
acetate and lead citrate (Figure 4A, insert), indicating
that the particles were mineral particles rather than
endogenous biomolecules. The diameter of the particles
deposited in the lung was mostly within the range of
100–200 nm (Figure 4B, insert), and dissolving particles
with approximately 20–60 nm diameter were also found
in intracellular vesicles in the macrophage (Figure 4A,
insert). The number of F4/80 positive cells (macrophages)
did not significantly differ between ultrapure water and
high-silica water groups by 14-day inhalation of the
particles (Figure 4C − E). Abnormal macrophage accu-
mulation was not observed in the lung of treated group.
Although the total number of BALF cells was not affected
by inhalation of particles from the humidifier with high-
silica water (data not shown), the ratio of mononuclear

cells in BALF tended to be increased (P =0.08) by 14-day
inhalation of the particles (Figure 4F).

Discussion
Tap water contains dissolved solid composed of calcium,
sodium, other minerals and anions. The secondary water
quality standard of total dissolved solids (TDS) is estab-
lished as 500 mg/L by the Ministry of Health, Labour and
Welfare (Japan) and the Environmental Protection Agency
(US). Water also has ‘hardness’, which is definable as the
concentration of resistant solid matter determined as the
equivalent concentration of calcium carbonate. Since
the concentration and size distribution of particles from
ultrasonic humidifier were well correlated with the con-
centration of minerals, they can be estimated by the TDS
and hardness of water provided to the humidifier.
Humidifiers are usually operated with tap water, and

in these experiments we found that operation with tap
water generated submicron-sized particles (100–1000 μm),
which contribute to the mass concentration, and that the
humidifier released them into the air. In contrast, the parti-
cles from the humidifier operated with water containing a
low concentration of minerals (4 mg/L Na or Ca) were
mostly nano-sized (<100 nm); therefore they had only a
small mass (<0.03 mg/m3) but a large number concentra-
tion (>2 × 104/cm3). This is the first study showing the
characteristics of particles from the humidifier with tap
water as well as other water with a low concentration of
minerals. In the study using a series of calcium chloride so-
lutions, the mass and the number concentrations were not
well correlated. We concluded the cause of this worse cor-
relation was another correlation between the mineral con-
centration of water and the particle size; i.e., the size was
larger when the humidifier was operated with a water
with higher concentration of minerals. Our data for the
concentration of particles from ultrasonic humidifiers
were measured in an experimental chamber (0.765 m3,
ventilation ratio 11.5 m3/hr), whereas 0.59 mg/m3, which

Table 5 Significantly enriched pathways from the
microarray data
Pathway Enrichment

factor
P-value

CENP-A NAC-CAD complex (MIPS) 16.2 <0.001

PLK1 pathway (PID) 6.85 <0.001

Asthma (KEGG) 12.1 0.002

Cell adhesion molecules (KEGG) 3.53 0.002

Viral myocarditis (KEGG) 4.31 0.003

Allograft rejection (KEGG) 5.94 0.004

Mitotic prometaphase (Reactome) 3.66 0.006

Autoimmune thyroid disease (KEGG) 5.40 0.006

Graft versus host disease (KEGG) 5.40 0.006

GA13_PATHWAY (STKE) 5.24 0.007

Antigen processing and presentation (KEGG) 3.98 0.008

Type I Diabetes Mellitus (KEGG) 4.95 0.008

Contributors for curation: KEGG, KEGG: Kyoto Encyclopedia of Genes and
Genomes; MIPS, MIPS database from CORUM (the Comprehensive Resource of
Mammalian protein complexes); PID, Pathway Interaction Database (National
Cancer Institute and Nature Publishing Group); STKE, Signal Transduction
Knowledge Environment.

Figure 3 Effect of inhalation of particles released from ultrasonic humidifier on mRNA expression of Ccl2, and Cxcl1 in the lung.
Expression levels of Ccl2 and Cxcl1 in the lung tissues (Experiments 3–5, Table 1) were analyzed by an Mx3000P (Agilent Technologies) with SYBR
Green Realtime PCR Master Mix (Toyobo). Relative expression levels of the target genes were calculated for each sample after normalization
against Gapdh. Statistical analysis was performed using an unpaired t-test and the level of significance was set at P < 0.05.
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