th1 polarization is
expected.

340

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

Immunologic, proinflammatory, apoptotic, and oxidative activities Al suite
those aspects description in CD. In both, macrophage differentiation and
maturations promoted humeral immune response and B-cell expansion, stressrelated molecule induction, increased levels of TNF, IL-6, IL-1, IL-2,
and hypoxia-inducible factor 1 (HIF-1), NF-B activation, increased oxidative stress, and pro-oxidants presence occurs. In fact, Al is a definite promoter of oxidative stress93 and increased oxidative stress was described in
CD.94
Intestinal mucins genotype and phenotype are aberrant in CD.95 One wonders if Al precipitation of mucin, changing its rheological properties or the
luminal mucins regulation of Al hydroxypolymerization, affecting its bioavailability,27,96 have a role in Al–CD interplay.
In summary, numerous aspects of Al metabolism, starting from its human exposure, absorption, and gastrointestinal and cellular distribution, going through
its immune effects on macrophage activation and antigen presentation, humoral
and cellular immunity, granuloma formation, its presence in the human terminal ileum and its role in intestinal inflammation induction, the Al-induced
proinflammatory cytokine secretion in human tissues, its Th1 phenotype swift
when adsorbed to bacterial, dietary, luminal, and intestinal bioactive constituents, the cross-talk with intestinal mucins, and effects on bacterial flora,
the proinflammatory and oxidative properties, induction of DNA damage and
apoptosis regulator, vacant transferring receptor affinity in the face of iron
depletion, all have parallel and shared domains in human CD. Combination
of the hypothesis of Al–bacterial interaction,15 the dietary microparticle association with CD,16,61 the most recent observations on colitis induction,60 and
the present review on multiple immunopathogenic and harmful inflammatory
aspects of Al, put Al as a potential prime environmental factor candidate for
CD induction and maintenance.

REFERENCES
1. SARTOR, R.B. 2001. Induction of mucosal immune responses by bacteria and bacterial components. Curr. Opin. Gastroenterol. 17: 555–561.
2. POWELL, J.J., J. VAN DE WATER & M.E. GERSHWIN. 1999. Evidence for the role of
environmental agents in the initiation or progression of autoimmune conditions.
Environ. Health Perspect. 107(Suppl 5): 667–672.
3. D’CRUZ, D. 2000. Autoimmune diseases associated with drugs, chemicals and
environmental factors. Toxicol. Lett. 112–113: 421–432.
4. KOSUDA, L.L., D.L. GREINER & P.E. BIGAZZI. 1993. Mercury-induced renal autoimmunity: changes in RT6+ T-lymphocytes of susceptible and resistant rats.
Environ. Health Perspect. 101: 178–185.
5. HAGGQVIST, B. & P. HULTMAN. 2003. Effects of deviating the Th2-response in
murine mercury-induced autoimmunity towards a Th1-response. Clin. Exp. Immunol. 134: 202–209.
6. EPSTEIN, P.E., J.H. DAUBER, M.D. ROSSMAN, et al. 1982. Bronchoalveolar lavage
in a patient with chronic berylliosis: evidence for hypersensitivity pneumonitis.
Ann. Intern. Med. 97: 213–216.

LERNER

341

7. KREISS, K., S. WASSERMAN, M.M. MROZ, et al. 1993. Beryllium disease screening
in the ceramics industry. Blood lymphocyte test performance and exposuredisease relations. J. Occup. Med. 35: 267–274.
8. EPSTEIN, W.L., J.R. SKAHEN & H. KRASNOBROD. 1963. Granulomatous hypersensitivity to zirconium: localization of allergen in tissue and its role in formation
of epithelioid cells. J. Invest. Dermatol. 38: 223–232.
9. PRICE, E.W. & D.A. PLANT. 1990. The significance of particle size of soils as a
risk factor in the etiology of podoconiosis. Trans. R. Soc. Trop. Med. Hyg. 84:
885–886.
10. MCCOY, K.L., M. NOONE, J.K. INMAN, et al. 1993. Exogenous antigens internalized
through transferrin receptors activate CD4+ T cells. J. Immunol. 150: 1691–
1704.
11. RICHELDI, L., R. SORRENTINO & C. SALTINI. 1993. HLA-DPB1 glutamate 69: a
genetic marker of beryllium disease. Science 262: 242–244.
12. ARMSTRONG, R.A., S.J. WINSPER & J.A. BLAIR. 1995. Hypothesis: is Alzheimer’s
disease a metal-induced immune disorder? Neurodegeneration 4: 107–111.
13. SMITH, K.M., J.M. BREWER & C.M. RUSH. 2004. In vivo generated Th1 cells can
migrate to B cell follicles to support B cell responses. J. Immunol. 173: 1640–
1646.
14. OSINSKA, E., D. KANONIUK & A. KUSIAK. 2004. Aluminum hemotoxicity mechanisms. Ann. Univ. Mariae Curie Sklodowska 59: 411–416.
15. PERL, D.P., U. FOGARTY, N. HARPAZ, et al. 2004. Bacterial-metal interactions: the
potential role of aluminum and other trace elements in the etiology of Crohn’s
disease. Inflamm. Bowel Dis. 10: 881–883.
16. LOMER, M.C., R.P. THOMPSON & J.J. POWELL. 2002. Fine and ultrafine particles of
the diet: influence on the mucosal immune response and association with Crohn’s
disease. Proc. Nutr. Soc. 61: 123–130.
17. BECARIA, A., A. CAMPBEL & S.C. BONDY. 2002. Aluminum as a toxicant. Toxicol.
Ind. Health. 18: 309–320.
18. NAYAK, P. 2002. Aluminum: impacts and disease. Environ. Res. 89: 101–115.
19. EXLEY, C., A. BEGUM, M.P. WOOLLEY, et al. 2006. Aluminum in tobacco and
cannabis and smoking-related disease. Am. J. Med. 119: 276, e9–e11.
20. DOBRANSKYTE, A., R. JUGDAOHSINGH & C.R. MCCROHAN. 2006. Effect of humic
acid on water chemistry, bioavailability and toxicity of aluminium in the freshwater snail, Lymnaea stagnalis, at neutral pH. Environ. Pollut. 140: 340–347.
21. STOEHR, G., K. LUEBBERS & M. WILHELM. 2006. Aluminum load in ICU patients
during stress ulcer prophylaxis. Eur. J. Intern. Med. 17: 561–566.
22. MALAKOFF, D. 2000. Aluminum is put on trial as a vaccine booster. Science 288:
1323–1324.
23. VENTURINI-SORIANO, M. & G. BERTHON. 2001. Aluminum speciation studies in
biological fluids. Part 7. A quantitative investigation of aluminum(III)-glutamate
complex equilibria and their potential implications for aluminum metabolism and
toxicity. J. Inorg. Biochem. 85: 143–154.
24. DAYDE, S., V. BRUMAS, D. CHAMPMARTIN, et al. 2003. Aluminum speciation studies in biological fluids. Part 9. A quantitative investigation of aluminum(III)glutamate complex equilibria and their potential implications for aluminum
metabolism and toxicity. J. Inorg. Biochem. 97: 104–117.
25. DESROCHES, S., S. DAYDE & G. BERTHON. 2000. Aluminum speciation studies
in biological fluids. Part 6. Quantitative investigation of aluminum(III)-tartrate
complex equilibria and their potential implications for aluminum metabolism
and toxicity. J. Inorg. Biochem. 81: 301–312.

342

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

26. CUNAT, L., M.C. LANHERS, M. JOYEUX, et al. 2000. Bioavailability and intestinal
absorption of aluminum in rats: effects of aluminum compounds and some dietary
constituents. Biol. Trace Elem. Res. 76: 31–55.
27. POWELL, J.J., M.W. WHITEHEAD, C.C. AINLEY, et al. 1999. Dietary minerals in
the gastrointestinal tract: hydroxypolymerisation of aluminium is regulated by
luminal mucins. J. Inorg. Biochem. 75: 167–180.
28. TAYLOR, G.A., P.B. MOORE & I.N. FERRIER. 1998. Gastrointestinal absorption of
aluminium and citrate in man. J. Inorg. Biochem. 69: 165–169.
29. DRUEKE, T.B. 2002. Intestinal absorption of aluminium in renal failure. Nephrol.
Dial. Transplant. 17(Supp. 2): 13–16.
30. WHITEHEAD, M.W., G. FARRAR, G.L. CHRISTIE, et al. 1997. Mechanisms of aluminum absorption in rats. Am. J. Clin. Nutr. 65: 1446–1452.
31. FLOREN, C., L. TEKAYA, F. ESCAIG, et al. 2001. Analytical microscopy observations of rat enterocytes after oral administration of soluble salts of lanthanides,
actinides and elements of group III-A of the periodic chart. Cell. Mol. Biol. 47:
419–425.
32. MOREFIELD, G.L., A. SOKOLOVSKA, D. JIANG, et al. 2005. Role of aluminumcontaining adjuvants in antigen internalization by dendritic cells in vitro. Vaccine
23: 1588–1595.
33. SHI, Y., H. HOGENESCH & S.L. HEM. 2001. Change in the degree of adsorption
of proteins by aluminum-containing adjuvants following exposure to interstitial
fluid: freshly prepared and aged model vaccines. Vaccine 20: 80–85.
34. ULANOVA, M., A. TARKOWSKI, M. HAHN-ZORIC, et al. 2001. The common vaccine adjuvant aluminum hydroxide up-regulates accessory properties of human
monocytes via an interleukin-4-dependent mechanism. Infect. Immun. 69: 1151–
1159.
35. RIMANIOL, A.C., G. GRAS & F. VERDIER. 2004. Aluminum hydroxide adjuvant
induces macrophage differentiation towards a specialized antigen-presenting cell
type. Vaccine 22: 3127–3135.
36. SAUTER, B., M.L. ALBERT, L. FRANCISCO, et al. 2000. Consequences of cell death:
exposure to necrotic tumor cells, but not primary tissue cells or apoptotic cells,
induces the maturation of immunostimulatory dendritic cells. J. Exp. Med. 191:
423–434.
37. BREWER, J.M. 2006. (How) do aluminium adjuvants work? Immunol. Lett. 102:
10–15.
38. SMITH, K.M., P. GARSIDE, R.C. MCNEIL, et al. 2006. Analysis of costimulatory
molecule expression on antigen-specific T and B cells during the induction of
adjuvant-induced Th1 and Th2 type responses. Vaccine 24: 3035–3043.
39. HOGENESCH, H. 2002. Mechanisms of stimulation of the immune response by
aluminum adjuvants. Vaccine 20: S34–S39.
40. JANKOVIC, D., P. CASPAR, M. ZWEIG, et al. 1997. Adsorption to aluminum hydroxide
promotes the activity of IL-12 as an adjuvant for antibody as well as type 1
cytokine responses to HIV-1 gp120. J. Immunol. 159: 2409–2417.
41. COOPER, D., M.W. PRIDE, M. GUO, et al. 2004. Interleukin-12 redirects murine
immune responses to soluble or aluminum phosphate adsorbed HSV-2 glycoprotein D towards Th1 and CD4+ CTL responses. Vaccine 23: 236–
246.
42. DAVIS, H.L., R. WEERATNA, T.J. WALDSCHMIDT, et al. 1998. CpG DNA is a potent
enhancer of specific immunity in mice immunized with recombinant hepatitis B
surface antigen. J. Immunol. 160: 870–876.

LERNER

343

43. ZHANG, Y., G.H. PALMER, J.R. ABBOTT, et al. 2003. CpG ODN 2006 and IL-12 are
comparable for priming Th1 lymphocyte and IgG responses in cattle immunized
with a rickettsial outer membrane protein in alum. Vaccine 21: 3307–3318.
44. ULMER, J.B., C.M. DEWITT, M. CHASTAIN et al. 1999. Enhancement of DNA
vaccine potency using conventional aluminum adjuvants. Vaccine. 18: 18–28.
45. COOPER, P.D. 1995. Vaccine adjuvants based on gamma inulin. Pharm. Biotechnol.
6: 559–580.
46. PETROVSKY, N. 2006. Novel human polysaccharide adjuvants with dual Th1 and
Th2 potentiating activity. Vaccine 24(Suppl 2): 26–29.
47. ROBERFROID, M.B. 2005. Introducing inulin-type fructans. Br. J. Nutr. 93(Suppl
1): S13–S25.
48. IGLESIAS, E., O. FRANCH & Y. CARRAZANA. 2006. Influence of aluminum-based
adjuvant on the immune response to multiantigenic formulation. Viral Immunol.
19: 712–721.
49. WARD, R.J., C.R. MCCROHAN & K.N. WHITE. 2006. Influence of aqueous aluminium on the immune system of the freshwater crayfish Pacifasticus leniusculus. Aquat. Toxicol. 77: 222–228.
50. ASHWOOD, P., R.P. THOMPSON & J.J. POWELL. 2007. Fine particles that adsorb
lipopolysaccharide via bridging calcium cations may mimic bacterial pathogenicity towards cells. Exp. Biol. Med. 232: 107–117.
51. VOGELBRUCH, M., B. NUSS & M. KORNER. 2000. Aluminium-induced granulomas
after inaccurate intradermal hyposensitization injections of aluminium-adsorbed
depot preparations. Allergy 55: 883–887.
52. RIVAS, E., M. GOMEZ-ARNAIZ & J.R. RICOY. 2005. Macrophagic myofasciitis in
childhood: a controversial entity. Pediatr. Neurol. 33: 350–356.
53. CHONG, H., K. BRADY & D. METZE. 2006. Persistent nodules at injection sites
(aluminium granuloma)—clinicopathological study of 14 cases with a diverse
range of histological reaction patterns. Histopathology 48: 182–188.
54. CHEN, W.J., R.J. MONNAT Jr., M. CHEN, et al. 1978. Aluminum induced pulmonary
granulomatosis. Hum. Pathol. 9: 705–711.
55. SHEPHERD, N.A., P.R. CROCKER & A.P. SMITH. 1987. Exogenous pigment in Peyer’s
patches. Hum. Pathol. 18: 50–54.
56. URBANSKI, S.J., A.L. ARSENAULT & F.H. GREEN. 1989. Pigment resembling atmospheric dust in Peyer’s patches. Mod. Pathol. 2: 222–226.
57. POWELL, J.J., C.C. AINLEY & R.S. HARVEY. 1996. Characterisation of inorganic
microparticles in pigment cells of human gut associated lymphoid tissue. Gut
38: 390–395.
58. CHESS, S., D. CHESS, G. OLANDER, et al. 1950. Production of chronic enteritis and
other systemic lesions by ingestion of finely divided foreign materials. Surgery
27: 220–234.
59. FOGARTY, U., D. PERL & P. GOOD. 1998. A cluster of equine granulomatous enteritis
cases: the link with aluminium. Vet. Hum. Toxicol. 40: 297–305.
60. LERNER, A., S. ELURI, D. PERL, et al. 2006. Bacterial-aluminum interactions. The
role of aluminum in bacterial-induced colitis in IL-10 deficient mice [abstract].
Gastroenterology 130: 362–363.
61. POWELL, J.J., R.S. HARVEY & R.P. THOMPSON. 1996. Microparticles in Crohn’s
disease—has the dust settled? Gut 39: 340–341.
62. LOMER, M.C., C. HUTCHINSON & S. VOLKERT. 2004. Dietary sources of inorganic
microparticles and their intake in healthy subjects and patients with Crohn’s
disease. Br. J. Nutr. 92: 947–955.

344

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

63. POWELL, J.J., R.S. HARVEY & P. ASHWOOD. 2000. Immune potentiation of ultrafine dietary particles in normal subjects and patients with inflammatory bowel
disease. J. Autoimmun. 14: 99–105.
64. MANNHALTER, J.W, H.O NEYCHEV, G.J ZLABINGER, et al. 1985. Modulation of
the human immune response by the non-toxic and non-pyrogenic adjuvant aluminium hydroxide: effect on antigen uptake and antigen presentation. Clin. Exp.
Immunol. 61: 143–151.
65. EVANS, S.M., P. ASHWOOD & A. WARLEY. 2002. The role of dietary microparticles
and calcium in apoptosis and interleukin-1beta release of intestinal macrophages.
Gastroenterology 123: 1543–1553.
66. LUKIW, W.J., M.E. PERCY & T.P. KRUCK. 2005. Nanomolar aluminum induces proinflammatory and pro-apoptotic gene expression in human brain cells in primary
culture. J. Inorg. Biochem. 99: 1895–1898.
67. LOMER, M.C., R.S. HARVEY & S.M. EVANS. 2001. Efficacy and tolerability of a low
microparticle diet in a double blind, randomized, pilot study in Crohn’s disease.
Eur. J. Gastroenterol. Hepatol. 13: 101–106.
68. LOMER, M.C. & S.L. GRAINGER. 2004. Lack of efficacy of a reduced microparticle diet in a multi-centred trial of patients with active Crohn’s disease. Eur. J.
Gastroenterol. Hepatol. 17: 377–384.
69. GREEN, C., L. ELLIOTT, C. BEAUDOIN, et al. 2006. A population-based ecologic
study of inflammatory bowel disease: searching for etiologic clues. Am. J. Epidemiol. 164: 615–623.
70. SARTOR, R.B. 2006. Microbial and dietary factors in the pathogenesis of chronic,
immune-mediated intestinal inflammation. Adv. Exp. Med. Biol. 579: 35–54.
71. SARTOR, R.B. 2006. Mechanisms of disease: pathogenesis of Crohn’s disease and
ulcerative colitis. Nat. Clin. Pract. Gastroenterol. Hepatol. 3: 390–407.
72. SAITOH, H., K. TAKAGAKI, T. NAKAMURA, et al. 1996. Characterization of mucin in
whole-gut lavage fluid obtained from patients with inflammatory bowel disease.
Dig. Dis. Sci. 41: 1768–1774.
73. WARD, R.J., Y. ZHANG, R.R. CRICHTON. 2001. Aluminium toxicity and iron homeostasis. J. Inorg. Biochem. 87: 9–14.
74. VAN RENSBURG, S.J., F.C. POTOCNIK, J.N. DE VILLIERS, et al. 2000. Earlier age
of onset of Alzheimer’s disease in patients with both the transferrin C2 and
apolipoprotein E-epsilon 4 alleles. Ann. N.Y. Acad. Sci. 903: 200–203.
75. FOSMIRE, G.J., S.J. FOCHT & G.E. MCCLEARN. 1993. Genetic influences on tissue
deposition of aluminum in mice. Biol. Trace Elem. Res. 37: 115–121.
76. MORRIS, C.M., J.M. CANDY, A.E. OAKLEY, et al. 1989. Comparison of the regional
distribution of transferrin receptors and aluminium in the forebrain of chronic
renal dialysis patients. J. Neurol. Sci. 94: 295–306.
77. LOMER, M.C., K. KODJABASHIA, C. HUTCHINSON, et al. 2004. Intake of dietary iron
is low in patients with Crohn’s disease: a case-control study. Br. J. Nutr. 91:
141–148.
78. GIANNINI, S. & C. MARTES. 2006. Anemia in inflammatory bowel disease. Minerva
Gastroenterol. Dietol. 52: 275–291.
79. REVEL-VILK, S., H. TAMARY, E. BROIDE, et al. 2000. Serum transferrin receptor in
children and adolescents with inflammatory bowel disease. Eur. J. Pediatr. 159:
585–589.
80. AUTHIER, F.J., S. SAUVAT, C. CHRISTOV, et al. 2006. AlOH3-adjuvanted vaccineinduced macrophagic myofasciitis in rats is influenced by the genetic background. Neuromuscul. Disord. 16: 347–352.

LERNER

345

81. D’INCA, R., V. ANNESE, V. DI LEO, et al. 2006. Increased intestinal permeability and
NOD2 variants in familial and sporadic Crohn’s disease. Aliment. Pharmacol.
Ther. 23: 1455–1461.
82. SCHREIBER, S. 2006. Slipping the barrier: how variants in CARD15 could alter
permeability of the intestinal wall and population health. Gut 55: 308–309.
83. FRIES, W., M.C. RENDA, M.A. LO PRESTI, et al. 2005. Intestinal permeability and
genetic determinants in patients, first-degree relatives, and controls in a highincidence area of Crohn’s disease in Southern Italy. Am. J. Gastroenterol. 100:
2730–2736.
84. HEGDE, M.L., S. ANITHA, K.S. LATHA, et al. 2004. First evidence for helical transitions in supercoiled DNA by amyloid beta peptide (1–42) and aluminum: a new
insight in understanding Alzheimer’s disease. J. Mol. Neurosci. 22: 19–31.
85. BANASIK, A., A. LANKOFF, A. PISKULAK, et al. 2005. Aluminum-induced micronuclei and apoptosis in human peripheral-blood lymphocytes treated during different phases of the cell cycle. Environ. Toxicol. 20: 402–406.
86. SAWA, T. & H. OHSHIMA. 2006. Nitrative DNA damage in inflammation and its
possible role in carcinogenesis. Nitric Oxide 14: 91–100.
87. TAYLOR, C. & C. JOBIN. 2005. Ubiquitin protein modification and signal transduction: implications for inflammatory bowel diseases. Inflamm. Bowel Dis. 11:
1097–1107.
88. VAN KEMSEKE, C., J. BELAICHE & E. LOUIS. 2000. Frequently relapsing Crohn’s
disease is characterized by persistent elevation in interleukin-6 and soluble
interleukin-2 receptor serum levels during remission. Int. J. Colorectal Dis. 15:
206–210.
89. BEUTLER, B. 2001. Autoimmunity and apoptosis: the Crohn’s connection. Immunity 15: 5–14.
90. DIONNE, S., J. HISCOTT, I. D’AGATA, et al. 1997. Quantitative PCR analysis of
TNF-alpha and IL-1 beta mRNA levels in pediatric IBD mucosal biopsies. Dig.
Dis. Sci. 42: 1557–1566.
91. MIDDEL, P., D. RADDATZ, B. GUNAWAN, et al. 2006. Increased number of mature
dendritic cells in Crohn’s disease: evidence for a chemokine mediated retention
mechanism. Gut 55: 220–227.
92. OLSON, T.S., G. BAMIAS, M. NAGANUMA, et al. 2004. Expanded B cell population
blocks regulatory T cells and exacerbates ileitis in a murine model of Crohn’s
disease. J. Clin. Invest. 114: 389–398.
93. EXLEY, C. 2004. The pro-oxidant activity of aluminum. Free Radic. Biol. Med.
36: 380–387.
94. KRUIDENIER, L., I. KUIPER, C.B. LAMERS. 2003. Intestinal oxidative damage in
inflammatory bowel disease: semi-quantification, localization, and association
with mucosal antioxidants. J. Pathol. 201: 28–36.
95. MOEHLE, C., N. ACKERMANN, T. LANGMANN, et al. 2006. Aberrant intestinal expression and allelic variants of mucin genes associated with inflammatory bowel
disease. J. Mol. Med. 84: 1055–1066.
96. EXLEY, C. 1998. The precipitation of mucin by aluminium. J. Inorg. Biochem. 70:
195–206.

