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ABSTRACT

Engineered stone (ES) fabrication workers face risks from exposure to respirable crystalline silica (RCS),
leading to accelerated silicosis. Toxicological data to elucidate pulmonary effects attributed to ES dusts,
particularly those with varying compositions, are lacking. This study aimed to determine pulmonary
effects following intratracheal instillation (IT) of ES dust in rats. Male Sprague-Dawley rats received
a single 10 mg IT dose of dust from one of three ES types containing varying amounts of crystalline silica
(CS) (ES A [high CS], ES B [mid CS], ES C [low CS]), or granite, MIN-U-SIL 5 (MS 5, positive control), or
saline. Pulmonary inflammation and fibrosis were assessed via bronchoalveolar lavage fluid (BALF)
analysis and lung histology at 1-, 21-, and 84-days post-exposure. Early BALF inflammation as evidenced
by increased levels of neutrophils and lymphocytes, and cytotoxicity by elevated LDH activity was
found in all exposure groups. Neutrophils primarily correlated with higher CS content (MS 5, ES A, ES B).
Persistent inflammation comparable with pure silica was noted by increased levels of neutrophils and
macrophages and cytotoxicity by elevated LDH activity at 21- and 84-days post-exposure was most
pronounced in MS 5 and high-CS ES A groups. By 84-day post-exposure, granulomatous inflammation
in lung, BALF and lymph node, was associated with alveolar lipoproteinosis, type Il epithelial changes,
lymph node and alveolar fibrosis. Toxicity appeared to be driven by complex interactions between silica
and trace metal content of dust. These findings warrant further research to assess combined effects of
particle characteristics and chemical co-exposures.

Introduction often metal oxides (Bustillo Revuelta 2021), may

Engincered stone (ES) composites occupy also be incorporated into the ES matrix to achieve

a prominent niche within the global construction
industry, offering a compelling alternative to nat-
ural stones in various applications. These materials
are manufactured by combining a high proportion
as much as 95% by weight of crystalline silica
(Ramkissoon et al. 2024) contained in crushed
stone aggregates, with a polymer resin binder con-
stituting the remaining weight to form a solid sur-
face (Phillips, Johnson, and Johnson 2013). In
comparison, natural stones such as granite usually
contain lower silica content (10-45%) (OSHA
2015). The most common resin type is polyester
epoxy, such as diglycidyl ether derived from
bisphenol A (Carvalho et al. 2018). Pigments,

a desired aesthetic and broader color palette. The
inclusion of silica imbues ES with exceptional
mechanical properties as evidenced by conversion
to a higher degree of strength and hardness, ren-
dering the material resistant to scratches, cracks,
and heat (Santos, Crovace, and Zanotto 2019). The
incorporation of polymers further bolsters these
beneficial attributes, contributing to a non-porous
composition that effectively resists staining
(Caesarstone 2021). By virtue of these physical
qualities, ES has become a highly sought-after
material for countertops and flooring applications.

The demand for countertops is projected to
surge at a compound annual growth rate of 6.5%
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between 2023 and 2030, fueling industry expansion
and a significant rise in the manufacturing work-
force, which is concentrated in small fabrication
shops (Grand View Research 2023). This growth
presents a significant occupational health risk, as
fabrication processes such as cutting and grinding
generate airborne dust containing respirable crys-
talline silica (RCS). This concern is particularly
critical, as studies documented worker exposures
exceeding the Occupational Safety and Health
Administration (OSHA) Permissible Exposure
Limit (PEL) of 50 ug/m’> (Qi and Echt 2016; Qi
and Lo 2016; Zwack, Brueck, and Qi 2016). The
risk is often exacerbated in small businesses that
may lack resources to implement effective training
and exposure control measures. Fabrication pro-
cesses, such as cutting, grinding, and polishing,
conducted in both workshop and installation
environments generate airborne dust containing
RCS and other composite materials. This poses
a significant occupational health risk to the
expanding workforce in this sector, specifically
through exposure to RCS. Such exposure is
a recognized cause of progressive, irreversible pul-
monary silicosis, which might lead to disability or
mortality, and was linked to an elevated incidence
of autoimmune and immune system disorders
(Anlar et al. 2017; Pollard 2016), pulmonary tuber-
culosis (Rose et al. 2019), lung carcinoma (Sato,
Shimosato, and Klinman 2018), obstructive pul-
monary disease (Hnizdo and Vallyathan 2003),
pulmonary toxicity (Umbright et al. 2017) and
renal disease (Millerick-May et al. 2015).
Alarming outbreaks of silicosis in the stone coun-
tertop industry were reported across the USA and
internationally (Rose et al. 2019). Recognizing this
threat, OSHA and NIOSH jointly issued a 2015
Hazard Alert document emphasizing the dangers
of airborne RCS in the stone countertop industry
(OSHA 2015).

In addition to particle emissions, cutting ES
releases volatile organic compounds (VOC)
(Ramkissoon, Gaskin, Hall, et al. 2022). Analysis of
organic compounds emitted during dry-cutting of
ES identified elevated levels of respiratory irritants.
Phthalic anhydride, the most abundant organic
component (26-85%), carries a respiratory

sensitization notation. In addition, styrene, the pri-
mary VOC emitted during cutting, occurs jointly
with other irritants including benzene and toluene.
These findings demonstrate that workers fabricating
ES face concurrent exposure to hazardous RCS dust
and organic irritants. It remains to be determined if
there are synergistic adverse pulmonary effects
resulting from this mixed exposure.

A notable characteristic of ES-associated silicosis
is its relatively short latency period, often termed
“accelerated” silicosis, distinguishing it from tradi-
tional cases linked to other high-risk occupations,
such as mining and sandblasting. Stone countertop
workers tend to develop the disease at a younger age
and with considerably less exposure time than indi-
viduals in traditional high-risk professions. The spe-
cific factors within ES exposure that contribute to
this accelerated progression remain an area of active
investigation. Further, investigators indicated that
disease progression, with simple silicosis transform-
ing into progressive massive fibrosis (PMF)
occurred even years after exposure cessation
(Ramkissoon, Gaskin, Thredgold, et al. 2022).

Despite conclusive evidence for silicosis devel-
opment following RCS exposure; crucial knowl-
edge gaps remain. The mechanisms underlying ES
silicosis short latency periods and specific hazards
associated with RCS emissions, especially in the
presence of polymeric resins and other compo-
nents found in ES products (Ramkissoon, Gaskin,
Hall, et al. 2022), are not well-understood. Both
cristobalite and quartz contribute to the CS com-
position of ES emissions (Ramkissoon et al. 2024).
There have been a few notable efforts to character-
ize ES dust toxicity in vitro. Pavan et al. (2016)
observed that while morphologically similar to
quartz particles, ES particles contained higher
amounts of trace metals and were not as cytotoxic
to exposed alveolar macrophage mouse lung (MH-
S) or human bronchial lung epithelial (BEAS-2B)
cells. Both quartz (the major type of CS) and all ES
dusts tested induced epithelial-mesenchymal tran-
sition (EMT) (Pavan et al. 2016), which may
explain the mechanisms involved in the widespread
development of fibrosis among occupationally
exposed workers. Ramkissoon et al. (2024) exam-
ined the relative cytotoxicity of 50 different types of
ES using principal component analysis (PCA) to
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determine the contributions of trace metals.
Ramkissoon et al. (2024) noted that both cobalt
(Co) and aluminum (Al) were significantly asso-
ciated with macrophage toxicity.

To date, there have been no apparent in vivo studies
investigating ES dust-induced toxicity. This study
aimed to determine the pulmonary effects following
intratracheal instillation (IT) of ES dust in rats, utiliz-
ing materials with varying RCS content in conjunc-
tion with natural granite and pure silica as controls.
These findings might inform future research endea-
vors seeking to unravel the toxicological mechanisms
underlying these complex materials.

Methods
Dust generation system and characterization

Dust generation and collection using a controlled
lab system designed and operated for characterizing
the generation rate of respirable dust during grind-
ing is described in Thompson and Qi (2022). Bulk
dust samples were collected post-experiment for use
in the present study, followed by thorough chamber
cleaning to prevent contamination between stone
types. The morphology and size distribution of ES
dust particles were characterized using field-
emission scanning electron microscopy (FE-SEM).
A 0.1% (w/w) suspension of particles in saline was
prepared and subjected to sonication for 3 min
(energy input = 1000 J). This suspension was diluted
to a final concentration of 0.02% (w/w), and 0.5 ml
was filtered through a 0.2 um pore-size polycarbo-
nate filter (Sterlitech Corp., Kent, WA).
A representative section from each filter was imaged
at 2000x magnification using a 20 kV accelerating
voltage (Hitachi S-4800, Hitachi High-Technologies
America, Inc., Dallas, TX). Ten fields of view were
randomly selected, and particle diameters were
manually measured using Image] software
(National Institutes of Health, Bethesda, MD).

Metals characterization

The samples were digested and analyzed for ele-
ments according to NIOSH Method 7303 modified
for bulk matrix (NMAM 4th Edition).
Approximately 0.1 g of each bulk sample was
placed in a clean 50-ml polypropylene centrifuge

TABLE 1. ICP-OES Settings

Parameter Value Unit
RF Power 1400 watts
Plasma Flow (Argon) 13 L/min
Auxiliary Flow (Argon) 1 L/min
Nebulizer Flow (Argon) 0.65 L/min
Sample Pump Speed 12 rpm
Replicate Count 3

tube. Five ml nitric acid (Fisher lot 240,238) and 5

ml hydrochloric acid (J.T. Baker lot 24D1562005)
were added to each tube. The tubes were placed on
a hot block and heated to a temperature of 95°C for
30 min. The samples were removed from the hot
block, allowed to cool, and diluted to a final volume
of 50 ml with deionized water. All Limit of
Detection (LOD), Quality Control (QC), and client
samples were digested in the same manner. The
samples were analyzed using an Agilent 5800
Inductively Coupled Plasma - Optical Emission
Spectrometer ICP-OES (Santa Clara, CA) with the
conditions described in Table 1.

Animals

Male Sprague-Dawley (SD) rats (6-7 weeks old,
weighing 200-225g) were purchased from Hilltop
Lab Animals (Scottdale, PA) and housed in
a specific pathogen-free, AAALAC-accredited facility
in ventilated polycarbonate cages, 4 rats per cage. Rats
were acclimated for at least 7 days prior to start of the
study. The facility provided a controlled environment
with HEPA-filtered air, a temperature of 22 + 2°C,
and a humidity of 40-60%. Animals were fed irra-
diated Teklad 2918 diet (Madison WI) and provided
with ALPHA-dri®/Teklad sani-chips bedding mix and
tap water ad libitum. The study protocol was reviewed
and approved by the CDC-Morgantown Institutional
Animal Care and Use Committee, which is accredited
by AAALAC International.

Experimental design

Rats were assigned to exposure groups (n =38 per
group, per post-exposure time point, 144 total)
using a randomized complete block design were
exposed to either suspensions containing dust
from grinding granite, engineered stone A, B or
C (ES A, ES B, ES C), MIN-U-SIL (MS 5), or saline
control using intratracheal (IT) instillation
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following the previously published protocol
(Blackford et al. 1997). The day of each exposure,
each dust sample was suspended at 20 mg/ml in
sterile saline and ultrasonicated on ice for 30s at
40% amplitude using a Branson 450 ultrasonicator
(Emerson Industrial Automation, St. Louis, MO).
The suspensions were brought to room tempera-
ture and vortexed for an additional 30 sec immedi-
ately prior to exposure. Rats were anesthetized with
intraperitoneal (IP) injection of sodium methohex-
ital. Once fully anesthetized, rats were placed on
a slant board using a rubber band by the incisor
teeth. Rats were IT instilled with 0.5ml sterile
saline control or dust suspended in 0.5 ml saline
(10 mg dust/rat) via a 20-gauge feeding needle.
Once the rat was exposed, it was removed from
the slant board and placed on its left side to fully
recover. Animals were monitored immediately, 1
and 8h after exposure for full recovery. The rats
were given wellness checks and weights taken
weekly to monitor health of animals. Following
exposure, each rat was assigned to either 1, 21, or
84-day post-exposure groups. All exposed animals
survived the duration of the post-exposure period.
At the conclusion of the post-exposure period, each
animal was euthanized via pentobarbital overdose
and bodyweight recorded.

BALF analysis
BALF collection and cytology

Three ml cold PBS was passed into the right lung
via a tracheal cannula; the lung was massaged for
30 sec, cold PBS was withdrawn, and the process
repeated a second time, yielding the first fraction of
BALF. A second BALF fraction was collected by
repeating the aforementioned process using 3 ml
aliquots of PBS until a 9 ml volume was recovered.
The two BALF fractions were centrifuged (800xg,
10 min, 4°C), and supernatant from fraction one
and the combined cell pellets from both fractions
were kept for further analysis (supernatant from
fraction two was discarded). The supernatant was
used to measure lactate dehydrogenase (LDH)
activity and cytokine levels. The pellet was resus-
pended in 1 ml PBS (Gibco, Waltham, MA)), and
used for a total cell count and cell differential
(Beckman Coulter Multisizer 4 particle counter,

Coulter Electronics, Hialeah, FL) as previously
described (Farcas et al. 2020).

BALF LDH activity

LDH activity was determined in the first acellular
fraction of BALF. Analyses were conducted on the
Synergy H1 Microplate Reader (Agilent
Technologies, Lexington, MA) utilizing the
Pierce™ Lactate Dehydrogenase Reagent Set
(Pointe Scientific; Lincoln Park, MI).

BALF cytokines/chemokines

A V-PLEX Pro-inflammatory Panel 2 Rat Kit (MSD,
Rockville, MD) was utilized to quantify cytokine
levels in BALF samples. Data acquisition was per-
formed using a QuickPlex SQ 120 plate reader
(MSD, Rockville, MD). This assay enabled measure-
ment of the following analytes: IFN-y, IL-1f, IL-4,
IL-5, IL-6, IL-10, IL-13, KC/GRO, and TNF-a.

Blood cell counts and chemistry analysis

Blood collected in EDTA-containing and clot-
activator-/polymer gel-containing vacutainers were
processed and analyzed as previously described in
Farcas et al. (2020).

Characterization of blood cells and hematological
parameters

A complete blood count (CBC) was performed for
each sample 30-45min after collection using
a ProCyte Dx Hematology Analyzer (IDEXX
Laboratories, Inc., Westbrook, ME).

Lung and nasal passages histopathology
evaluation

The unlavaged left lung was inflated and fixed with
10% neutral buffered formalin (NBF), embedded in
paraffin, cut at 5pum on Schott slides, and stained
with hematoxylin and eosin (H&E) or picrosirius
red for histopathological evaluation. The stained
slides of lung (H&E and picrosirius red) and tracheo-
bronchial lymph node (H&E) were submitted to
Experimental Pathology Laboratories (EPL®), Inc.,
Durham, NC for review by a board-certified
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veterinary pathologist.. The pathologist examined all
slides by brightfield microscopy and used a polarizer
to evaluate the tissue for the presence of polarized
material. Lung findings were graded for severity (0 =
none, 1=minimal; 2=mild; 3 =moderate; 4=
marked; and 5 = severe) and distribution (0 = none,
1 =focal; 2 =locally extensive; 3 = multifocal; 4 =
multifocal to coalescing; and 5 =diffuse).
A pathology score was calculated for each finding
with the score equaling the sum of the severity and
distribution scores. Lymphoid findings, to include
findings in the bronchus-associated lymphoid tissue
(BALT) in the lung, were only assigned a severity
grade.

Statistics and linear regression analysis

Statistical analyses were performed using SAS/
STAT v9.4 (Windows), with significance set at p
<0.05. Two-way ANOVA (treatment x duration)
was used to analyze measured variables, followed
by Fisher’s LSD post hoc tests for relevant group
comparisons.

Simple linear regression was employed to exam-
ine the association between % silica content with
selected BALF and blood endpoints. To further
understand the role that the trace metals and silica
played on the variation in endpoint results, PCA,
Pearson correlations between silica, the trace ele-
ments and measure endpoints, and stepwise regres-
sion analysis was performed. PCA and Pearson
correlations displayed high multicollinearity
between several metals resulting in more complex
multiple linear regression models to exhibit less
reliable statistical inference. However, the models
that were created often displayed several trace
metals as significant predictors. In regard to pre-
dictive inference, models that accounted for the
variation in time along with the stone composition
resulted in a 30% rise in variation explained by the
endpoint. A significance level of 5% was used for all
statistical analysis.

Results
Dust characteristics

Figure 1A depicts a representative EM micrograph
(of ES A) used to generate data depicted in 1B-D.

MS 5 exhibits the smallest particle sizes across all
metrics, including minimum (0.1980 um), maxi-
mum (8.148 um), mean (0.9033 um), and geo-
metric mean (0.6765 pm). Granite dust showed
intermediate particle sizes, with a mean of
1.347 um and a relatively narrow geometric stan-
dard deviation factor (1.857), suggesting lower size
variability. The ES A samples generally contained
larger particle sizes than both MS 5 and granite. ES
A possessed the largest maximum size (12.61 pm)
and range (12.47 um). ES B showed the largest
mean (1.630 um) and geometric mean (1.141 pm)
among ES samples. ES C contained the smallest
maximum and range, within the ES samples. The
smaller particle size of MS 5 may contribute to the
observed enhanced toxicity on a mass basis com-
pared to the other tested materials, likely due to
factors such as higher surface area-to-volume ratio
and increased penetration into biological systems.

The contents of CS among the test stones were
determined previously. As reported by Thompson
and Qi (2022), ES A and granite presented a higher
% of crystalline silica (60% and 30% respectively),
while ES B a lower 23%, and ES C with CS below
the LOD.

In this study, the contents of metals were deter-
mined. The results of our metals analysis (Table 2)
indicated that ES C possessed significantly higher
% aluminum (Al) and calcium (Ca) compared to
ES A, ES B, and granite. Cobalt (Co), copper (Cu),
iron (Fe), lithium (Li), magnesium (Mg), manga-
nese (Mn), nickel (Ni), phosphorus (P), potassium
(K), strontium (Sr), tin (Sn), and titanium (Ti)
were present in varying trace amounts across the
samples, with some elements being below the LOD
or limit of quantification (LOQ) in certain samples.

BALF
Cytology

To determine pulmonary injury, the total cells as
well as the differentiated cell counts in bronchoal-
veolar lavage fluid (BALF) were measured
(Figure 2). At day 1 post-exposure, lymphocyte
counts were elevated across all exposure groups
relative to saline control, indicating a rapid, gener-
alized immune response to instilled dusts.
Concurrently, polymorphonuclear neutrophils
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Mi il
B '";J S Granite ESA  ESB  ESC
Number of values 219 800 474 376 297
Minimum 0.20 0.23 0.13 0.21 0.20
Maximum 8.15 9.61 12.61 10.86 7.39
Range 7.95 9.38 12.47 10.65 7.19
=42 Mean 0.90 1.35 1.46 1.63 1.27
% Std. Deviation 0.89 1.08 1.45 1.71 1.09
% Std. Error of Mean 0.06 0.04 0.07 0.09 0.06
Geometric mean 0.68 1.09 1.09 1.14 0.99
Geometric SD factor 2.05 1.86 2.06 2.23 1.98
Frequency distribution
ES C : |
g
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FIGURE 1. Characterization of ES particle size distribution. (A) scanning electron micrograph (SEM) of ES a particles deposited on a filter
membrane (~0.2 um black circles are filter pores). Scale bar=10um. (B) tabulated Image) data representing the particle size
distribution parameters all reported in micrometers (um). (C) frequency distribution histograms illustrating the size distribution for
each particle type X-axis: Bin Center (um); Y-axis: relative frequency (%). (D) stacked individual particle size measurements for each
particle type displayed as beeswarm plots. X-axis: particle diameter (um).

(PMNs) were significantly elevated in MS 5, ES A,
and ES B groups, indicative of an acute inflamma-
tory reaction to these specific materials.
Macrophage levels remained unchanged at this
initial time point except for in the MS 5 group,
consistent with their typically slower response
time.

By day 21 post-exposure, a more differentiated
response was detected. Lymphocyte elevation per-
sisted only in the MS 5, ES A, and ES C groups,
indicating a persistent lymphocytic presence in the
lungs in response to these materials. ES
B Lymphocytes appeared to remain increased at
this timepoint, but were not markedly different
from control due to enhanced variability.
Macrophage counts were significantly higher in
the MS 5 and ES A groups, reflecting the ongoing
phagocytic clearance of these materials. PMNs rise
remained restricted to MS 5 and ES A groups,
indicative of persistent acute inflammation or
a delayed resolution (Figure 2).

At day 84 post-exposure, a resurgence of inflam-
mation was evident. Lymphocyte counts were
again increased across all exposure groups relative
to saline controls. This widespread lymphocyte ele-
vation suggests establishment of a chronic inflam-
matory process or a delayed-type hypersensitivity
reaction. Macrophage levels remained higher in
MS 5 and ES A groups, consistent with their con-
tinued role in clearing these persistent irritants.
Critically, PMNs counts were significantly elevated
across all exposure groups at day 84. This wide-
spread PMNs influx indicated a renewed wave of
acute inflammation, suggesting ongoing lung
damage or development of a chronic inflammatory
state (Figure 2).

These data collectively demonstrate that MS 5
and ES A consistently elicited the most pronounced
and persistent inflammatory responses across all
cell types and time points. The reemergence of
elevated lymphocytes and, particularly, PMNs
at day 84 post-exposure across all groups indicates



JOURNAL OF TOXICOLOGY AND ENVIRONMENTAL HEALTH, PART A e 369

TABLE 2. Dust Sample Crystalline Silica and Trace Metal Percentage

Element ESA ES B ES C Granite
Crystalline Silica (Si02) 60% 23% < LOD 30%
(Thompson et al. 2023)

Aluminum (Al) 0.03% 0.08% 1.20% 0.42%
Antimony (Sb) <LOD <LOD <LOD <LOD
Arsenic (As) <LOD <LOD <LOD <LOD
Barium (Ba) 0.00% 0.00% 0.00% 0.00%
Beryllium (Be) <LOQ <LOQ <LOQ 0.00%
Cadmium (Cd) <LOD <LOD <LOD 0.00%
Calcium (Ca) 0.01% 0.09% 11.00% 0.15%
Chromium (Cr) 0.00% 0.00% 0.00% 0.00%
Cobalt (Co) 0.01% 0.00% 0.01% 0.05%
Copper (Cu) 0.03% 0.02% 0.05% 0.30%
Iron (Fe) 0.02% 0.03% 0.11% 1.20%
Lanthanum (La) <LOQ <LOQ 0.00% 0.00%
Lead (Pb) <LOD <LOD <LOD <L0Q
Lithium (Li) <LOD <LOD <LOQ 0.01%
Magnesium (Mg) 0.00% 0.01% 0.21% 0.15%
Manganese (Mn) <LOQ 0.00% 0.01% 0.02%
Molybdenum (Mo) <LOD <LOD <LOD <LOD
Nickel (Ni) 0.00% 0.00% 0.00% 0.02%
Phosphorus (P) 0.00% <LOQ 0.01% 0.02%
Potassium (K) 0.01% 0.01% 0.03% 0.33%
Selenium (Se) <LOD <LOD <LOD <LOD
Silver (Ag) <LOD <LOD <LOD <LOD
Strontium (Sr) 0.00% 0.00% 0.01% 0.00%
Tellurium (Te) <LOD <LOD <LOD <LOD
Thallium (TI) <LOD <LOD <LOD <LOD
Tin (Sn) 0.01% 0.01% 0.01% 0.09%
Titanium (Ti) 0.00% 0.00% 0.03% 0.05%
Vanadium (V) <LOD <LOD 0.00% 0.00%
Yttrium (Y) 0.00% 0.00% 0.00% 0.00%
Zinc (Zn) 0.00% 0.00% 0.00% 0.01%
Zirconium (Zr) 0.00% <LOQ 0.00% 0.00%

a potential for chronic pulmonary inflammation
even with materials that initially appeared to be
less reactive.

BALF LDH activity and cytokines/chemokines

To further determine pulmonary cell injury, lactate
dehydrogenase (LDH), a cytosolic enzyme released
upon cell membrane damage, activities in BALF
were measured. The universal rise in LDH activity
at day 1 post-exposure across all exposure groups
relative to saline controls confirms acute cellular
injury induced by all tested dusts (Figure 3). This
initial widespread cytotoxicity suggests a nonspeci-
fic, immediate response to particle deposition. The
subsequent elevation of LDH restricted to the MS 5
group at day 21 post-exposure, and then to both MS
5 and ES A groups at day 84 post-exposure, corro-
borates cell differential data, indicating sustained or
recurrent cytotoxicity specifically associated with
these two materials. This pattern suggests that MS
5, and to a lesser extent ES A, possess properties that
promote prolonged or exacerbated cellular damage.

To characterize the dust-induced pulmonary
inflammation and damage, inflammatory media-
tors and signaling proteins, cytokines/chemokines,
were determined in BALF. The cytokine/chemo-
kine profiles in the BALF demonstrated
a predominantly early and transient inflammatory
response, characterized by distinct temporal pat-
terns for different  cytokines/chemokines
(Figure 3). A marked and universal rise in both
TNF-a, a key mediator of acute inflammation,
and IL-6, a pleiotropic cytokine with both pro-
and anti-inflammatory properties, was observed
across all exposure groups at day 1 post-exposure.
This synchronized surge in these inflammatory
mediators, followed by a rapid return to baseline
levels at subsequent time points, suggests a robust
but self-limited innate immune response triggered
by the initial dust exposure. The transient, less
pronounced increases in IL-13 (observed in gran-
ite, ES A, and ES B groups) and IL-5 (noted in
granite, MS 5, and ES A groups) at day 1 post-
exposure may reflect contributions to specific
aspects of the initial inflammatory phase, poten-
tially related to Th2-type responses or eosinophil



370 W. K. MANDLER ET AL.

25+ Lymphocytes * 4+ Macrophages *
20
3— *
_I _I v v
£ 15 £ M
P 5]
S 10 S . .
v| 1 olo
5= * MES * s o -
a¥in! %i SR PO i XL 1Y é%is" :
. | 2V A -
0"“3 |i - — 5 = |? — 0-— a T T e T
. " s " O
o & & o & &
20— PMN 50— Total .
*
v 40- Y
15—
-
E E 30+
2 10 P
8 © v
5= * v
* * * 104 . v o«
. %; ) " * . i * % %a %; * g *
olode S& - .o "Oa4 .o a0 | & Bar .o'Ba a S
N N >
Vv 8y N » >
o N N o N P
Saline e Granite v Min-u-sil5 © ESA ® ESB ESC

FIGURE 2. Inflammatory cell counts in bronchoalveolar lavage fluid after exposure to various particle suspensions. The graphs show
cell concentrations (millions/mL) of lymphocytes, macrophages, polymorphonuclear neutrophils, and total cells at days 1, 21, and 84
postexposure. Exposure groups: saline (control), granite, MS 5, and three engineered stone types (ES A, ES B, ES C). Error bars represent
standard deviations. * indicates a statistically significant difference compared to the saline control (p < 0.05, n = 8 per group. MS 5 and

ES a show the largest, most persistent increases.

recruitment, respectively. Elevation of the pro-
inflammatory cytokine IL-1p at day 1 post-
exposure in only ES A and ES B groups suggests
differential initial response to these materials. The
specific and isolated rise in KC/GRO, a potent neu-
trophil chemoattractant, in the MS 5 group exclu-
sively at day 21 post-exposure, is in agreement with
persistent neutrophil influx found in BALF cell
differentials for this group.

Notably, there was an absence of pro-fibrotic
cytokines such as TNF-a, IL-1B, and IL-6 at day
84 post-exposure, despite histological evidence of
fibrosis in lung tissue (Figures 4 and 5). The most
likely explanation is a temporal disconnect between
peak cytokine expression and manifestation of
fibrosis. It is postulated that upregulation of

profibrotic mediators occurred between day 21
and day 84 post-exposure, driving the fibrotic pro-
cess, with cytokine levels subsequently declining by
the time of day 84 post-exposure BALF collection.
While this study did not measure classic late-stage
fibrotic mediators like TGF-PB or FGF, the robust
histological findings provide clear evidence of
a fibrotic outcome.

Histopathology

1 day post-exposure

Histopathological analysis was performed on lung,
to include bronchus-associated lymphoid tissue
(BALT), and lymph node to determine the dust-
induced pulmonary damage, inflammation, and
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FIGURE 3. Bronchoalveolar lavage fluid (BALF) LDH activity and cytokine levels PostExposure. BALF levels of LDH activity, IFNy, IL-10,
IL-13, IL-1B, IL-4, IL-5, IL-6, KC/GRO, and TNF-a at 1-, 21-, and 84-days post-exposure to saline, granite, MS 5, ES A, ES B, and ES C. Data
are presented as mean = SD. Note that IL-6 levels are plotted on a log10 scale. * indicates statistically significant (p < 0.05) difference
from saline control at the same time point, n =8 per group.
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FIGURE 4. Lung tissue histopathology at 84 days post-exposure. Picrosirius red staining of lung tissue demonstrates persistent
alveolitis and type Il epithelial hypertrophy/hyperplasia across all exposure groups at 84 days post-exposure. Fibrosis is now evident in
all groups, with greater collagen deposition (red stain) in MS 5 and ES a exposed tissues compared to granite, ES B, and ES
C. Lipoproteinosis is observed in MS 5 and ES a groups. Black arrow indicates deposited foreign material.

tibrogenic responses. The average pathology/sever-
ity scores for these tissues at 1-, 21-, and 84-days
post-exposure are presented in Table 3 and sum-
marized below; the scoring system is described in
the methods section.

Minimal to mild acute alveolitis (alveolar
mixed cell inflammation) was present in all expo-
sure groups, which was predominately composed

of neutrophils with lesser numbers of macro-
phages, primarily centriacinar in distribution
where the junction of the terminal bronchioles
and alveolar ducts occurs, and consistently asso-
ciated with type II epithelial hypertrophy/
hyperplasia

Perivascular mixed cell infiltrates were present
in all exposure groups; however, those exposed to



JOURNAL OF TOXICOLOGY AND ENVIRONMENTAL HEALTH, PART A e 373

FIGURE 5. Picrosirius red staining of lung tissue post-ES
a exposure. Lung tissue at 84 days post-exposure to ES A,
stained with picrosirius red to visualize collagen deposition.
Concentric rings of collagen are present (red) surrounding the
hypertrophied epithelial cells and the foreign material (white
arrow).

granite or one of the ESs exhibited increased
pathology scores as compared to saline controls;
infiltrates were detected in MS 5, but with similar
pathology scores as saline control. There was no
evidence of interstitial fibrosis or lipoproteinosis in
any exposure group at this time point and there
were no significant pulmonary findings in MS 5 or
saline controls.

With the exception on MS 5, foreign material was
found in all exposure groups. The appearance of
which varied depending upon the exposure group.
While no foreign material was noted in those
exposed to MS 5, fine granular intra- and extra-
cellular material was noted upon polarization of
the tissue. The appearance of the foreign material
in those exposed to granite, ES A, and ES B was
similar and characterized by clear to light green
irregular refractile globules or spicules that often-
contained fine dark brown to black granulated
specks. In those exposed to granite, the majority of
the foreign material polarized, whereas the foreign
material in those exposed to ES A and ES B often did
not, though polarized material separate from the
histologically noted foreign material was detected
within the airways. The foreign material in those
exposed to ES C consisted of larger clumps of dark
brown to black non-refractile material that was less
commonly associated with inflammation as com-
pared to other exposure groups. Polarization was
similar to that of ES A and ES B.

Minimal lymphoid hyperplasia as evidenced by
increased lymphoid cellularity of the BALT in the
lung was present in one animal exposed to ES B. In
the lymph node, minimal to mild mixed cell infiltrates

TABLE 3. Average Pathology/Severity Scores in Lung Tissue (Scoring System Described in Methods), BALT, and Lymph Nodes
Following Exposure to Saline, min-U-Sil 5, Granite, and Engineered Stone (ES A, ES B, ES C) at 1, 21, and 84 Days Post-Exposure.

Red Color Indicates Magnitude of Severity

Average Pathology/Severity Scores
Group Min-u-Sil Granite ESA ESB ESC

Post Exposure Day| 1 21 84 1 21 84 1 21 84 1 21 84 1 21 84
Lung - H&E No. Examined 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
Inflammation, Mixed Cell, Alveolar 5.125|5.625 -| 3.25 |3.125|3.375|3.875|5.375|5.625| 3.5 [3.375|2.625]3.125| 3 |2.375
Cellular Aggregates/Granulomas, Alveolar - 2.125|4.125 - 2.375|2.125 - 4.125|2.375 - 3 1 - 8 1.625
Hypertrophy/Hyperplasia 4625 5 55 [3.125| 2 3 35 |3.875| 525 | 3.5 |2625| 25 25 | 175 | 1.25
Lipoproteinosis, Alveolar - 4.625| 5.75 - 0.25 - - 4 3.125 - - - - - -
Foreign Material, Alveolar - - - [3.375|3.125| 3 |4375| 45 |2.875|4.125| 3 |2.875|4.375| 4 2.25
Polarized Material, Alveolar 4.25 |4.375|4.625| 3.5 |3.875| 3.5 3.5 | 3.25 3 |3.625|3.375|2.875] 1.75 | 225 | 15
Fibrosis, Interstitial - 1 5.375 - - 2 - 2.625|4.125 - - 1 - - 1.25
Infiltrate, Mononuclear Cell, Perivascular - 2 0.375 - - - - - - - - - - - -
Infiltrate, Mixed Cell, Perivascular 1.625| 1 - [3.625 - - 4.25 - - |3.875 - - [4.125]0.375 -
Lung - Picrosirius Red No. Examined 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
Fibrosis, Interstitial - 1 5.375 - - 2 2.625|4.125 - - 1 - - 1.25
BALT - H&E No. Examined 5 5 7 7 6 8 8 5 6 8 6 7 8 6 6
Inflammation, Granulomatous - - 1.571 - - - 0.833 - - 0.286 - - 0.333
Increased Cellularity, Lymphocytes - 0.2 [0.429 - 0.167 - - - - 0125 - - - - 0.167
Polarized Material - 0.2 |0.571 - - - - 0.4 [0.333 - - 10.143 - - |0.167
Lymph Node - H&E No. Examined 8 8 6 5 7 8 8 8 7 5 8 8 7 7 7
Infiltrate, Mixed Cell 1.375 - - 04 - - 1.125 - - 1.2 - - 1 - -
Inflammation, Granulomatous - 2 |3.667 - - 1.25 - 0.875]3.571 - - 1.75 - - 1
Cellularity, Increased, Lymphocytes 0.125|1.875[0.833| 0.2 |0.714| 0.75 |0.125]| 1.5 [1.143 - 0.625]0.375 - 0.571]0.429
Polarized Material - 1.375]2.333 - - 10875 - 10.625|1.143 - - 1 - - 10.857
Fibrosis - - 2167 - - - - - 10714 - - - - - -
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composed of foamy macrophages and neutrophils
were noted in all exposure groups. Neutrophils were
predominately present in the sinuses while macro-
phages expanded the paracortex and medullary
cords. Minimal lymphoid hyperplasia was also pre-
sent in those exposed to MS 5, granite, and ES
A. There were no significant lymphoid findings in
the saline controls. In general, the greatest pathology
scores were noted in those exposed to MS 5 and, to
a lesser extent, ES A, with those exposed to ES
C having the lowest pathology scores.

21-days post-exposure
Alveolitis and type II epithelial hypertrophy/hyper-
plasia were still present in all exposure groups with
a rise in pathology scores in those exposed to MS 5
and ES A and a slight fall in pathology scores in
those exposed to granite, ES B, and ES C, as com-
pared to 1-day post-exposure scores (Table 3).
Inflammation had transitioned and was now predo-
minately composed of macrophages, with signifi-
cantly less numbers of neutrophils as compared to
1-day post-exposure. In addition, discrete aggregates
of cells and/or early granulomas were noted. Foreign
material was still detected in the exposure groups in
which it had been present at 1-Day post-exposure,
with a reduction in pathology scores as compared to
1-Day Post Exposure scores in all groups except ES
A, in which there was a slight rise in score. This
increase correlated with an enhanced pathology
score for the presence of cellular aggregates/granu-
lomas in ES A, as compared to other exposure
groups. Lipoproteinosis now occurred in those
exposed to MS 5, ES A, and to lesser degree, granite.
In addition, interstitial fibrosis, as highlighted by
picrosirius red staining, began to develop in those
exposed to MS 5 and ES A. Polarized material was
still present in all exposure groups with a slight
increase in pathology scores in those exposed to
MS 5, granite, and ES C and a slight reduction in
those exposed to ES A and ES B, as compared to
1-day post-exposure scores. The presence of perivas-
cular mixed cell infiltrates had resolved in all groups
to within the normal range of variation. There were
no significant pulmonary findings in saline controls.
In the BALT, polarized material was found in
those exposed to MS 5 and ES A and minimal
lymphoid hyperplasia was present in one animal
exposed to MS 5.

In the lymph node, mixed cell infiltration had
resolved but granulomatous inflammation was now
present in those exposed to MS 5 and, to a lesser
extent, ES A. Lymphoid hyperplasia was detected in
all groups, including saline controls; however, severity
was higher than that of controls in all exposed groups
except ES C, in which a similar response to that of
saline controls was found. Polarized material was
present in those exposed to MS 5 and ES A. In general,
the greatest pathology scores were noted in those
exposed to MS 5 and, to a lesser extent, ES A, with
those exposed to ES C having the lowest pathology
scores.

84-DaysPpost-exposure
Alveolitis, cellular aggregates/granulomas, and type
IT epithelial hypertrophy/hyperplasia were still pre-
sent in all exposure groups (Table 3). Similar to
trends noted at 21-days post-exposure, there was
a continual rise in pathology scores in those exposed
to MS 5 and ES A and a decrease in pathology scores
in those exposed to ES B and ES C. Interestingly,
there was a rebound in those exposed to granite,
with a slight elevation in pathology scores for these
findings as compared to 21-days post-exposure.
Interstitial fibrosis was now present in all exposure
groups but to a lesser extent in granite, ES B, and ES
C as compared to MS 5 and ES A (Figure 4). There
was progression of fibrosis in MS 5 and ES A at this
time point as compared to 21-days post-exposure.
Lipoproteinosis was only present in those exposed
to MS 5 and ES A and was no longer noted in those
exposed to granite. Pathology scores increased in
those exposed to MS 5 and ES A, as compared to 21-
days post-exposure. Except for MS 5, foreign mate-
rial was still present in all exposure groups
(Figure 5), but with reduced pathology scores as
compared to 21-days post-exposure. Polarized
material was still found in all exposure groups with
a slight increase in pathology scores in those
exposed to MS 5 and reduction in the others, as
compared to 21-days post exposure. There were no
significant pulmonary findings in saline controls.
In the BALT, polarized material and granuloma-
tous inflammation were now present in all expo-
sure groups except granite, with MS 5 and ES
A exhibiting increased severity as compared to ES
B and ES C. Lymphoid hyperplasia was still present
in those exposed to MS 5 with an elevation in
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severity as compared to 21-days post-exposure and
was present in one animal exposed to ES B.

In the lymph node, granulomatous inflamma-
tion and polarized material were now present in all
exposure groups (Figure 6), with increased severity
in those exposed to MS 5 and ES A, as compared to
other exposure groups and to findings at 21-days

Saline

post-exposure. Fibrosis was now noted in those
exposed to MS 5 and, to a lesser extent, ES
A. Lymphoid hyperplasia was found in all groups,
including saline controls; however, severity was
higher than that of controls in all exposed groups
except ES B and ES C, in which it was considered
within the range of normal variation. In general,

FIGURE 6. Tracheobronchial lymph node histopathology at 84 days post-exposure. representative images of lymph tissue. Tissues
were stained with hematoxylin and eosin (H&E). Magnifications are indicated on the images (6X and 20X). At 84 days post-exposure,
polarized material and granulomatous inflammation were present in the lymph tissue of all exposure groups except granite. MIN-U-SIL
5 and ES a exhibited increased severity of these findings compared to ES B and ES C. Lymphoid hyperplasia was observed in the MIN-

U-SIL 5 exposed group, with increased severity.
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the greatest pathology scores were noted in those
exposed to MS 5 and, to a lesser extent, ES A, with
those exposed to ES C displaying the lowest pathol-
ogy scores.

Hematology

To explore Engineered Stone Dust (ESD)-induced
systemic toxicity, hematology was performed. MS 5
exposure resulted in sustained neutrophilia, early
hyperglycemia, and late reticulocytosis (Tables 4
and 5). Granite exposure led to no significant CBC
changes but produced increased globulin at day 21
and elevated alanine aminotransferase (ALT) at day
84 post-exposure. ES A exposure induced neutrophi-
lia and hyperglycemia at earlier time points, along
with changes in red blood cell (RBC) size distribution
(RDW-SD) and platelet parameters (MPV, P-LCR),
as well as decreased phosphorus and amylase at day
84 post-exposure. ES B exposure resulted in minimal
CBC changes, with only a transient fall in platelet size
variation (PDW-SD), but also initiated elevated ALT
at day 84 post-exposure, similar to granite. ES
C exposure produced the fewest changes, with
a transient reduction in BUN at day 21 post-
exposure and a late decrease in MPV and P-LCR.
There appears to be variation in the biological effects
of the different dusts, with MS 5 showing the most
pronounced and persistent changes, ES A exhibiting
a distinct pattern of inflammation and effects on RBC
and platelets, and ES B and ES C displaying relatively
fewer effects, although ES B shared the delayed ALT
rise with granite. In summary, exposure to various
dusts revealed distinct hematological and biochem-
ical profiles over 84 days, with MS 5 inducing the
most persistent inflammation and RBC changes, ES
A inducing inflammation with unique platelet effects,
granite and ES B eliciting delayed liver enzyme eleva-
tions despite minimal initial impact, and ES
C showing the least biological activity.

Linear regression analysis

Our statistical analysis explored the relationship
between stone composition and the observed bio-
logical effects. While linear regression confirmed
that the % CS was a significant predictor for many
key endpoints, including inflammatory cell influx
in BALF and changes in blood parameters, it did

not account for all the observed variability.
Principal Component Analysis (PCA) revealed
high multicollinearity between several trace metals
(Supplemental Figure S1), making it difficult to
isolate the independent effect of each element.
However, further modeling consistently showed
that the inclusion of certain trace metals (such as
Al, Co, and Fe) in conjunction with silica signifi-
cantly improved the model’s ability to predict toxi-
city endpoints compared to silica alone. This
finding suggests that while silica is the primary
pathogenic component, the unique mixture of
trace metals in each type of stone acts as
a significant contributor to overall toxic potential.
This is in agreement with recent in vitro observa-
tions which reported that metals like Al and Co
were significantly associated with macrophage
toxicity, independent of silica content.

Discussion

This study is the first to demonstrate in vivo utiliz-
ing IT instillation in rats that dust from ES induced
progressive lung disease. The high CS content of ES
A and pure silica control (MS 5) initiated a marked
and persistent inflammatory response, with an
acute spike in pro-inflammatory cytokines such as
IL-1P suggesting that inflammasome activation is
a key early event in the observed pathology (van de
Veerdonk et al. 2011). This initial inflammation
and cellular injury progressed to significant tissue
damage by day 84, manifesting as severe fibrosis
and granulomatous inflammation in both the lungs
and lymph nodes. Critically, the fibrotic damage
continued to worsen long after the initial exposure,
demonstrating a self-perpetuating disease process
that is a hallmark of silica-induced pathology
(Porter et al. 2004). Beyond the lungs, these high-
silica dusts also produced significant systemic
effects, including sustained changes in blood cell
counts. In contrast, dust from granite and lower-
silica ES produced milder, more transient lung
inflammation. The difference in fibrogenicity
between ES A and other ES materials may be attri-
butable to its composition. ES A’s high CS content
is the most probable initiator of severe effects.
Conversely, the lower silica content of ES B and
C, combined with a different profile of trace metals,
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TABLE 5. Serum Chemistry. Values are means + SD. * indicates significant difference (p < 0.05) from control.

Alanine
Time Creatinine Blood Urea Phosphorus Globulin Alb/glob  Aminotransferase

Group (Days) Glucose (Glu) (Crea) Nitrogen (Bun) (Phos) (Glob) Ratio (Alt) Amylase (Amyl)
Control 1 171.75£65.95 0.19+£0.14 1575 £ 1.67 1110+ 1.84 253+035 149+0.24 109.88 +£37.82 1377.63 £211.45
21 216.25+68.01 0.19+£0.14 1713 £1.46 840+ 1.37 229+0.16 1.56+0.30 98.38 + 36.01 1005.00 = 110.72

84 186.43 £55.86 0.54+0.05 18.57 £1.99 6.50+0.61 277+0.20 1.18+0.16 83.57 £ 10.72 1380.29 + 47.66

Min u Sil 1 258.13*£51.90 0.31+£0.16 17.38£1.69 11.41+£1.85 255+030 1.39+0.23 125.88 £29.03 1311.75 £ 58.37
5 21 233.38+£9253 0.24+0.17 17.50+£0.93 8.24+0.53 226+0.16 1.45%0.18 85.75+10.78 1053.38 = 153.06
84 19450+64.13 0.51+0.14 19.00 £ 0.82 581+£1.04 270+0.21 1.27+0.14 107.50 £45.14 1280.38 £ 221.14
Granite 1 196.13+£63.90 0.18+0.10 17.13+£2.03 110.36+281.89 2.26+0.37 1.65+0.61 102.13 £24.18 1467.00 + 163.59

21 210.75+45.48 0.19+£0.14 16.63 £ 2.50 8.45+0.56 245*+0.17 1.30+0.13 99.75 +30.03 1039.63 + 87.57
84 202.38 £53.58 0.53+£0.18 19.63 £ 1.06 6.04+1.37 279+0.12 1.18+£0.09 103.00* £ 19.12 1386.38 = 144.83
ESA 1 243.25*+£61.62 0.25+0.19 15.50+£2.78 10.55+1.48 250+0.22 1.31£0.18 93.25+18.42 1386.00 = 144.06
21 24363 +71.35 0.12+0.05 17.00 £ 1.07 8.73+0.49 241+0.16 133+0.15 90.13 £ 11.67 1109.25 + 116.70
84 187.75+7433 043+0.21 17.38+£0.92 5.63*£0.47 275+0.19 1.25+0.23 77.13+1478  1224.00* £ 173.77
ESB 1 240.00 £ 107.17 0.21 £0.16 15.75+£1.49 10.18 £ 1.02 256+0.31 1.29+0.18 110.13 £33.71 1448.25 £ 163.55
21 208.50 £67.79 0.15+0.05 16.25 +1.49 8.88+£0.48 247 +£0.19 1.26*+£0.15 100.63 £29.59 1050.00 = 146.60
84 204.63 +62.73 0.46+£0.11 20.13£2.03 5.90£0.55 291+0.29 1.14+0.21 93.88% +£11.52 1326.25 + 137.54
ES C 1 236.13+57.28 0.16+0.11 14.88 £ 2.47 9.85 £ 0.64 259+0.29 1.26+0.24 104.50 £ 20.87 1501.00 + 177.88
21 206.13+58.16 0.18+0.14 15.25*+1.49 8.93+0.71 250+036 1.39+041 98.00 = 23.18 993.63 £ 177.85
84 229.75+82.75 0.46+0.17 19.63+£2.13 6.40 = 0.41 284+0.21 1.15%£0.19 96.00 + 24.55 1386.38 = 196.40

might account for significantly reduced fibrogenic
potential.

Linear regression analysis examined the relation-
ship between % silica and trace metals with the mea-
sured health endpoints. Silica content was
significantly associated with several BALF and blood
parameters, some positively (inflaimmatory cells and
cytokines) and some negatively (GGT and choles-
terol). Analysis of trace metals also revealed significant
associations with various endpoints. Importantly,
models incorporating both silica and a single trace
metal often explained more of the variation in the
measured outcomes than models with silica alone.
Data suggest that the toxicity of ESD is not solely
due to silica but may also be significantly influenced
by the presence and interaction of various trace
metals.

A recent in vitro investigation employing
a comprehensive panel of ES dusts (n>50) noted
that while the RCS content was a significant predictor
of cytotoxicity, other inorganic constituents, particu-
larly Co and Al, exhibited comparable or greater
influence. Further, Ramkissoon et al. (2024) demon-
strated that even ES formulations designed with
reduced CS content elicited marked inflammatory
responses in exposed cells. Pavan et al. (2016) exam-
ined the fibrotic potential of ESD in an in vitro human
lung epithelial model (BEAS-2B). All tested artificial
stone dust samples, irrespective of resin presence,
induced EMT. Notably, pre-treatments designed to
expose free quartz surfaces (heating) or enhanced
particle reactivity (heating followed by grinding) did

not markedly alter the EMT response compared to
untreated dust. EMT plays a critical role in driving the
fibrotic cascade in silicosis primarily by contributing
to the pool of myofibroblasts, cells responsible for
excessive production of extracellular matrix (ECM).
Epithelial cells that undergo EMT lose their epithelial
identity and acquire mesenchymal characteristics,
transforming into myofibroblasts (Li et al. 2016).
These myofibroblasts are characterized by their
enhanced ability to synthesize and secrete ECM com-
ponents, including various types of collagens, which
are the predominant structural proteins of fibrotic
tissue. This overproduction and deposition of ECM
in lung interstitium leads to thickening and stiffening
of lung tissue, a hallmark of pulmonary fibrosis in
silicosis (Stone et al. 2016).

Both the present study and Ramkissoon et al.
(2024) demonstrated that the toxicity attributed to
stone dust is not solely due to CS; trace metals also
play a significant role in inducing lung injury and
inflammation. Ramkissoon et al. (2024) found high
variability in the non-silica elemental composition of
ES samples and identified metals including Ti, Cu, Co,
and Fe within the ultrafine particles generated from
cutting. While CS content was associated with macro-
phage inflammatory response, Co and Al were asso-
ciated with macrophage toxicity. Ramkissoon et al.
(2024) reinforced the importance of these trace metals
by showing that even reduced-silica ES and non-ES
materials might induce marked inflammatory
responses. Overall, these studies converge on the find-
ing that trace metals, especially Co and Al, are
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significantly associated with adverse lung cell
responses, suggesting that the toxicity of stone dust
is a result of both CS and trace metals. Despite these
findings, our analysis faced methodological limita-
tions, primarily due to multicollinearity among sev-
eral metals. The observed multicollinearity may lead
to less reliable statistical inference in more complex
multiple linear regression models, making attempts to
isolate the individual contributions of each metal
challenging. Although our models frequently identi-
fied several trace metals as significant predictors, the
issue of multicollinearity warrants caution when
interpreting the specific roles and relative importance
of each metal.

Silicosis, a debilitating occupational lung dis-
ease, results from the interaction between inhaled
RCS particles and the immune system (Pollard
2016). Particles less than 5um in diameter are
able to reach the alveolar spaces, triggering
a robust inflammatory response (Porter et al.
2004). Macrophages attempt to engulf and clear
the silica; however, their persistent presence over-
whelms this phagocytic capacity, resulting in pro-
longed inflammation and release of pro-
inflammatory cytokines and reactive oxygen spe-
cies (ROS) (Porter et al. 2002; Vallyathan et al.
1995). These mediators exacerbate the inflamma-
tory milieu. Cytokines recruit additional immune
cells, including fibroblasts, responsible for collagen
production, a key component of scar tissue (She,
Yu, and Tang 2021). Concurrently ROS directly
damage lung tissue and contribute to oxidative
stress, further fueling inflammation (Thibodeau
et al. 2004; Vallyathan et al. 1988). The hallmark
teature of silicosis, fibrosis, results from this exces-
sive collagen deposition, progressively thickening
and stiffening the lungs, thereby compromising gas
exchange and lung function. Emerging evidence
suggests additional mechanisms at play. RCS par-
ticles may directly injure airway epithelial cells
(Wu et al. 2020), contributing to tissue damage.
Komai et al. (2019) suggested a role for EMT,
where epithelial cells transform into scar-forming
fibroblasts under the influence of silica. Multiple
factors contribute to lung tissue injury in silicosis,
indicating the complex pathogenesis of this disease.

ES-associated silicosis presents as a distinct clinical
entity within the spectrum of silicosis, characterized
by a significantly lower exposure threshold and

reduced latency period compared to classical forms
of the disease (Ramkissoon, Gaskin, Thredgold, et al.
2022). This accelerated disease trajectory, frequently
detected in younger individuals with comparatively
limited cumulative silica exposure, differentiates ES-
associated silicosis from classic silicosis typically asso-
ciated with occupations such as hard-rock mining and
sandblasting. Rose et al. (2019) reported only 18 US
cases with two fatalities, while Fazio et al. (2023) noted
52 California cases with 10 fatalities among immigrant
workers, raising concerns for underreporting among
this transient population. Mandatory medical surveil-
lance in Australian states like Victoria and
Queensland identified a high silicosis burden, with
nearly a quarter of over 1,800 screened workers
affected, and 15% progressing to severe progressive
massive fibrosis (Hoy et al. 2023) In contrast to Fazio
etal. (2023), Hoy et al. (2023) findings indicate serious
adverse health consequences. Studies in Italy (54.5%
prevalence) (Pascual et al. 2010), Israel (Kramer et al.
2012), Spain (Perez-Alonso et al. 2014), and Belgium
(Ronsmans et al. 2018) also reported outbreaks.
Washington State workplace inspections revealed
that 9 out of 18 shops exceeded OSHA’s RCS
Permissible Exposure Limit (PEL) (Lofgren 2008),
supported by a significant rise in OSHA citations for
PEL exceedances at stone countertop sites (from 4
annually in 2000-2002 to 59 in 2003-2011), suggest-
ing inadequate dust control measures (Qi and Echt
2016).

Limitations

While the present investigation provides critical
insights into the effects of IT instillation ESD exposure
on lung tissue, several critical limitations must be
noted. First, it should be noted that the particle sam-
ples used in this study were not freshly generated and
thus do not fully recapitulate the exposure conditions
that ES workers may face. The primary hazard of ES
arises from freshly fractured RCS generated during
fabrication processes. Aged samples have undergone
surface changes, including hydration and adsorption,
which significantly reduce their reactivity and, conse-
quently, toxicity. The most critical events in develop-
ment of silicosis occur immediately after exposure to
freshly fractured RCS (Castranova et al. 2002). These
initial events involve the rapid generation of ROS
(Vallyathan et al. 1995), lipid peroxidation
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(Vallyathan et al. 1988), DNA fragmentation
(Thibodeau et al. 2004), and activation of multiple
inflammatory pathways (Fubini and Hubbard 2003,
Hornung et al. 2008). In addition, the dust samples
used in this study lack VOC’s that may be generated
during machining (Ramkissoon, Gaskin, Hall, et al.
2022) and suspension in PBS may alter surface chem-
istry. Second, the initial phase of our investigation into
the toxicity induced by ESD, utilized IT installation
due to its greater flexibility and deposition efficiency
compared to inhalation exposure. However, due to
the numerous drawbacks associated with IT including
bolus effect, high artificial excess deposition of chemi-
cal, methodological use of anesthetic altering physio-
logical pulmonary elimination of contaminants may
account for the induced inflammatory and fibrotic
responses (Kacew and Demir 2025). Although the
dose rate and distribution of particles in lungs are
different between IT and whole-body inhalation
exposures, Driscoll et al. (2000) stated inhalation
exposure is the “natural route of entry of substances”
into the host and preferred method for introduction
of toxicants into the lungs. It is noteworthy that IT
instillation of humidifier chemicals into the lungs
produced pulmonary inflammation, altered histo-
pathological abnormal blood cell counts, which were
not seen following inhalation exposure (Kacew and
Demir 2025). Hence both exposure methods might
not generate similar results of pulmonary inflamma-
tion, fibrosis, and immune responses (Driscoll et al.
2000). Subsequent research needs to involve inhala-
tion exposure studies to more accurately assess the
combined influence of inhalation dynamics, size dis-
tribution, aging, and VOCs of particles deposited
throughout the respiratory tract.

Conclusions

Unresolved questions regarding the interaction
between RCS and other emissions components,
and specific pathological pathways leading to accel-
erated silicosis, require further investigation.
Determining these mechanisms is critical for devel-
opment of effective mitigation strategies to safe-
guard workers in the stone countertop industry
from suffering detrimental health consequences
due to RCS exposure. Ultimately, this study
demonstrates that ESD administered IT poses

a significant and complex health risk, driven not
only by silica but also by trace metal content,
emphasizing the need for further research espe-
cially the use of inhalation into the mechanisms
underlying accelerated silicosis.
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