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Abstract 

Objectives Silicosis is an irreversible occupational lung disease resulting from crystalline silica inhalation. Previously, 
we discovered that Western diet (HFWD)-consumption increases susceptibility to silica-induced pulmonary inflamma-
tion and fibrosis. This study investigated the potential of HFWD to alter silica-induced effects on airway epithelial ion 
transport and smooth muscle reactivity.

Methods Six-week-old male F344 rats were fed a HFWD or standard rat chow (STD) and exposed to silica (Min-U-
Sil  5®, 15 mg/m3, 6 h/day, 5 days/week, for 39 d) or filtered air. Experimental endpoints were measured at 0, 4, and 8 
weeks post-exposure. Transepithelial potential difference  (Vt), short-circuit current (ISC) and transepithelial resistance 
 (Rt) were measured in tracheal segments and ion transport inhibitors [amiloride,  Na+ channel blocker; NPPB; Clˉ chan-
nel blocker; ouabain,  Na+,  K+-pump blocker] identified changes in ion transport pathways. Changes in airway smooth 
muscle reactivity to methacholine (MCh) were investigated in the isolated perfused trachea preparation.

Results Silica reduced basal ISC at 4 weeks and HFWD reduced the ISC response to amiloride at 0 week compared 
to air control. HFWD + silica exposure induced changes in ion transport 0 and 4 weeks after treatment compared 
to silica or HFWD treatments alone. No effects on airway smooth muscle reactivity to MCh were observed.
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Introduction
Over 35% of the American adult population have meta-
bolic dysfunction (MetDys) [1], yet there remains a gap 
in our understanding of the associated risks of MetDys 
and susceptibility to hazardous occupational exposures. 
MetDys is associated with impaired lung function [2, 3], 
asthma [4, 5], COPD [6, 7], and restrictive lung diseases 

[5]. Biomarkers of MetDys were predictors for severe 
lung injury in 9/11 first responders [8–11] and hav-
ing ≥ 3 MetDys conditions increased the risk of develop-
ing airway hyperreactivity [12]. Previously, we found that 
HFWD-induced MetDys exacerbated crystalline silica-
induced lung injury [13] and altered silica-induced serum 
inflammatory cytokines, adipokines, and arterial blood 
flow [14] in F344 rats. These studies established that 
MetDys can increase worker susceptibility to hazardous 
inhalation exposures.

Silicosis is an irreversible progressive lung disease 
caused by occupational inhalation exposure of respirable 
crystalline silica dust [15, 16]. Respirable-sized crystal-
line silica particles are highly reactive, deposit deep in the 
lung, exert toxicity when coming in contact with epithe-
lial cell surfaces, and become phagocytized by alveolar 
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macrophages (AM). Phagocytized silica particles are 
transported to the AM lysosome, where they interact 
with the lysosomal membrane, causing content leakage 
into the cytoplasm, activation of the NLRP3 inflamma-
some, and eventual cell death [17]. The release of caus-
tic AM contents along with silica particles back into the 
alveolar space, to be phagocytosed by other AMs, cre-
ates a positive feedback loop that results in progressive 
pulmonary inflammation. Pro-inflammatory cytokines, 
including TNF-α, IL-1β and TGF-β, released by AMs 
activate alveolar fibroblasts to deposit collagen and elas-
tin, thus contributing to the development of pulmonary 
fibrosis [18–21].

While pathological mechanisms of silicosis of the 
lung are well described, there is less understanding of 
the impact of silica exposure on the function of airway 
epithelium. Recent studies found that silica exposure 
induced genotoxicity of the nasal epithelium in Italian sil-
ica-exposed workers [22], and in vitro silica induces DNA 
damage in bronchial epithelial cells through the activa-
tion of the autotaxin-lysophosphatidic acid axis [23]. Yet 
another study found that mice exposed to crystalline sil-
ica particles by instillation exhibited airway epithelial cell 
cilia loss, rearrangement of microtubules, disruption of 
the axoneme, and increased MUC5B production [24]. In 
this study we investigate effects on airway epithelial ion 
transport because it is responsible for maintaining air-
way surface liquid (ASL) height and composition, which 
is critical for clearance of particles and pathogens via the 
mucociliary escalator. Perturbations of airway ion trans-
port can increase mucus viscosity and impair mucocili-
ary clearance [25, 26] and silicosis is associated with an 
increased risk of tuberculosis in humans [27].

Bronchial hyperresponsiveness (BHR) is not known to 
be associated with silicosis but is associated with obesity, 
hyperinsulinemia, and impaired glucose metabolism [28, 
29]. BHR can also result from exposures to irritants or 
sensitizers and is a hallmark of occupationally-induced 
asthma [30]. In animal studies, two mechanisms of 
hyperinsulinemia-induced BHR have been identified: (1) 
insulin inhibition of neuronal M2 muscarinic receptors 
causing increased release of acetylcholine (ACh) from 
airway parasympathetic nerves [31, 32]; and (2) insulin 
stimulation of brain stem signaling pathways leading to 
increased airway reactivity [33]. Previously, we found 
that HFWD-consumption increased serum  insulin at 0 
and 4 weeks and HFWD + SIL increased serum insulin at  
4 weeks compared to STD + AIR controls [14]. Therefore, 
we hypothesized that HFWD-induced hyperinsulemia, 
in both the air and silica exposed groups, could result in 
changes to airway smooth muscle reactivity.

The novel aims of this study were to determine whether 
HFWD consumption alters silica-induced responses in 

the non-ventilatory pulmonary function parameters of 
epithelial ion transport and airway smooth muscle reac-
tivity. In addition, we characterize the effects of silica 
exposure and HFWD-consumption independently on 
these parameters.

Materials and methods
Animals and diet
Six-week-old male Fischer (CDF) rats (F344/DuCrl) 
obtained from Charles River Laboratories, Inc. (Wilm-
ington, MA), were divided into two dietary groups and 
fed either a commercially available “Western” diet (high-
fat Western diet, HFWD; 45% fat Kcal, sucrose 22.2% 
by weight) or a standard rat chow (standard diet, STD; 
fat 6.2% by weight, sucrose-free) for the duration of the 
study, including silica exposure and post-exposure time 
points. Following 16 weeks of diet consumption, the ani-
mals were then exposed to silica (Min-U-Sil  5®) for 6 h/d, 
5 d/week, 39 d or filtered air. The experimental design for 
this study is illustrated in Fig. 1, animal usage is shown in 
Table 1.

All studies were conducted in facilities accredited 
by AAALAC International and were approved by the 
Center for Disease Control / National Institute for Occu-
pational Safety and Health / Health Effects Laboratory 
Branch (CDC/NIOSH/HELD) Institutional Animal Care 
and Use Committee (protocol 18-011) and in compli-
ance with the PHS Policy on Humane Care and Use of 
Laboratory Animals and the NIH Guide for the Care and 
Use of Laboratory Animals. All animals were free of viral 
pathogens, parasites, mycoplasm, Heliobacter and cilia-
associated respiratory bacillus. Animals were acclimated 
for one week upon arrival and housed in ventilated 
micro-isolator units supplied with HEPA-filtered lami-
nar flow air (Lab Products OneCage; Seaford, DE), with 
Teklad Sanichip and Teklad Diamond Dry cellulose bed-
ding (or Shepherd Specialty Paper’s Alpha-Dri cellulose; 
Shepherd Specialty Papers; Watertown, TN). They were 
provided filtered tap water and autoclaved Teklad Global 
18% protein rodent diet (Harlan Teklad; Madison, WI) 
ad  libitum. Rats were housed in pairs under controlled 
light cycle (12  h light/12  h dark) and temperature (22–
25 °C) conditions.

Silica exposure
Crystalline silica (Min-U-Sil  5®; Berkeley Springs, WV; 
“SIL”), aerosolized using an automated exposure sys-
tem [34]. Particles had median aerodynamic diameter 
of 1.6 µm and geometric standard deviation of 1.6, par-
ticle aerodynamic mass distribution was measured using 
a 10-stage impactor (MOUDI, model 110-R) in series 
with a nano-impactor (MOUDI, model 115). The samples 
were taken from inside the inhalation exposure chamber 
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a few inches above the animal cage rack. A normal curve 
was fitted to the MOUDI size data for MMAD and GSD 
determination. Target silica concentration (15 ± 1 mg/m3) 
was monitored using a DataRAM 4 Particulate Monitor 
(Thermo Fisher Scientific; Waltham, MA) and controlled 
within the exposure chamber in real time. Daily average 
aerosol concentrations were also determined gravimetri-
cally with 37 mm cassettes containing Teflon filters at the 
end of each exposure period to verify and calibrate the 
DataRAM readings. Animals were exposed using whole-
body exposure chambers and control animals were 
exposed to filtered air and handled identically.

Measurement of airway epithelial ion transport ex vivo
The Ussing chamber was employed to measure changes 
in ion transport across the tracheal epithelium. Ani-
mals were euthanized by bleeding following i.p. 300–
500  mg/kg pentobarbital, tracheal tissue was removed 
and mounted in a Ussing chamber system (Physiologic 
Instruments, Inc; Reno, NV) containing modified Krebs–
Henseleit solution (MKHS; 113  mM NaCl, 4.8  mM 
KCl, 2.5  mM  CaCl2, 1.2  mM  KH2PO4, 1.2  mM  MgSO4, 
25  mM  NaHCO3, and 5.7  mM glucose) saturated with 
95%  O2/5%  CO2 at 37 °C. The tissue was stabilized under 
open circuit conditions for measurement of transepithe-
lial voltage  (Vt, mV) followed by application of a 0-mV 
voltage clamp and delivery of 1 mV pulses (5 s duration, 
55  s interval). Short-circuit current (ISC) was recorded 
(BioPac Systems; Goleta, CA) from which transepithe-
lial resistance  (Rt) was calculated using Ohm’s law. To 
identify changes in ion transport the following ion chan-
nel inhibitors were used:  Na+ channel inhibitor ami-
loride (3.5 ×  10–5  M, apical bath), Cl‾ channel inhibitor 

5-nitro-2-(3-phenylpropyl-amino) benzoic acid (NPPB; 
 10–4  M, apical bath), and  Na+,K+-pump inhibitor oua-
bain  (10–4  M, basolateral bath). Basal values and agent-
induced responses from basal value were calculated.

Measurement of airway smooth muscle reactivity ex vivo
The isolated perfused trachea (IPT) preparation was 
used to measure changes in airway smooth muscle reac-
tivity and epithelial barrier function [35, 36]. Animals 
were euthanized (see above) and a 25  mm segment of 
trachea was removed and mounted on a tracheal per-
fusion holder which was bathed in and perfused with 
MKHS, equilibrated for 1  h and washed at 15  min [35, 
36]. Methacholine (MCh), a muscarinic receptor agonist, 
concentration–response curves were obtained by addi-
tion of stepwise increases of MCh concentrations added 
to the extraluminal (EL) bath, followed by a 90 min wash 
period at 15  min intervals, and then intraluminal (IL) 
additions of MCh. MCh concentration–response curves 
were derived from increases in inlet minus outlet pres-
sure differences (cm  H20) and normalized as a percentage 
of the maximal contractile response. EC50 values were 
calculated for each individual preparation.

Statistical analysis
Analyses were carried out using the proc mixed proce-
dure in SAS version 9.4 or JMP version 13.2. A four-way 
mixed model analysis of variance (diet x treatment x time 
x MCh concentration) was performed with repeated 
measures on MCh. EC50 values were calculated for 
each animal and analyzed with a three-way ANOVA 
(diet x treatment x time). Values for EC50s were log-
transformed to meet the assumptions of the analysis. 

Fig. 1 Experimental design for HFWD-induction of MetDys, silica-inhalation exposure and endpoint experiments. Schematic describes the design 
for single endpoint experiments using separate cohorts of animals (n = 8 for each group). Reproduced from Thompson et al. [14] with modifications
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Ussing chamber data were analyzed using mixed model 
three-way ANOVAs at each time point (diet x treatment 
x agent), with animal treated as a random variable to 
account for the multiple agents. Pairwise comparisons for 
all analyses were derived from the overall analysis using 
Fishers LSD. All differences were considered significant 
at P < 0.05. All values are presented as means ± SEM.

Results
Animals fed a HFWD had increased body weight com-
pared to STD groups, but silica had no effect on body 
weight regardless of diet (Fig.  2). Our previous studies 
describe the interactions between HFWD consumption 
and silica exposure including HFWD exacerbation of 
silica-induced pulmonary inflammation and fibrosis [13], 
reduction of silica-induced serum cytokines, alteration of 

serum adipokine levels, and changes in tail arterial blood 
flow and pulse [14].

Airway epithelial ion transport
HFWD reduced the ISC response to amiloride at 0 week 
(Fig. 3A) compared to the STD + AIR, and silica reduced 
basal ISC at 4 weeks (Fig. 3B) compared to the STD + AIR. 
HFWD + SIL increased basal ISC compared to the 
HFWD + AIR and increased the ISC response to ami-
loride at 0 week compared to all other groups (Fig. 3A); 
at 4 weeks HFWD + SIL exposure increased basal ISC 
compared to the STD + AIR and STD + SIL and increased 
the ISC response to amiloride compared to STD + AIR 
(Fig.  3B). Changes in ion transport by silica were not 
accompanied by or explained by changes in  Rt (Fig. 3D, 
E, F), thereby ruling out altered paracellular ion trans-
port. There were no differences in ion transport between 
groups at 8 weeks post-exposure (Fig. 3C). The increase 
in ISC in response to amiloride following HFWD + silica 
exposure is indicative of increased  Na+ ion transport 
across the epithelium. There was no effect of diet or silica 
on  Vt (Fig. 4).

Airway smooth muscle reactivity
MCh response curves were utilized to determine changes 
in airway smooth muscle reactivity and epithelial mod-
ulation of ASM responses. While we found a trend 
of increased contractile responses in silica exposure 
groups, these responses were not statistically significant 
(Fig.  5). In fact, there were no significant differences in 
MCh-induced ASM contractile responses (EL), airway 
epithelium-modulated contractile responses (IL) (Figs. 5, 
6), or EC50 values (Table  2) between any of the groups 
at a given timepoint. Our results suggest that HFWD 
consumption, silica exposure, and combined exposure 
(HFWD + SIL), do not significantly alter smooth muscle 
reactivity or epithelial modulation of the ASM.

Discussion
We tested the hypothesis HFWD consumption alters sili-
ca’s effect on epithelial ion transport and ASM reactivity, 
based on our previous findings that HFWD-consumption 
altered other silica-induced effects in this same animal 
model [13, 14]. The F344 rat model of silicosis was cho-
sen for use in this study, instead of other animal models, 
because it is a well-characterized model of silicosis [18, 
19]. This model mimics the accelerated type of human 
silicosis, in which, workers exposed to a large amount 
of silica over a short period of time develop progressive 
pulmonary inflammation and fibrosis [18] that contin-
ues even after silica exposure has ended [19]. In addi-
tion, F344 rats fed HFWD develop metabolic dysfunction 
similar to diet-induced metabolic disease in humans [14], 

Table 1 Animal Usage

Each animal was a single unit. An n = 8 deemed sufficient to observe significant 
differences between groups using a power analysis conducted by a NIOSH staff 
statistician (MLK). There was a total of 96 animals used for each experiment and 
192 for the entire study

Number 
of 
animals

Ion transport study

 STD + AIR 0 week 8

 STD + SIL 0 week 8

 HFWD + AIR 0 week 8

 HFWD + SIL 0 week 8

 STD + AIR 4 weeks 8

 STD + SIL 4 weeks 8

 HFWD + AIR 4 weeks 8

 HFWD + SIL 4 weeks 8

 STD + AIR 8 weeks 8

 STD + SIL 8 weeks 8

 HFWD + AIR 8 weeks 8

 HFWD + SIL 8 weeks 8

Smooth muscle study

 STD + AIR 0 week 8

 STD + SIL 0 week 8

 HFWD + AIR 0 week 8

 HFWD + SIL 0 week 8

 STD + AIR 4 weeks 8

 STD + SIL 4 weeks 8

 HFWD + AIR 4 weeks 8

 HFWD + SIL 4 weeks 8

 STD + AIR 8 weeks 8

 STD + SIL 8 weeks 8

 HFWD + AIR 8 weeks 8

 HFWD + SIL 8 weeks 8

Total animals 192
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therefore, this was a good animal model for use in our 
combined diet and silica exposure studies.

Our results reveal that HFWD-consumption potenti-
ates silica-induced  Na+ transport at 0 and 4 weeks; these 
changes were transient and resolved at 8 weeks. In epi-
thelial cells, the  Na+,K+,-ATPase maintains the electrical 
gradient and movement of  Na+ ions across the epithe-
lium, which also maintains an ASL depth and composi-
tion required for mucociliary clearance of the airways 
[37]. Insulin’s effects on ENaC regulation in the lung [38, 
39] and renal epithelium [40] have been described, and 
hyperinsulinemia is associated with reduction of  Na+/
K+-ATPase activity in rodents and humans [41]. We did 
not find any change in airway epithelial  Na+ transport in 
the HFWD + air group, or changes in  Na+/K+-ATPase, 
despite elevated insulin levels observed in HFWD + air-
exposed animals at 0 and 4 weeks [14], thus indicating 
the effect observed in the combined HFWD + SIL group 
was synergistic in nature.

Changes in epithelial  Na+ transport can impair muco-
ciliary clearance in the airways due to resulting changes 
ASL depth and cilia beat efficiency, and mucin viscos-
ity and hydration [37]. Studies by Antonini et al. [42, 43] 
found that rats pre-exposed to silica had enhanced clear-
ance of L. monocytogenes from the lung, however, these 
results were attributed to a silica-induced elevation in 
immune response including an increased levels of reac-
tive oxygen species [42], increased number of immune 
cells and activation of alveolar macrophages [43]. Sur-
prisingly, results from those studies are direct opposition 

of our understanding that silicosis is a well-established 
risk factor for tuberculosis infection [27].

We propose that the HFWD-induced hyperinsulemia 
and systemic inflammation [14], were the first-insult that 
increased epithelial susceptibility to silica-induced dam-
age to airways. Yu et  al. [24] demonstrated that silica 
exposure induces airway epithelial cell injury including 
the loss of cilia, cilia structure, and mucus hypersecretion 
which is similar to the atypical cilia [44] and impaired 
mucociliary clearance mechanisms of silicotic patients 
[45]. It is plausible that silica-induced ROS reacts with 
other membrane proteins such as ENaC (the amiloride 
sensitive  Na+ channel) or other Na + ion exchangers 
located on the apical epithelial surface, and in combina-
tion with HFWD-induced hyperinsulemia, alter nor-
mal ion transport and cellular function. This would also 
explain the transient nature of our observation; silica 
particles would be largely cleared from the conducting 
airways by the 8 weeks post-exposure endpoint, and we 
found  Na+ transport returned to normal levels through 
either recovery or compensatory mechanisms.

It is worthy of mention that Russ et al. [46] found inha-
lation of fracking sand dust (FSD) for 4 days altered  Na+ 
transport in rat airway epithelium and attenuated ami-
loride’s inhibition of  Na+ transport, whereas we found 
that inhalation of silica increased  Na+ transport. These 
differences may be attributed to differences in particle 
composition and size, exposure duration, and cumula-
tive silica exposure. FSD particles consist of a mixture of 
quartz and other elements with particle size range from 
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Fig. 2 Effects silica-inhalation, HFWD-consumption, and combined exposure on body weight in animals used for A IPT and B Ussing experiments. 
HFWD-consumption significantly increased animal body weight at all time points compared to STD control groups regardless of silica exposure; 
silica-inhalation had no significant effect on body weight. P < 0.05. * Indicates significance compared to STD + AIR group. + Indicates significance 
compared to STD + SIL group. For IPT experiments n = 8, 8, and 5–8 at 0, 4, and 8 weeks, respectively. For Ussing experiment n = 6–8, 8, and 8 at 0, 4, 
and 8 weeks, respectively
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50  µm to 100  nm, while Min-U-Sil  5® particles con-
sist of ≥ 99.5%  SiO2 and ≥ 5  µm [47]. Nonetheless, it is 
interesting that both FSD and crystalline silica affected 
sodium transport.

We found no effect of silica exposure, HFWD-con-
sumption, or the combined exposure, on airway smooth 
muscle reactivity. Airway hyperreactivity is not greatly 
associated with silica exposure, however, one study 
found that a single dose of intranasally-instilled silica 
(50 mg/0.1 ml/rat) induced airway hyperreactivity to car-
bachol and 5-HT in tracheal strips 8 weeks post-exposure 
[48]. We attribute the discrepancy between that study 
and our own to differences in study design including dif-
ferent rat strains and mode of silica exposure. There is 
greater evidence associating airway hyperresponsiveness 
with obesity in humans but with mixed results [49–53]. 
Orfanos et al. [54] found that human airway smooth mus-
cle (HASM) cells obtained from obese patients exhibited 

Fig. 3 Effects of silica-inhalation, HFWD-consumption, and combined exposure on bioelectric responses to ion transport inhibitors. Shown are 
basal and inhibitor-induced epithelial ISC responses at A 0, B 4, and C 8 weeks post-exposure. Basal and agent-induced epithelial  Rt responses at D 
0, E 4, and F 8 weeks. Silica reduced basal ISC at 4 weeks (B). HFWD reduced ISC responses to amiloride at 0 week (A). HFWD + SIL increased basal ISC 
and ISC responses to amiloride at both 0 week (A) and 4 weeks (B). Solid lines indicate significant differences between different exposure groups 
at a given time point. P < 0.05. n = 6–8, 7–8, 3–8 at 0, 4, and 8 weeks, respectively

Fig. 4 Effects of silica-inhalation, HFWD-consumption, 
and combined exposure on  Vt. There was no effect of silica, HFWD 
or combined HFWD + SIL exposure on basal  Vt. P < 0.05. n = 6–8, 7–8, 
3–8 at 0, 4, and 8 weeks, respectively
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hyperresponsiveness, increased agonist-induced contrac-
tility, myosin light chain phosphorylation, and calcium 
mobilization, compared to HASM cells from non-obese 
patients. Hyperinsulinemia triggered signaling path-
ways of cholinergic neurons in the brain stem that can 
increase airway reactivity in obese mice [33], and it also 
inhibits neuronal M2 muscarinic receptors, resulting 
in increased ACh release from airway parasympathetic 
nerves [32]. While we did not examine effects of HFWD 
and silica upon neuronal innervation of the airways in 
our study, the evidence that hyperinsulemia can induce 

ASM hyperresponsiveness suggests the need for further 
investigation.

Limitations and future directions
Limitations of this study include that blood insulin lev-
els were not measured in cohorts of animals used in this 
specific study. Previously, we found that HFWD-con-
sumption altered serum insulin levels, and our results 
were similar to findings of other studies where F344 rats 
were fed a high-fat high-sugar diet [55, 56]. Our inter-
pretation of HFWD-induced hyperinsulemia effects 

Fig. 5 Effect of silica-inhalation, HFWD-consumption, and combined exposure on airway reactivity to applied MCh in the isolated perfused trachea 
preparation. Concentration–response curves for extraluminally applied MCh at A 0, B 4, C 8 weeks and for intraluminally applied MCh at D 0, E 4, 
and F 8 weeks post-silica exposure. n = 5–6, 4–6, 5–7 at 0, 4, and 8 weeks, respectively
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Fig. 6 Effect of silica-inhalation, HFWD-consumption, and combined exposure on normalized responses to MCh. Graphs depict percent maximum 
responses to extraluminally applied MCh at A 0, B 4, and C 8 weeks; intraluminally applied MCh at D 0, E 4, and F 8 weeks; and intraluminal response 
expressed as a percentage of the extraluminal maximal contractile response to MCh at G 0, H 4, and I 8 weeks post exposure to silica. n = 5–6, 4–6, 
5–7 at 0, 4, and 8 weeks, respectively



Page 9 of 11Thompson et al. BMC Research Notes           (2024) 17:13  

on airway epithelial ion transport rely on the hyperin-
sulemia data collected from that previous study, in which 
animals were obtained from the same vendor and were 
treated identically. A second limitation to this study is 
that there was no histological investigation conducted 
on the airway epithelium or airways, although our previ-
ous study did use histopathology to identify changes in 
the lung [13]. Histology may have provided insight into 
possible morphological changes in connection with our 
observed changes in ion transport. In addition, investiga-
tion of mucociliary clearance of inhaled silica particles in 
our HFWD + SIL animal model would be tremendously 
insightful regarding relative risks for infection in those 
silica-exposed workers with pre-existing MetDys.

Finally, investigation of the potential for HFWD-con-
sumption to alter silica-induced ventilatory pulmonary 
function responses is needed. Hyperinsulinemia is shown 
to increase airway hyperreactivity via CNS initiated stim-
ulation of M3 receptors and acetylcholine release in the 
lung in obese mice [33] and through inhibition of the M2 
muscarinic receptor and negative feedback loop that lim-
its acetylcholine release at efferent nerve endings [32, 51]. 
While we did not detect airway smooth muscle hyper-
reactivity at the timepoints examined, we previously 
reported that serum insulin levels increased at 4 weeks 

in HFWD + air- and HFWD + silica-exposed animals 
[14], in agreement with other studies reporting hyperin-
sulinemia in rats fed a high-fat high-sugar diet [52–54]. 
Investigation of HFWD + silica exposure on neural inner-
vation of the airways and overall pulmonary function is 
necessary to determine if neural innervation pathways 
are altered.

Conclusions
In summary, we found that HFWD-consumption alters 
silica-induced metabolic responses in airway epithe-
lial  Na+ ion transport. These changes have the capacity 
to impair mucociliary clearance mechanisms and sug-
gest a potential increased risk for silica-exposed work-
ers with pre-existing MetDys. In conclusion, these 
previously unknown interactions between diet and occu-
pational silica exposure are significant and warrant fur-
ther investigation.
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Table 2 EC50 values from isolated, perfused trachea 
experiments

EC50 values for extraluminal (EL) and intraluminal (IL) concentration–response 
curves obtained at 0, 4 and 8 weeks post-exposure to silica and or HFWD and 
air (control). There were no changes in either EL or IL EC50 values in response to 
silica, HFWD or combined exposure. n values are given for each group

Exposure EC50 [− log (M)]

EL IL

0 week Mean ± S.E.M Mean  ±S.E.M n

 STD + AIR 5.98 ± 0.18 2.80 ± 0.17 5

 STD + SIL 5.50 ± 0.18 2.63 ± 0.25 6

 HFWD + AIR 5.69 ± 0.54 2.81 ± 0.15 6

 HFWD + SIL 5.21 ± 0.39 2.37 ± 0.25 5

4 weeks

 STD + AIR 4.98 ± 0.33 2.92 ± 0.18 5

 STD + SIL 5.38 ± 0.15 2.88 ± 0.11 6

 HFWD + AIR 5.01 ± 0.46 2.35 ± 0.15 4

 HFWD + SIL 5.37 ± 1.08 2.64 ± 0.19 4

8 weeks

 STD + AIR 5.50 ± 0.18 3.03 ± 0.18 7

 STD + SIL 5.44 ± 0.09 3.20 ± 0.07 5

 HFWD + AIR 6.06 ± 0.20 3.76 ± 0.62 5

 HFWD + SIL 5.93 ± 0.21 2.97 ± 0.38 6

https://www.cdc.gov/niosh/data/datasets/RD-1068-2023-0/
https://www.cdc.gov/niosh/data/datasets/RD-1068-2023-0/


Page 10 of 11Thompson et al. BMC Research Notes           (2024) 17:13 

References
 1. Moore JX, Chaudhary N, Akinyemiju T. Metabolic syndrome prevalence 

by race/ethnicity and sex in the United States, National Health and 
Nutrition Examination Survey, 1988–2012. Prev Chronic Dis. 2017;14:E24. 
https:// doi. org/ 10. 5888/ pcd14. 160287.

 2. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW 
Jr. Obesity is associated with macrophage accumulation in adipose tis-
sue. J Clin Investig. 2003;112(12):1796–808. https:// doi. org/ 10. 1172/ jci19 
246.

 3. Kim SK, Bae JC, Baek JH, Jee JH, Hur KY, Lee MK, et al. Decline in lung func-
tion rather than baseline lung function is associated with the develop-
ment of metabolic syndrome: a six-year longitudinal study. PLoS ONE. 
2017;12(3): e0174228. https:// doi. org/ 10. 1371/ journ al. pone. 01742 28.

 4. Agrawal A, Mabalirajan U, Ahmad T, Ghosh B. Emerging interface 
between metabolic syndrome and asthma. Am J Respir Cell Mol Biol. 
2011;44(3):270–5. https:// doi. org/ 10. 1165/ rcmb. 2010- 0141TR.

 5. Cleven KL, Webber MP, Zeig-Owens R, Hena KM, Prezant DJ. Airway dis-
ease in rescue/recovery workers: recent findings from the world trade 
center collapse. Curr Allergy Asthma Rep. 2017;17(1):5. https:// doi. org/ 
10. 1007/ s11882- 017- 0670-9.

 6. Cebron Lipovec N, Beijers RJ, van den Borst B, Doehner W, Lainscak M, 
Schols AM. The prevalence of metabolic syndrome in chronic obstruc-
tive pulmonary disease: a systematic review. COPD. 2016;13(3):399–
406. https:// doi. org/ 10. 3109/ 15412 555. 2016. 11407 32.

 7. Park BH, Park MS, Chang J, Kim SK, Kang YA, Jung JY, et al. Chronic 
obstructive pulmonary disease and metabolic syndrome: a nationwide 
survey in Korea. Int J Tuberc Lung Dis. 2012;16(5):694–700. https:// doi. 
org/ 10. 5588/ ijtld. 11. 0180.

 8. Kwon S, Crowley G, Caraher EJ, Haider SH, Lam R, Veerappan A, et al. 
Validation of predictive metabolic syndrome biomarkers of world trade 
center lung injury: a 16-year longitudinal study. Chest. 2019. https:// 
doi. org/ 10. 1016/j. chest. 2019. 02. 019.

 9. Naveed B, Weiden MD, Kwon S, Gracely EJ, Comfort AL, Ferrier N, et al. 
Metabolic syndrome biomarkers predict lung function impairment: a 
nested case-control study. Am J Respir Crit Care Med. 2012;185(4):392–
9. https:// doi. org/ 10. 1164/ rccm. 201109- 1672OC.

 10. Weiden MD, Naveed B, Kwon S, Cho SJ, Comfort AL, Prezant DJ, et al. 
Cardiovascular biomarkers predict susceptibility to lung injury in world 
trade center dust-exposed firefighters. Eur Respir J. 2013;41(5):1023–30. 
https:// doi. org/ 10. 1183/ 09031 936. 00077 012.

 11. Weiden MD, Kwon S, Caraher E, Berger KI, Reibman J, Rom WN, et al. 
Biomarkers of world trade center particulate matter exposure: physiol-
ogy of distal airway and blood biomarkers that predict FEV(1) decline. 
Semin Respir Crit Care Med. 2015;36(3):323–33. https:// doi. org/ 10. 
1055/s- 0035- 15473 49.

 12. Kwon S, Crowley G, Mikhail M, Lam R, Clementi E, Zeig-Owens R, et al. 
Metabolic syndrome biomarkers of world trade center airway hyper-
reactivity: a 16-year prospective cohort study. Int J Environ Res Public 
Health. 2019;16(9):1486. https:// doi. org/ 10. 3390/ ijerp h1609 1486.

 13. Thompson JA, Johnston RA, Price RE, Hubbs AF, Kashon ML, McKinney 
W, et al. High-fat Western diet consumption exacerbates silica-induced 
pulmonary inflammation and fibrosis. Toxicol Rep. 2022;9:1045–53. 
https:// doi. org/ 10. 1016/j. toxrep. 2022. 04. 028.

 14. Thompson JA, Krajnak K, Johnston RA, Kashon ML, McKinney W, Fedan 
JS. High-fat Western diet-consumption alters crystalline silica-induced 
serum adipokines, inflammatory cytokines and arterial blood flow 
in the F344 rat. Toxicol Rep. 2022;9:12–21. https:// doi. org/ 10. 1016/j. 
toxrep. 2021. 12. 001.

 15. NIOSH. NIOSH hazard review: health effects of occupational exposure 
to respirable crystalline silica. Washington: NIOSH; 2022.

 16. Leung CC, Yu IT, Chen W. Silicosis. Lancet. 2012;379(9830):2008–18. 
https:// doi. org/ 10. 1016/ s0140- 6736(12) 60235-9.

 17. Joshi GN, Goetjen AM, Knecht DA. Silica particles cause NADPH 
oxidase-independent ROS generation and transient phagolysosomal 
leakage. Mol Biol Cell. 2015;26(18):3150–64.

 18. Castranova V, Porter D, Millecchia L, Ma JY, Hubbs AF, Teass A. Effect of 
inhaled crystalline silica in a rat model: time course of pulmonary reac-
tions. Mol Cell Biochem. 2002;234–235(1–2):177–84.

 19. Porter DW, Millecchia L, Robinson VA, Hubbs A, Willard P, Pack D, et al. 
Enhanced nitric oxide and reactive oxygen species production and 

damage after inhalation of silica. Am J Physiol Lung Cell Mol Physiol. 
2002;283(2):L485–93.

 20. Lopes-Pacheco M, Bandeira E, Morales MM. Cell-based therapy for silico-
sis. Stem Cells Int. 2016;2016:5091838.

 21. Miller BE, Hook GE. Hypertrophy and hyperplasia of alveolar type II cells 
in response to silica and other pulmonary toxicants. Environ Health 
Perspect. 1990;85:15–23.

 22. Peluso ME, Munnia A, Giese RW, Chellini E, Ceppi M, Capacci F. 
Oxidatively damaged DNA in the nasal epithelium of workers occu-
pationally exposed to silica dust in Tuscany region, Italy. Mutagenesis. 
2015;30(4):519–25.

 23. Wu R, Högberg J, Adner M, Stenius U, Zheng H. Crystalline silica particles 
induce DNA damage in respiratory epithelium by ATX secretion and Rac1 
activation. Biochem Biophys Res Commun. 2021;9(548):91–7.

 24. Yu Q, Fu G, Lin H, Zhao Q, Liu Y, Zhou Y, et al. Influence of silica particles 
on mucociliary structure and MUC5B expression in airways of C57BL/6 
mice. Exp Lung Res. 2020;46(7):217–25. https:// doi. org/ 10. 1080/ 01902 
148. 2020. 17628 04.

 25. Gentzsch M, Mall MA. Ion channel modulators in cystic fibrosis. Chest. 
2018;154(2):383–93.

 26. Hill DB, Long RF, Kissner WJ, Atieh E, Garbarine IC, Markovetz MR, et al. 
Pathological mucus and impaired mucus clearance in cystic fibrosis 
patients result from increased concentration, not altered pH. Eur Respir J. 
2018;52(6):18012967.

 27. Rees D, Murray J. Silica, silicosis and tuberculosis. Int J Tuberc Lung Dis. 
2007;11(5):474–84.

 28. Burgess JA, Matheson MC, Diao F, Johns DP, Erbas B, Lowe AJ, et al. 
Bronchial hyperresponsiveness and obesity in middle age: insights from 
an Australian cohort. Eur Respir J. 2017;50(3):1602181. https:// doi. org/ 10. 
1183/ 13993 003. 02181- 2016.

 29. Karampatakis N, Karampatakis T, Galli-Tsinopoulou A, Kotanidou EP, 
Tsergouli K, Eboriadou-Petikopoulou M, et al. Impaired glucose metabo-
lism and bronchial hyperresponsiveness in obese prepubertal asthmatic 
children. Pediatr Pulmonol. 2017;52(2):160–6. https:// doi. org/ 10. 1002/ 
ppul. 23516.

 30. Tarlo SM, Lemiere C. Occupational asthma. N Engl J Med. 
2014;370(7):640–9. https:// doi. org/ 10. 1056/ NEJMr a1301 758.

 31. Proskocil BJ, Calco GN, Nie Z. Insulin acutely increases agonist-induced 
airway smooth muscle contraction in humans and rats. Am J Physiol 
Lung Cell Mol Physiol. 2021;320(4):L545–56. https:// doi. org/ 10. 1152/ ajplu 
ng. 00232. 2020.

 32. Nie Z, Jacoby DB, Fryer AD. Hyperinsulinemia potentiates airway 
responsiveness to parasympathetic nerve stimulation in obese rats. Am 
J Respir Cell Mol Biol. 2014;51(2):251–61. https:// doi. org/ 10. 1165/ rcmb. 
2013- 0452OC.

 33. Leiria LOS, Arantes-Costa FM, Calixto MC, Alexandre EC, Moura RF, Folli 
F, et al. Increased airway reactivity and hyperinsulinemia in obese mice 
are linked by ERK signaling in brain stem cholinergic neurons. Cell Rep. 
2015;11(6):934–43. https:// doi. org/ 10. 1016/j. celrep. 2015. 04. 012.

 34. McKinney W, Chen B, Schwegler-Berry D, Frazer DG. Computer-auto-
mated silica aerosol generator and animal inhalation exposure system. 
Inhalation Toxicol. 2013;25(7):363–72. https:// doi. org/ 10. 3109/ 08958 378. 
2013. 788105.

 35. Fedan JS, Frazer DG. Influence of epithelium on the reactivity of guinea 
pig isolated, perfused trachea to bronchoactive drugs. J Pharmacol Exp 
Ther. 1992;262(2):741–50.

 36. Fedan JS, Van Scott MR, Johnston RA. Pharmacological techniques for the 
in vitro study of airways. J Pharmacol Toxicol Methods. 2001;45(2):159–74. 
https:// doi. org/ 10. 1016/ s1056- 8719(01) 00154-x.

 37. Hill DB, Button B, Rubinstein M, Boucher RC. Physiology and patho-
physiology of human airway mucus. Physiol Rev. 2022;102(4):1757–836. 
https:// doi. org/ 10. 1152/ physr ev. 00004. 2021.

 38. Deng W, Li CY, Tong J, Zhang W, Wang DX. Regulation of ENaC-mediated 
alveolar fluid clearance by insulin via PI3K/Akt pathway in LPS-induced 
acute lung injury. Respir Res. 2012;13(1):29. https:// doi. org/ 10. 1186/ 
1465- 9921- 13- 29.

 39. He J, Qi D, Wang DX, Deng W, Ye Y, Feng LH, et al. Insulin upregulates 
the expression of epithelial sodium channel in vitro and in a mouse 
model of acute lung injury: role of mTORC2/SGK1 pathway. Exp Cell Res. 
2015;331(1):164–75. https:// doi. org/ 10. 1016/j. yexcr. 2014. 09. 024.

https://doi.org/10.5888/pcd14.160287
https://doi.org/10.1172/jci19246
https://doi.org/10.1172/jci19246
https://doi.org/10.1371/journal.pone.0174228
https://doi.org/10.1165/rcmb.2010-0141TR
https://doi.org/10.1007/s11882-017-0670-9
https://doi.org/10.1007/s11882-017-0670-9
https://doi.org/10.3109/15412555.2016.1140732
https://doi.org/10.5588/ijtld.11.0180
https://doi.org/10.5588/ijtld.11.0180
https://doi.org/10.1016/j.chest.2019.02.019
https://doi.org/10.1016/j.chest.2019.02.019
https://doi.org/10.1164/rccm.201109-1672OC
https://doi.org/10.1183/09031936.00077012
https://doi.org/10.1055/s-0035-1547349
https://doi.org/10.1055/s-0035-1547349
https://doi.org/10.3390/ijerph16091486
https://doi.org/10.1016/j.toxrep.2022.04.028
https://doi.org/10.1016/j.toxrep.2021.12.001
https://doi.org/10.1016/j.toxrep.2021.12.001
https://doi.org/10.1016/s0140-6736(12)60235-9
https://doi.org/10.1080/01902148.2020.1762804
https://doi.org/10.1080/01902148.2020.1762804
https://doi.org/10.1183/13993003.02181-2016
https://doi.org/10.1183/13993003.02181-2016
https://doi.org/10.1002/ppul.23516
https://doi.org/10.1002/ppul.23516
https://doi.org/10.1056/NEJMra1301758
https://doi.org/10.1152/ajplung.00232.2020
https://doi.org/10.1152/ajplung.00232.2020
https://doi.org/10.1165/rcmb.2013-0452OC
https://doi.org/10.1165/rcmb.2013-0452OC
https://doi.org/10.1016/j.celrep.2015.04.012
https://doi.org/10.3109/08958378.2013.788105
https://doi.org/10.3109/08958378.2013.788105
https://doi.org/10.1016/s1056-8719(01)00154-x
https://doi.org/10.1152/physrev.00004.2021
https://doi.org/10.1186/1465-9921-13-29
https://doi.org/10.1186/1465-9921-13-29
https://doi.org/10.1016/j.yexcr.2014.09.024


Page 11 of 11Thompson et al. BMC Research Notes           (2024) 17:13  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 40. Loffing J, Korbmacher C. Regulated sodium transport in the renal con-
necting tubule (CNT) via the epithelial sodium channel (ENaC). Pflugers 
Arch. 2009;458(1):111–35. https:// doi. org/ 10. 1007/ s00424- 009- 0656-0.

 41. Iannello S, Milazzo P, Belfiore F. Animal and human tissue Na, K-ATPase in 
normal and insulin-resistant states: regulation, behavior and interpreta-
tive hypothesis on NEFA effects. Obes Rev. 2007;8(3):231–51.

 42. Antonini JM, Roberts JR, Yang HM, Barger MW, Ramsey D, Castranova V, 
Ma JY. Effect of silica inhalation on the pulmonary clearance of a bacterial 
pathogen in Fischer 344 rats. Lung. 2000;178(6):341–50.

 43. Antonini JM, Yang HM, Ma JY, Roberts JR, Barger MW, Butterworth L, Char-
ron TG, Castranova V. Subchronic silica exposure enhances respiratory 
defense mechanisms and the pulmonary clearance of Listeria monocy-
togenes in rats. Inhal Toxicol. 2000;12(11):1017–36.

 44. Regland B, Cajander S, Wiman LG, Falkmer S. Scanning electron micros-
copy of the bronchial mucosa in some lung diseases using bronchoscopy 
specimens. A pilot study including cases of bronchial carcinoma, sar-
coidosis, silicosis, and tuberculosis. Scand J Respir Dis. 1976;57(4):171–82.

 45. Tilley AE, Walters MS, Shaykhiev R, Crystal RG. Cilia dysfunction in lung 
disease. Annu Rev Physiol. 2015;77:379–406. https:// doi. org/ 10. 1146/ 
annur ev- physi ol- 021014- 071931.

 46. Russ KA, Thompson JA, Reynolds JS, Mercer RR, Porter DW, McKinney W, 
et al. Biological effects of inhaled hydraulic fracturing sand dust IV Pulmo-
nary effects. Toxicol Appl Pharmacol. 2020;409:115284. https:// doi. org/ 10. 
1016/j. taap. 2020. 115284.

 47. Fedan JS, Hubbs AF, Barger M, Schwegler-Berry D, Friend SA, Leonard SS, 
Thompson JA, Jackson MC, Snawder JE, Dozier AK, Coyle J, Kashon ML, 
Park J, McKinney W, Roberts JR. Biological effects of inhaled hydrau-
lic fracturing sand dust. II. Particle characterization and pulmonary 
effects 30 d following intratracheal instillation. Toxicol Appl Pharmacol. 
2020;15(409):115282.

 48. Abdelaziz RR, Elkashef WF, Said E. Tadalafil reduces airway hyperactivity 
and protects against lung and respiratory airways dysfunction in a rat 
model of silicosis. Int Immunopharmacol. 2016;40:530–41. https:// doi. 
org/ 10. 1016/j. intimp. 2016. 10. 007.

 49. Chinn S, Jarvis D, Burney P. Relation of bronchial responsiveness to body 
mass index in the ECRHS European Community Respiratory Health 
Survey. Thorax. 2002;57(12):1028–33. https:// doi. org/ 10. 1136/ thorax. 57. 
12. 1028.

 50. Litonjua AA, Sparrow D, Celedon JC, DeMolles D, Weiss ST. Association of 
body mass index with the development of methacholine airway hyperre-
sponsiveness in men: the normative aging study. Thorax. 2002;57(7):581–
5. https:// doi. org/ 10. 1136/ thorax. 57.7. 581.

 51. Nicolacakis K, Skowronski ME, Coreno AJ, West E, Nader NZ, Smith RL, 
et al. Observations on the physiological interactions between obesity 
and asthma. J Appl Physiol. 2008;105(5):1533–41. https:// doi. org/ 10. 1152/ 
jappl physi ol. 01260. 2007.

 52. Shore SA. Obesity, airway hyperresponsiveness, and inflammation. J Appl 
Physiol. 2010;108(3):735–43. https:// doi. org/ 10. 1152/ jappl physi ol. 00749. 
2009.

 53. Orfanos S, Jude J, Deeney BT, Cao G, Rastogi D, van Zee M, et al. Obesity 
increases airway smooth muscle responses to contractile agonists. Am 
J Physiol Lung Cell Mol Physiol. 2018;315(5):L673–81. https:// doi. org/ 10. 
1152/ ajplu ng. 00459. 2017.

 54. Pincus AB, Fryer AD, Jacoby DB. Mini review: Neural mechanisms underly-
ing airway hyperresponsiveness. Neurosci Lett. 2021;751: 135795. https:// 
doi. org/ 10. 1016/j. neulet. 2021. 135795.

 55. Barnard RJ, Roberts CK, Varon SM, Berger JJ. Diet-induced insulin resist-
ance precedes other aspects of the metabolic syndrome. J Appl Physiol. 
1998;84(4):1311–5. https:// doi. org/ 10. 1152/ jappl. 1998. 84.4. 1311.

 56. Barnard RJ, Faria DJ, Menges JE, Martin DA. Effects of a high-fat, sucrose 
diet on serum insulin and related atherosclerotic risk factors in rats. 
Atherosclerosis. 1993;100(2):229–36.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1007/s00424-009-0656-0
https://doi.org/10.1146/annurev-physiol-021014-071931
https://doi.org/10.1146/annurev-physiol-021014-071931
https://doi.org/10.1016/j.taap.2020.115284
https://doi.org/10.1016/j.taap.2020.115284
https://doi.org/10.1016/j.intimp.2016.10.007
https://doi.org/10.1016/j.intimp.2016.10.007
https://doi.org/10.1136/thorax.57.12.1028
https://doi.org/10.1136/thorax.57.12.1028
https://doi.org/10.1136/thorax.57.7.581
https://doi.org/10.1152/japplphysiol.01260.2007
https://doi.org/10.1152/japplphysiol.01260.2007
https://doi.org/10.1152/japplphysiol.00749.2009
https://doi.org/10.1152/japplphysiol.00749.2009
https://doi.org/10.1152/ajplung.00459.2017
https://doi.org/10.1152/ajplung.00459.2017
https://doi.org/10.1016/j.neulet.2021.135795
https://doi.org/10.1016/j.neulet.2021.135795
https://doi.org/10.1152/jappl.1998.84.4.1311

	High-fat Western diet alters crystalline silica-induced airway epithelium ion transport but not airway smooth muscle reactivity
	Abstract 
	Objectives 
	Methods 
	Results 

	Introduction
	Materials and methods
	Animals and diet
	Silica exposure
	Measurement of airway epithelial ion transport ex vivo
	Measurement of airway smooth muscle reactivity ex vivo
	Statistical analysis

	Results
	Airway epithelial ion transport
	Airway smooth muscle reactivity

	Discussion
	Limitations and future directions
	Conclusions
	Acknowledgements
	References


