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Metal fume fever (review). Part 1
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Abstract. Metal fume fever is an acute febrile syndrome caused by inhalation of aerosolized metal oxides, classified as an acute occupa-
tional disease affecting workers such as non-ferrous metal foundry workers, welders, galvanizers, and tinners. The most common cause is
zinc oxide fumes generated from molten bronze, brass, or galvanized steel. However, cadmium, manganese, nickel, chromium, and their
oxides are also present in certain welding fumes. Comparing the mechanisms of metal fume fever development reveals that aerosols
of various metals can exhibit pathogenicity, including the production of reactive oxygen species, enzyme inactivation, and oxidative
stress. This syndrome is distinct from inhalation poisoning. Metal microparticles quickly penetrate the bloodstream and lymphatic system
through diffusion or transportation as colloids or protein complexes, exerting systemic resorptive effects. In addition to protein denatur-
ation, the release of pro-inflammatory cytokines and the activation of neutrophils in the lungs play a significant role in the pathogenesis
of metal fume fever, leading to pulmonary and systemic inflammatory responses. The entry of metal microparticles into the respiratory
system and their subsequent systemic distribution can trigger inflammatory processes, resulting in a febrile syndrome. The lungs serve
merely as the entry point rather than the primary site of inflammation. Inhalation of zinc oxide particles can provoke various clinical
reactions, such as increasing the number of polymorphonuclear leukocytes in bronchoalveolar lavage fluid and early elevations of pro-
inflammatory cytokines like TNF-g, IL-5, IL-6, IL-8, IL-13, myeloperoxidase, immunoglobulin E, y-interferon, and polymorphonuclear cells.
It also induces inflammatory markers, recruitment of inflammatory cells in the lungs, and marked neutrophil infiltration. These responses
are time- and dose-dependent concerning the etiological factor but are not associated with bronchospasm or pulmonary dysfunction.

Key words: metal aerosols, occupational disease, metal oxide microparticles, metal fume fever.

Introduction

Metal fume fever (MFF) is an acute febrile syndrome pre-
senting as an influenza-like illness following inhalation of
metal aerosols [1-3]. MFF arises from the non-specific effects
of metal fumes, where the primary determinant for fever de-
velopment lies not in the chemical nature of the metal but in
its physical properties. Metal fumes, upon cooling and oxidiz-
ing in the air, form highly dispersed aerosols that denature
cellular proteins upon contact with the bronchial epitheli-
um. Due to their high kinetic energy and significant electric
charge, these aerosols interact closely with cellular proteins,
inducing their denaturation. The subsequent absorption of
these foreign proteins triggers the development of «aseptic,
abacterial» protein fever [4], typically described as a self-lim-
iting disease that can be challenging to diagnose or even sus-
pect [1, 2, 5-7]. This condition is poorly studied by the pulm-
onology community and is largely managed through simple
preventive measures [8].

Clear evidence indicates that inhalation of zinc oxide (ZnO)
induces reversible systemic inflammation [9]. Welding fumes
containing zinc, copper, nickel [10-18], and other metals (alu-
minum, antimony, beryllium, cadmium, chromium, cobalt, iron,
titanium, manganese, magnesium, silver, tin, vanadium) [4, 15,
16, 19-23] have been shown to have pro-inflammatory effects.
The prevalence of MFF induced by metals is approximately dis-
tributed as follows: zinc — 26%, steel — 15%, iron — 12%, alu-
minum — 8%, cadmium — 4%, and unidentified metal alloys —
20% [5].

Metal fume fever has a wide range of synonyms, reflecting its
historical associations with the production and processing cycles
of heavy metals. These include «metal, zinc, copper, brass, and be-
ryllium fever»; occupational terms such as «foundryman’s fever»
and «tinker’s hot cold», «zinc shakes», <smelter’s chill», «galvaniz-
er’s chill», «tinner’s disease», «solderer’s chill», «welder’s fever» and
«boilermaker’s fever»; and even more specific names like «mon-
day morning fever», depending on the context of human activity
and the course of the condition [4, 6, 7, 19, 24-26].
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Relevance

The issue of MFF is likely as old as the art of metal smelting
itself. The renowned Italian Renaissance sculptor Benvenuto Cellini
suffered from MFF in 1550 while casting the bronze statue of Per-
seus for Duke Cosimo | de’Medici, as mentioned in his memoirs [7].

MFF was observed in the mid-1800s among brass foundry
workers and in the early 1900s among welders of galvanized
steel [6, 19, 26]. The first medical description of «foundry fe-
ver» was provided by . Potissier in 1822 [6]. In 1830, H. Tackrah,
an English physician from Birmingham, documented numerous
cases among brass workers and gave the disease its first name,
«brass founder’s disease». Since then, the condition has occasion-
ally been discussed by international authors [7, 24]. The impact
of heavy metals on human health increased significantly with
industrial advancements in the 20th century. Anthropogenic
sources, including but not limited to non-ferrous metallurgy, min-
ing, chemical industries, mineral processing, electroplating, and
leather tanning, have posed significant risks through the emission
of hazardous metal aerosols. Inhalation of these aerosols often
leads to MFF [27].

The first attempt to scientifically explain the pathogenic
mechanisms of MFF was made by K. Lehmann in 1910. He hy-
pothesized that zinc, upon entering the lungs, destroys cells and
forms complexes with certain proteins released from the cyto-
plasm, potentially triggering a pyrogenic reaction [7, 16].

The first report of a clinical case involving more than ten epi-
sodes of MFF in a 32-year-old welder was presented by A.l. Swil-
ler and H.E. Swiller in 1957. In 1960, two etiopathogenetic the-
ories were proposed that became the most widely accepted.
B. Pernis and colleagues attributed the symptoms to the produc-
tion of endogenous pyrogenic substances by leukocytes, lead-
ing them to believe that MFF had a bacterial origin. In the same
year, C.P. McCord argued that the symptoms of MFF were driven
by immuno-allergic mechanisms [7].

Industrial conditions accounted for MFF in 53% of affected
cases [5]. According to the Resolution of the Cabinet of Ministers
of Ukraine No. 1662, dated November 8, 2000, «<On the Approval
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of the List of Occupational Diseases», metal fume fever is recog-
nized as an occupational disease [28].

Although MFF is relatively rare in the general population, its
prevalence can reach 25-30% among specific high-risk groups,
with repeated episodes occurring in some individuals [7].

Globally, there are over 11 million welders and an addition-
al 110 million workers in other professions exposed to welding
fumes [29, 30]. In the 1970s, MFF was fairly common among
these workers: 31% of welders aged 20to 59 experienced
at least one episode during their careers. A long-term cohort
study revealed a prevalence exceeding 35% after an average
of 15 months of occupational exposure [7, 16, 23].

In 2006, approximately 700 reports of metal fume exposure
were submitted to U.S. Poison Control Centers (PCC). Of these,
only about one-third of the affected individuals sought medical
attention, while 73% received no medical treatment other than
consultation with the PCC [6].

Between 2006 and 2012, over 3,300 cases of this occu-
pational illness were recorded by the U.S. Toxicology Center,
though this number likely underestimates the true incidence.
Currently, between 1,500 and 2,500 cases are reported annually
in the United States. In the state of Victoria, Australia, a retrospec-
tive study identified only 85 cases over the previous 5.5 years,
suggesting that the epidemiological characteristics of MFF are
often underreported [5, 19, 23, 26].

According to the U.S. Bureau of Labor Statistics, more than
420,000 individuals were employed in work involving heavy
metals in 2020, with approximately 2,000 cases of MFF reported
among them [16]. However, it is believed that MFF occurs far
more frequently than reported, with the actual number of undi-
agnosed cases significantly exceeding the 2,500 reported annu-
ally in the United States [7, 31].

MFF primarily affects the adult population, accounting for
99% of cases, while adolescents of school age represent just 1%.
Most patients are male (~96%) compared to female (~3.4%). Cases
among children and the elderly (>65 years) are exceedingly rare [5].

Modern industrial advancements and the rapid improve-
ment of mechanical devices have introduced new challenges
and led to the emergence of previously unencountered illness-
es, such as MFF [24].

Etiology

MFF received its colloquial name due to the significant pro-
portion of cases observed in workers in the non-ferrous metallur-
gy industry, particularly those involved in the melting and casting
of molten brass (an alloy of copper and zinc in various propor-
tions), including under high pressure [7, 15, 21, 25, 26, 32]. Inhala-
tion of metal particles in the form of fine dust is considered a route
of occupational pathological exposure [15].

Vanadium pentoxide (V,0,) as a byproduct of fossil fuels
can be present in significant amounts in the slag of the steel in-
dustry (ferrovanadium), in the waste of oil refineries, or in soot
from boilers burning fuel oil, as they contain considerable
amounts of vanadium [33, 34].

Cobalt is used in the production of lithium-ion batteries for
electric vehicles and other machinery, magnets, high-speed
cutting tools, and in the manufacture of paints and dyes. Poi-
soning can occur only when the concentration of cobalt dust
in the air exceeds 0.5 mg/m®. Particularly toxic is the vapor
of cobalt octacarbonyl Co,(CO)s [35].

Exposure to nickel oxide vapor is a rare cause of MFF [20].
Nickel carbonyl is inhaled during nickel refining and when
used as a catalyst [33, 34].
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Aluminum and its compounds reach high concentrations
in the air of workspaces during melting, mold filling, and stamping
processes. It has moderate toxicity. Inhalation of aluminum dust
can lead to signs of inflammation in the lungs (decreased lung
ventilation, and at high concentrations, severe pneumonia) [17].

Iron oxide fumes can cause «metal fume fever» in black-
smiths, metal workers, and similar professions [36].

According to global statistics, the metal fume fever syn-
drome is most commonly observed in welders and cutters who
join or separate metal parts using flames, electric arcs, and other
high-temperature sources. Welders are considered a high-risk
group for respiratory signs and symptoms due to their expo-
sure to an aerosol mixture containing various gases, vapors, and
particles, depending on the composition of the electrodes, ma-
terials, and the welding method used [37]. Approximately one
million people worldwide are exposed to chemical, thermal, ra-
diation, and other hazards associated with welding [7]. Inhala-
tion of certain metal oxides freshly formed during welding can
lead to MFF [1, 3, 51.

Welding is a common method for joining metals in industrial
production, where metals are fused by heating or high-pressure
compression with or without the use of a filler metal. Welders em-
ploy a variety of techniques. The most common technique is us-
ing electric current to generate heat, which melts the metals and
facilitates their joining. Among the different welding methods,
the most common is arc welding, in which extreme temperatures
(>4000°C) produce metal vapors that then cool and condense into
an aerosol, which can be inhaled by the personnel [1, 16]. These
overheated metals include zinc, iron, cadmium, manganese, chro-
mium, and nickel. The most common cause is ZnO, which forms
from molten bronze or galvanized steel, but cadmium, manga-
nese, nickel, chromium, and their oxides are also present in some
welding fumes [16]. Fifty percent of MFF cases involved working
with galvanized metal, mostly with pipes [6, 26].

Galvanization is the process of applying a zinc coating to
steel. This process protects the steel from oxidation, corrosion,
and wear [16]. The widespread use of galvanized metal sheets
can cause serious issues in mechanical engineering, household
services, ventilation systems, water supply, and drainage systems.
Research has shown that only about 50% of measurements taken
near zinc boilers recorded zinc concentrations below 0.1 mg/m®
[9, 38]. New technologies, such as thermal metal coatings (nickel,
chromium, cadmium), can also pose significant hazards [34, 39].

Solderers use a third metal to join two or more metal objects.
Metal fumes are generated during soldering of galvanized steel
using aluminum bronze wire and the joining of galvanized steel
and aluminum with zinc wire. Soldering is used to join dissimilar
metals with the help of a filler, thus forming a strong bond be-
tween multiple metals. Solderers and tin-platers (tinkers) apply
a thin layer of molten solder or tin to the surface of metal products
to protect them from corrosion and wear [14, 16, 25].

The production of bimetallic (mostly copper-aluminum)
products using the Wood's alloy (tin 12.5%, lead 25%, bismuth
50%, cadmium 12.5%) by explosive welding (mostly with ammo-
nium nitrate) is widely implemented in global industries [40].

Improvements in the acetylene-oxygen torch have led to re-
markable advancements in autogenous welding and have great-
ly facilitated the art of joining and fragmenting metals [24]. Metal
cutters use ionized gas, called plasma, which is also heated to high
temperatures, to cut metal objects to specific sizes. Plasma cutters
can be used for dismantling large objects, such as ships, railcars,
and buildings [16]. During welding, soldering, and flame cutting,
a common source of cadmium is the welding rod, hard solder, or
metal coating, rather than the base metal itself [33].
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Welding and cutting of metal structures (especially non-ferrous
metal alloys) pose the greatest health risks to workers, especially
when the work is performed in enclosed spaces. There have been
cases where MFF occurred in workers cutting or welding pipes while
inside a structure [6, 21]. In shipbuilding workplaces, welding opera-
tions, particularly in confined spaces, produce significant amounts
of dust containing manganese and cadmium oxides [4, 39].

Many metalworkers, including plumbers and pipefitters, who
perform intermittent welding work, suffer from MFF. Artists, sculp-
tors, and «do-it-yourselfers» may also occasionally use welding
techniques, which can lead to MFF. 86% of those affected are men,
and only about half are professional welders [16, 19, 26].

Solderers and jewelers typically work with hard solders and
small metal components that need to be precisely positioned,
such as transistors, computer chips, and jewelry, and are at risk
of inhaling cadmium oxide fumes [34, 39]. Significant toxicity
is usually a result of working with metal in an enclosed space
with inadequate ventilation [14, 16, 39].

Air pollution also occurs during grinding and cleaning
operations. In the production environment, dust containing
compounds of copper, manganese, zinc, and arsenic can be
created, potentially leading to the onset of MFF [4].

The possibility of developing MFF among workers produc-
ing nickel-cadmium, nickel-iron, and nickel-zinc battery cells is
minimal, but improper disposal (e.g., artisanal smelting of zinc
or lead, which may contain significant levels of cadmium con-
tamination) or burning of waste can have significant negative
effects due to inhalation of the resulting smoke [34, 39].

There is pulmonary toxicity associated with ZnO nanoparti-
cles used in liquid matrices for glass coatings [19, 26, 411.

Improper safety practices with powdered raw materials for
making white lead and paint pigments can pose a risk. Inter-
estingly, aerosolized ZnO powder does not cause symptoms,
whereas fresh ZnO does. This is due to differences in particle
sizes. The microconglomerates of aged ZnO powder are much
larger than freshly produced ZnO particles [16].

A case of severe acute inhalational lung injury was report-
ed following the aspiration of zinc nanoparticles from a food-
grade additive (cake decoration powder) [7, 42].

«Copper fog» is a rare cause of MFF. Bordeaux mixture is
a well-known cause of hypersensitivity pneumonitis in grape
growers, who are exposed to inhalation during vine spraying [20].

Certain beryllium compounds (beryllium oxide, beryllium sul-
fate, beryllium chloride, beryllium fluoride) are used in industry for
the production of X-ray tubes, fluorescent lamps, beryllium steel
hardening, and in the ceramics industry. These compounds enter
the body through the lungs as fumes and cause «berylliosis» [4].

Inhalation of manganese fumes is a rare cause of inhalation
fever and increases the risk of pneumonia [20, 43].

Tributyl tin, used as a mold and mildew inhibitor, is
an acute respiratory irritant when inhaled, with cases of MFF
being very rare [33].

Accidental inhalational injury from antimony trichloride,
zirconium tetrachloride, titanium tetrachloride, and uranium
hexafluoride resulting from explosions, pipe bursts, or leaks
in chemical plants may lead to inhalation damage, likely due to
the halide ions rather than the metal itself [34].

Osmium tetroxide is a potent respiratory irritant with po-
tential as a chemical weapon, and human experience with its
inhalation is limited [33].

Cerium oxide is another potential etiological factor for MFF, rais-
ing theoretical concerns due to its potential use as a fuel additive
and its ability to cause acute inhalation injury in experiments [33].
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In mining operations, the extraction process leads to the re-
lease of heavy metals from ore, and their use in industrial processes
results in certain elements entering the atmosphere through com-
bustion [27]. The concentration of cadmium significantly increases
in the air due to soil degradation caused by volcanic activity [39].

Regarding the risk of MFF associated with the use of firearms,
artillery, and rocket weapons, information from publicly available
literature sources is significantly limited. However, cases of metal
fume fever have been reported following exposure to copper-
containing vapors and fine dust in military personnel [25, 32].

Various types of firearms can generate distinct chemical
aerosol spectra from the products of a gunshot, and the effect
of metal fume generation is primarily caused by water-insoluble
components containing high levels of copper and bismuth. These
elements have been found during rifle firing. Metals are present
in the components of the cartridge, including the primer, casing,
explosive mixture, bullet jacket, and even the barrel itself, with
copper, antimony, and zinc being common. It is likely that micro-
particles of copper are formed as a result of micro-fragmentation
of the bullet jacket due to the high-speed passage through the ri-
fling, and bismuth vapor is formed from heating the remnants
of the barrel cleaning agent [44-46], with small amounts of soot,
calcium, silicon, sodium, sulfur, and zinc [47]. During heavy gun-
fire in closed, poorly ventilated spaces, the concentration of cop-
per particulate matter with a diameter of 0.2-0.5 um significantly
exceeds the occupational exposure limits. The total number of re-
ported symptoms was significantly higher among shooters using
non-ethylated ammunition compared to those using ethylated
or modified non-ethylated rounds. Although it was found that
the general symptoms corresponded to the development of met-
al fume fever, the respiratory symptoms indicated irritation of the
respiratory pathways, differing from those observed in foundry fe-
ver [45, 48].

During the detonation of ammunition, part of the energy is
converted into heat. The explosive (shattering) effect may be ob-
served only at a close distance from the blast site, where the pres-
sure and energy density of gaseous products are very powerful [49].

With an understanding of the components and contents
of ammunition, significant emissions of various pollutants, in-
cluding heavy metals, can be predicted as a result of their use.
The most noticeable pollution, especially from heavy metals, is
expected in areas of ammunition storage explosions or when am-
munition is burned [46, 50].

Dangerous components found in ammunition include ex-
plosives and heavy metals. Mercury fulminate (which contains
copper) and trisulfide antimony (antimony) are typically found in
detonators [51, 52].

Serious inhalation injury and MFF resulting from high ex-
posure to zinc chloride have been associated with the detona-
tion of smoke grenades in military or similar conditions. The use
of smoke screens is common during military exercises. The 1A
grenade generates 113 m® of zinc chloride smoke in 30 seconds.
Inhalation of the aerosol containing zinc chloride can lead to MFF,
causing severe acute respiratory distress syndrome, a very dan-
gerous condition with a high mortality rate [34, 53].

The explosion is accompanied by key factors such as an al-
mostimmediate release of large amounts of heat and a significant
emission of aerosol products [54].

Incendiary, armor-piercing, and armor-piercing tracer ammu-
nition typically have a core made from a heavy metal tungsten al-
loy (tungsten-nickel-iron), a copper or copper-zinc driving band (to
increase shooting range), and the shell is entirely steel with a zinc
ballistic tip [55]. It's also important to note that ammunition often
includes significant amounts of stabilizing and initiating substanc-
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es, such as compounds of tin and bismuth (bismuth oxide, carbon-
ate, and nitrate), strontium nitrate, magnesium powder, etc. [46].

Metals are incorporated into explosive materials to enhance
the energy of the explosion [49]. Occasionally, small amounts
of metals in the form of fine powders (most commonly aluminum
powder) are added as flammable impurities to explosive materi-
als. To improve the water resistance of explosives, structural ad-
ditives containing chromium salts or other metals are included.
Detonating agents may contain aluminum powder (10.7%) and
calcium or zinc stearate [56].

When a rocket explodes, metal oxides and combustion
products from the rocket’s electronics are released into the air.
Inhalation of fine particulate matter containing heavy metals
can cause MFF [46].

Mechanism of action

MFF is the result of inhaling micro- and nanoparticles of ZnO
and other metals that are formed when heated above their boil-
ing points. This depends on the type of metallurgical processes
(casting, welding, rolling, etc.) and the level of dust in the atmo-
sphere (7,8, 16, 50].

ZnO particles formed during welding usually range in size
from 20 to 3000 nm, with particles smaller than 5000 nm falling
into the respirable fraction, meaning they cannot be filtered out
by the cilia of the respiratory tract, potentially leading to diseas-
es in the pulmonary alveoli [7]. The majority of primary particles
in various welding aerosols range from 5 to 40 nm, but they tend
to form chain-like agglomerates. Generally, metal fumes have
a wide particle size distribution: from coarse (2.5-10 um) to fine
(0.1-2.5 um) and ultrafine (0.1 um) [29]. Fine particles are defined
as those ranging from 100 nm to 1000 nm, which enter the cyto-
plasm of the cell via metal transporters. Ultrafine or nanoparticles
are defined as particles ranging from 1to 100 nm with unique
properties, which can cause damage to cells different from larger
ZnO particles. Nanoparticles have a high surface-to-mass ratio,
and their biological activity is more dependent on their physical
properties than on their chemical composition [7]. Fine and ultra-
fine particles with an aerodynamic diameter of 0.01-1 um can ac-
cumulate in the terminal bronchioles or alveoli and cause harmful
effects on the respiratory system [1].

Until recently, it was believed that inhaling nanoparticles
of ZnO had a stronger negative impact on health compared to the
same mass concentration of its microparticles in the air [9, 16, 38].
This hypothesis has now been refuted. Stronger systemic inflam-
matory responses after inhaling ZnO microparticles can be ex-
plained by their higher pathoeffectiveness of deposition in the air-
ways and a specific mechanism of action of the substance, most
likely caused by the formation of zinc ions. In other words, micro-
sized metal oxide particles that are inhaled cause significantly
stronger pathological effects than nanoparticles [9, 34, 38].

The pyrogenic effect of metal fumes is not related to the spe-
cific toxic properties of any particular metal but to its unique, ex-
tremely active physical state of extreme dispersity when it enters
the respiratory tract. This justifies considering metal fume fever as
a manifestation of the nonspecific action of metals [28].

Human lung epithelial cells, under the influence of metal
fumes, produce reactive oxygen species, pro-inflammatory cy-
tokines (IL-8), and granulocyte-macrophage colony-stimulating
factor (GM-CSF), which activate and recruitimmune cells. Particles
with a high content of copper and zinc activate endothelial cells
through a ROS-mediated mechanism, which triggers immune ac-
tivation (IL-8, GM-CSF), leukocyte adhesion to the endothelium
(soluble intercellular adhesion molecule-1), and also stimulate
the secretion of acute-phase protein synthesis regulators (IL-6).
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In whole human blood, after inhalation exposure to metal fumes,
platelet activation (release of soluble cluster of differentiation
40 ligand), homodimer of the B-chain of platelet-derived growth
factor, vascular endothelial growth factor A, blood coagulation,
and the induced concurrent release of pro-inflammatory cyto-
kines from blood leukocytes, which stimulate thrombogenesis,
have been identified [50].

The most acceptable modern hypothesis for the develop-
ment of MFF is the oxidative stress caused by the inhalation of ZnO
[7]. Environmental factors (ultraviolet radiation, relative humidity)
and the presence of ZnO nanoparticles and other metals contrib-
ute to the formation of hydroxyl radicals through the production
of gaseous hydrogen peroxide, which exacerbates the inflamma-
tory reaction to ZnO, thus explaining the activation of free radical
oxidation as the nature of MFF development [30]. Although the
exact pathophysiology of MFF remains unknown, it is suspected
that when welding fume particles settle in the bronchiolar and al-
veolar regions, they induce local formation of radical oxygen spe-
cies (ROS). These ROS, through cellular signaling pathways, stimu-
late the release of pro-inflammatory cytokines (TNF-q, IL-6, and
IL-8) by pulmonary macrophages, leading to the development
of symptoms observed in MFF [7, 30].

NF-kB is a central mediator of the induction of pro-inflammato-
ry genes, as well as regulating the function of innate and adaptive
immune cells, apoptosis, and the activation and differentiation of
Th-cells responsible for inflammation. The transcriptional signal of
the activated nuclear factor kappa B (NF-kB) plays a key role in the
connection between inflammation and oxidative stress. It is usually
found in the cytoplasm of nearly all cell types in an inactive form. Its
activation occurs through stimuli such as stress, free radicals, oxi-
dized low-density lipoproteins, cytokines, ultraviolet radiation, bac-
terial or viral antigens. Innate immune cells produce pro-inflamma-
tory mediators such as TNF-g, IL-1B, IL-6, and IL-8, which trigger the
main symptoms of MFF in response to NF-kB activation. This pro-
cess is induced by oxidative stress, caused by the liberation of free
radicals through the activation of mitogen-activated protein kinas-
es, which promotes the initiation of a cascade mechanism through
the activation of NF-kB transcription factors. Activation of the TNF
receptor, pattern recognition receptors (PRR), T-helper cell receptor,
B-cell receptor, and various cytokine receptors can also induce the
NF-kB cascade mechanism. PRRs, including Toll-like receptors, are
located on the surface and cytoplasm of innate immune cells, such
as macrophages, neutrophilic granulocytes, and dendritic cells, and
are designed to recognize pathogen-associated molecular patterns
and damage-associated molecular patterns for pathogen elimina-
tion. Thus, the accumulation of ROS in cells ultimately leads to the
implementation of a fever response [7]. Comparison of the mech-
anisms underlying MFF shows that different metals can exhibit
pathogenicity through similar pathways, including the production
of ROS, enzyme inactivation, and oxidative stress [27].

Metallothionein transport proteins, which are rich in cyste-
ine and primarily localized in the Golgi apparatus, may modulate
the response to metal oxides. It is hypothesized that this may in-
fluence the clinical response and the development of metal fume
fever. The lungs are the primary source of cytokines and the organ
most affected by these inflammatory agents [16].

Metal aerosols quickly penetrate the bloodstream and lym-
phatic system through diffusion or transport as colloids, protein
complexes, etc. This results in their resorptive action. In addition
to protein denaturation, the release of pro-inflammatory cyto-
kines and activation of neutrophils in the lungs also plays an im-
portant role in the pathogenesis of metal fume fever, leading to
pulmonary and systemic inflammatory responses [5, 28]. In vitro
experiments on human lung cells and rat alveolar epithelial cells
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showed zinc- and copper-mediated toxicity through the genera-
tion of ROS, mitochondrial dysfunction, DNA damage, and induc-
tion of apoptosis [14].

The lungs serve only as an entry point, not the site of inflam-
mation [11, 12]. Inhalation of ZnO particles can trigger a series
of clinical reactions, increasing the number of polymorphonucle-
ar leukocytes in bronchial lavage fluid, including early increases
in pro-inflammatory cytokines such as TNF-q, IL-5, IL-6, IL-8, IL-13,
myeloperoxidase, immunoglobulin E, y-interferon, polymorpho-
nuclear cells, markers of inflammation, and recruitment of inflam-
matory cells in the lungs, along with pronounced neutrophil infil-
tration. These reactions were dose- and time-dependent, but not
associated with the development of bronchospasm or pulmo-
nary dysfunction [3, 7, 16, 20, 34].

The pathogenesis, clinical manifestations, treatment, pre-
vention, and prognosis will be discussed in Part 2 of the litera-
ture review.
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JInxomaHKa napis meTanis (ornsapg,).
YactuHall

0.B. KpaBeupb, B.B. Exanos, B.A. CeginkiH, [1.A. KpiwTtadop,
A.B. MupoHos, O.B. Kospura

[IHINPOBCbKMIN fepKaBHUN MEAUYHNI

yHiBepcuTeT, IHinpo, YKpaiHa

AHorauif. Jlnxomarka napis metanis (JINM) — roctpuii nmxo-
MaHKOBUIA CUHAPOM, CMPUYMHEHWN BAVIXaHHAM aepO30/1iB OKCMAIB
METaJIiB, KnacudikoBaHWi1 K rocTpe npodeciiHe 3aXBOPIOBaHHS,
LLIO YPaXye TakMX NPaLiBHUKIB, AK TMBAPHNKIN KOIbOPOBUX MeTa-
niB, 3BaplOBaSIbHMK, ranbBaHi3aTopy Ta NyAWIbHUKK. Harinowwm-
PEHILLIOI0 MPUYMHOIO € Mapa OKCUAY LIMHKY, O YTBOPIOETHCA
3 po3naBneHol 6PoH3K, NaTyHi abo ouMHKoBaHOI cTani. OgHak
KaZMill, MapraHeLb, Hikenb, XPOM Ta iXHi OKCUAWN TakoX HasABHi
B leAKIX 3BaptoBasibH1X napax. [TopiBHAHHA MexaHi3MiB pO3BUTKY
JINIM nokasye, Wo aepo30ni Pi3HUX MeTaniB MOXYTb BUABNATA
NaToOreHHiCTb, BKOUaoUM NPOAYyKLit0 akTUBHMX GOPM KUCHIO,
iHakTVBaLjto GepMeHTIB Ta OKCMAATUBHMIA cTpec. Lien cnHppom
BiAPI3HAETbCA Bif iHranALiHOro oTpyeHHA. MikpoyacTUHKN MeTa-
JTy LWIBUAKO MPOHMKAIOTb Y KPOBOTIK i lIMbATNYHY CUCTEMY LLMSIXOM
andysii abo TpaHcnopTy y BUrNAAI Konoigis abo 6inkoBrx Komr-
NEKCiB, CNPUYMHAIOUM CUCTEMHY Pe30pOTUBHY fito. Kpim AeHaTy-
pauii 6inKka, BMBINIbHEHHA MPO3ananbHUX LUTOKIHIB i akTMBaLis
HelTpodiniB y nereHAX BifirpatoTb 3HauHy porby natoreHesiJINM,
LLIO NPV3BOAMUTb [O NIEF€HEBUX | CUCTEMHIX 3anaibHUX peaKLin.
[oTpannaHHA MIKPOYaCTMHOK MeTasny B AVXalibHy cucTemy Ta ix
noAabLUNIA CUCTEMHWI PO3MOAIN MOXKYTb CPOBOKYBATW 3anajb-
Hi npoLecy, B pe3ynbTaTi AKX BUHMKAE IMXOMAHKOBUIA CUHAPOM.
JlereHi cny»aTb NivLLIe TOUKOIO BXOAY, @ He OCHOBHUM MicLieM 3a-
naneHHs. BayxaHHA YaCTMHOK OKCUY LIHKY MOXe CMPOBOKYBaTU
Pi3Hi KNiHiYHi peaKwji, Taki sk 36iNbLUEHHS KiNbKOCTi NosliMopdHO-
AQEPHYIX NEVKOLMTIB Y PianHi 6POHX0aNbBEONIAPHOrO NaBaxy Ta
PaHHE MigBULLEHHA PIBHA NPO3ananbHUX LMTOKIHIB, TakNX AK
baKTop HEKPO3y NYXNMHW-Q, iHTepnenkKiH-5, -6, -8, -13, mienone-
pokcraasy, imyHornobyniHy E, y-iHTepdepoHy Ta nonimopgHo-
AfEPHMX KNITUH. BOHO TakoXK iHAYKYE MapKepy 3ananeHHs, pekpy-
TVIHT 3anaribHKX KNITUH Y NereHsx i BUpaxeHy iHdinbTpauito Held-
Tpodinis. Ui Bignogiai 3anexaTb Bif yacy Ta fo3u WoOAO0
eTionoriyHoro GpakTopa, ane He NoB's3aHi 3 6poHxocnasmom abo
NlereHeBoI0 ANCOYHKLELO.

KniouoBi cnoBa: MeTaneBi aepo30ii, NpodeciiiHe 3aXBOPIOBaHHS,
MIKpOYaCTUHKI OKCKAIB MeTaniB, IMXOMaHKa napis MeTanis.
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