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Abstract

Cigarette smoke exposure is a major cause of chronic obstructive pulmonary disease. Cadmium 

is a leading toxic component of cigarette smoke. Cadmium and zinc are highly related metals. 

Whereas, zinc is an essential metal required for normal health, cadmium is highly toxic. Zrt- 

and Irt-like protein 8 (ZIP8) is an avid transporter of both zinc and cadmium into cells and is 

abundantly expressed in the lung of smokers compared to nonsmokers. Our objective was to 

determine whether disturbed zinc homeostasis through diet or the zinc transporter ZIP8 increase 

susceptibility to lung damage following prolonged cigarette smoke exposure.

Methods: Cigarette smoke exposure was evaluated in the lungs of mice subject to insufficient 

and sufficient zinc intakes, in transgenic ZIP8 overexpressing mice, and a novel myeloid-specific 

ZIP8 knockout strain.
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Results: Moderate depletion of zinc intakes in adult mice resulted in a significant increase 

in lung cadmium burden and permanent lung tissue loss following prolonged smoke exposure. 

Overexpression of ZIP8 resulted in increased lung cadmium burden and more extensive lung 

damage, whereas cigarette smoke exposure in ZIP8 knockout mice resulted in increased lung 

tissue loss without a change in lung cadmium content, but a decrease in zinc.

Conclusions: Overall, findings were consistent with past human studies. Imbalance in Zn 

homeostasis increases susceptibility to permanent lung injury following prolonged cigarette smoke 

exposure. Based on animal studies, both increased and decreased ZIP8 expression enhanced 

irreversible tissue damage in response to prolonged tobacco smoke exposure. We believe these 

findings represent an important advancement in our understanding of how imbalance in zinc 

homeostasis and cadmium exposure via tobacco smoke may increase susceptibility to smoking-

induced lung disease.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity and mortality 

worldwide (1–5). COPD is characterized by progressive, irreversible airflow obstruction 

in response to noxious gases and particles. The major causative factor of COPD in the 

United States is cigarette smoking (CS) (2, 3, 5, 6). Cadmium (Cd) is highly concentrated in 

tobacco and a leading hazardous substance (7, 8). Zinc (Zn) and Cd closely resemble each 

other. Consequently, both compete for cellular uptake through shared pathways, particularly 

the Zrt- and Irt-like protein 8 (ZIP8), as well as occupancy on protein binding sites. Whereas 

Cd is highly toxic to mammals, Zn is essential for normal function. Zn also possesses 

antioxidant-like properties (9, 10) whereas Cd catalyzes formation of reactive oxygen 

species (ROS) (11).

Smokers with low dietary Zn intakes have a higher Cd burden and increased incidence 

of COPD(12). How deficient Zn intake causes increased pulmonary dysfunction remains 

unknown. Importantly, deficient Zn intake is common in COPD patients (13) (14, 

15). Further, randomized prospective clinical trials have revealed that oral nutrient 

supplementation has a beneficial role in COPD subjects (16). We postulated that prolonged 

insufficient dietary Zn intake or alteration of zinc transport would accelerate CS-induced 

lung injury because of the relative loss of benefit from Zn and favoritism toward a Cd-rich 

environment.

In this investigation, we demonstrate that insufficient Zn intake enhances permanent 

lung tissue loss in response to chronic CS exposure in a mouse model. Further, ZIP8 

overexpression as well as loss of ZIP8 expression resulted in more extensive tissue damage 

despite a normal Zn diet. These findings support further consideration of interventions with 

micronutrient-based strategies that overcome Zn deficits and identify a key Zn transporter 

that is instrumental in maintaining balance within the lung microenvironment through 

protection against cigarette smoke-induced lung disease.
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Methods:

Study design

Dietary Zinc Regulation in Mice—All mouse experiments were conducted in 

accordance with the National Institutes of Health standards and the University of Cincinnati 

Medical Center and University of Nebraska Medical Center Institutional Animal Care and 

Use Committees. Mice were exposed to CS and compared against controls that were only 

exposed to room air. In particular, eight-week old, male, C57BL/6 mice (~25 g)(Jackson 

Labs, Bar Harbor, ME) were acclimatized to CS exposure and then randomly assigned in 

groups of a minimum of 6 and placed on one of two diets: a moderate zinc-deficient diet 

(MZ)(TD85421; 5 ppm) or a matched-control normal zinc diet (NZ)(TD85420; 50 ppm) 

and maintained on respective diets throughout the entirety of the exposure period (up to 28 

weeks) for room air or CS exposures. Modification of Zn intakes was carefully considered 

before utilizing a moderate deficient Zn chow. Moderate deficiency, akin to the deficiency 

generated using the MZ diet, is prevalent within the COPD population. Mice were not 

pair-fed when maintained on the MZ diet since COPD patients are typically malnourished. 

A Zn-free environment was maintained using deionized water in Zn-free containers and 

stainless steel cages, along with routine cage changes. Animal weights, appearance, and 

activity levels were recorded weekly throughout all studies.

Cigarette Smoke Exposure Models—Mice were exposed to either room air or CS, 

generated from 3R4F Kentucky Reference Cigarettes (University of Kentucky) using a 

TE-10z smoking machine (Teague Enterprises, Woodland, CA) as described previously by 

our group (17). Whole body exposure occurred at a concentration of 150 ± 15 mg/m3 total 

suspended particulates for 4 hours a day, 5 days a week. Control mice were exposed to 

HEPA-filtered room air. The transgenic ZIP8 overexpressing mouse model, herein referred 

to as Zip8tg, was also exposed to either room air or CS for a duration of up to seven 

months. The Zip8tg line possesses three additional copies of the 129/SvJ Slc39a8 gene 

inserted into the C57BL/6J genome as previously reported (18). The extra Zip8 copies retain 

transcriptional control under the native promoter region and are abundantly expressed within 

the lung (19). These animals have an otherwise normal phenotype. Zip8tg mice were a gift 

of Dr. Daniel Nebert. Conditional Zip8 knockout mice; herein referred to as Zip8KO, were 

generated by first utilizing conditional-ready Zip8flox/flox mice from Zip8flox-neo/+ mice 

(C57BL/6NTac-Slc39a8tm1a(EUCOMM)Wtsi/Cnrm) obtained from the European Mouse 

Mutant Archive. Briefly, Zip8flox-neo/+ mice harbor two loxP sites that flank exon 3 of 

the Zip8 (Slc39a8) gene. However, there is an additional loxP site upstream of exon 3 

flanked by two FRT sites that encompass a neomycin gene. The FRT sites allow for specific 

removal of the neomycin gene (used as a selectable marker). Heterozygous Zip8flox-neo/+ 
mice were bred to ROSA26:FLPe knock-in mice with ubiquitous expression of FLP1 

recombinase (129S4/SvJaeSor- Gt(ROSA)26Sortm1(FLP1) Dym/J;The Jackson Laboratory) 

to delete the Neo cassette adjacent to the upstream loxP site. The resulting Zip8flox/+ were 

mated to produce Zip8flox/flox mice. PCR and DNA sequencing confirmed removal of 

the FRT-flanked sequence and verified the loxP sites flanking exon 3. ZIP8 flox/flox mice 

were crossed to myeloid cell specific LysMcre (The Jackson Laboratory) (20)to generate the 

conditional ZIP8KO.
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Bronchoalveolar Lavage, Leukocyte Enumeration, and Cytokine Analysis—
Lungs were lavaged three times with 1 ml of 1× Hank’s balanced salt solution. Total cell 

counts were determined with a hemocytometer and differential counts were determined on 

Hemacolor-stained (EM Science, Gibbstown, NJ) slides. Cytokine levels were measured by 

ELISA according to manufacturer’s instructions (eBioscience, San Diego, CA).

Mean Linear Intercept—Mean linear intercept (MLI), also referred to as chord length, is 

a measure of alveolar diameter and was determined on formalin-fixed, paraffin-embedded, 

H&E-stained mouse lung tissue as our group previously reported(17). Sections (3 per lung) 

were blinded to two reviewers and measurements were averaged.

Cadmium and Zinc Measures—Cd and Zn were measured at baseline and then at the 

conclusion of each exposure period in lung and kidney tissue by either Atomic Adsorption 

or ICP-MS as previously published by our group (21).

Measurement of Radical Species—Lung samples were mixed with the cell-

permeable cyclic hydroxylamine spin probe 1- hydroxy-3-methoxycarbonyl-2,2,5,5-

tetramethylpyrrolidine to measure the formation of free radical oxygen species (CMH, Enzo 

Life Sciences Inc.) as previously reported (22). ROS released by lung tissue reacts with 

CMH to form a stable nitroxide radical that can be measured using electron spin resonance 

(ESR) and expressed as nanomole per milligram of protein sample.

RNA Extraction and quantitative RT-PCR—Total RNA was isolated from tissue using 

TRIZOL® reagent (Invitrogen). The cDNA synthesis was performed using ThermoScript™ 

RT-PCR System for First-Strand cDNA Synthesis (Invitrogen). Real-time PCR was 

performed with the 7900HT Real-Time PCR system (Applied Biosystems) using SYBR® 

Green reagents. All analysis was normalized against the cycle threshold number of GAPDH 

or cyclophilin genes, then calculated using the following equation: RCN = 2–ΔCt × 100, 

where ΔCt is the Ct(target) – Ct(reference). The sequences of all the probes are available 

upon request.

Statistical methods

All animal data are presented as SD. For comparison between multiple groups, a one- way 

with post-hoc test, such as Tukey’s or Bonferroni test, was used. A Student’s t-test was used 

for comparison between two groups. Statistical significance was defined at a p-value of less 

than 0.05 (p < 0.05) or greater as designated in figure legends.

Results

Smoke Exposure Increases Lung Tissue Loss in Zinc Deficient Mice

C57BL/6 mice were maintained on either a normal Zn (NZ) or moderately deficient Zn diet 

(MZ) for up to four months. During this time, subgroups (a minimum of six mice in each 

group) were established within the dietary cohorts that were exposed daily to room air or 

cigarette smoke (CS). Mice, regardless of treatment condition, did not exhibit significant 

differences in appearance, activity, or weight gain. Most striking, mice with insufficient Zn 
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intakes had a substantial increase in alveolar tissue loss following prolonged CS exposure 

compared to NZ-smoke-exposed mice (Figure 1A,B). There was no evidence of lung tissue 

loss in either the MZ or NZ dietary cohorts exposed to room air.

As expected, mice exposed to CS had a significant increase in lung Cd content compared 

to mice exposed to room air (Figure 2A). Further, mice that were maintained on the MZ 

diet had a significant increase in lung Cd content compared to CS-exposed mice maintained 

on a normal Zn diet. Corresponding measurement of Zn lung content revealed no major 

differences (Figure 2B). Corresponding assessment of kidney metal content revealed as 

expected (23)significant accumulation of Cd in the kidney in all treatment groups but 

without significant differences, although CS exposed animals did have a moderate further 

elevation (Figure 2C). Zn content was significantly decreased in both MZ exposure groups 

consistent with a achieving a systemic Zn deficient state (Figure 2D).

Evaluation of Inflammation Profiles in the Lung

Having observed a significant increase in alveolar lung tissue loss in Zn restricted, CS-

exposed mice, we examined cytokine, chemokine, cell content and ROS formation in 

bronchoalveolar lavage (BAL) or lung tissue. There were no major differences observed 

across all treatment groups in BAL IL-1β, CXCL1 or protein levels regardless of diet 

or exposure condition (Figure 3A,B,C). Histologic enumeration of BAL cells revealed a 

significant increase in total cell number in both CS exposure groups (Figure 3D) with the 

highest number of inflammatory cells, primarily macrophages and monocytes, in the MZ-CS 

treatment group (Figure 3E). Knowing that Zn has antioxidant-like properties, we also 

measured the abundance of ROS in lung tissue. Insufficient Zn intake combined with CS 

exposure increased free radical formation in lung tissue that was higher than levels observed 

in CS-exposed mice maintained on Zn sufficient diets (Figure 3F).

Evaluation of Cigarette Smoke Exposure in ZIP8 Overexpressing and ZIP8 Knockout Mice

The SLC39A8 gene codes for the zinc transporter protein ZIP8, a cellular importer of 

Zn and Cd (24). We exposed Zip8tg mice that possess three extra copies of Zip8 (25) to 

either room air or CS out to seven months while being maintained on a normal Zn diet. 

Most notably, CS exposed Zip8tg mice exhibited a significant, dose responsive increase 

in lung Cd content out to seven months (Figure 4A) and the extent of Cd accumulation 

was significantly greater in Zip8tg mice compared to WT CS-exposed mice (Figure 4B). 

There were no significant differences in lung Zn content between treatment groups although 

Zip8tg did tend to have higher Zn levels (Figure 4C). Consistent with previous observations, 

a significant increase in alveolar tissue loss was observed in CS-exposed Zip8tg mice 

compared to WT, CS-exposed mice (Figure 4D). Further, Zip8tg mice did exhibit increased 

ROS lung content following CS exposure (Figure 4E), but the extent of ROS formation was 

no different from WT, CS-exposed counterparts (Figure 4E). CS exposure also resulted in 

Cd accumulation in the kidney although the amount of Cd was no different between WT 

and Zip8tg mice; however, we did observe an increase in Cd levels in Zip8tg mice exposed 

to room air compared to room air exposed WT mice (Figure 4F). Knowing that other Cd 

transporters may contribute to lung Cd accumulation, we inspected lung tissue mRNA levels 

for other established transporters following prolonged CS exposure. Only ZIP8 mRNA 
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levels were significantly higher in the lung of Zip8tg mice compared to wild type controls, 

whereas the expression of Nramp2/1 (DMT) and Zip14 were no different between treatment 

groups (Supplemental Figure S1).

Prior attempts to generate a Zip8 knockout mouse model failed due to embryo- lethality. 

Knowing this along with the instrumental role that macrophages play in COPD, we 

developed a myeloid-specific, Zip8 knockout mouse model. Importantly, this line maintains 

a normal phenotype during development and adulthood similar to WT counterparts. Using 

this novel model, we again exposed control WT and Zip8 knockout mice to either 

room air or CS for a four-month period while maintaining normal, Zn sufficient intake. 

Consistent with previous findings, loss of ZIP8 expression, in this case within myeloid-

lineage cells, resulted in significantly more lung tissue destruction when compared to WT, 

CS-exposed counterparts (Figure 5A,B). Further examination of lung tissue revealed that 

myeloid-specific Zip8KO mice had a significant decrease in lung Zn content compared to 

WT counterparts regardless of room air or CS exposure with a similar but insignificant 

trend observed in the kidney (Figure 6A,C). Lung and kidney Cd content did not differ 

significantly between any of the treatment groups (Figure 6B,D). Zip8 KO mice that were 

exposed to CS exhibited a significant increase in the total number of BAL cell counts and 

neutrophils (Figure 7A,B) and with a corresponding significant increase in the neutrophil 

chemoattractant IL-23, when compared to WT counterparts (Figure 7C).

Discussion and Conclusion

Higher Zn intake reduces Cd burden in smokers(26). Analysis of the NHANES III database 

revealed that adult smokers with low dietary Zn intakes have a higher Cd burden and 

increased risk of developing COPD(12). Cross-sectional analysis of human data prohibits 

the establishment of a cause-and-effect relationship between Zn and Cd. Accordingly, for the 

first time, we evaluated three distinct animal models whereby Zn intake was restricted or Zn 

transport was modified during chronic CS exposure. Consistent with human studies, mice 

maintained on insufficient Zn intakes exhibited a substantial increase in alveolar tissue loss. 

Further, a lack of Zn intake was associated with higher Cd and ROS lung burden despite 

the capacity of mice to maintain normal serum Zn levels (not shown), also consistent with 

human findings.

Our findings generated in animals maintained on suboptimal Zn intakes raises the question 

whether Zn supplementation would be of benefit to prevent irreversible lung damage. 

Pulmonary rehabilitation, a cornerstone of COPD care, includes nutrition counseling(27). 

Malnourishment is a common problem in individuals with COPD and accelerates pulmonary 

dysfunction (28). A meta-analysis of randomized controlled trials demonstrated a positive 

role for oral nutritional supplementation in malnourished COPD subjects but also recognized 

multiple study limitations (16). Further, Zn deficiency often occurs in tandem with other 

nutrient deficiencies making it difficult to determine whether one or a combination of 

nutrients would be required to counter the detrimental impact of prolonged tobacco smoke 

exposure. Additional investigation will be required in experimental models to first determine 

whether preventive supplementation is beneficial in the setting of moderately deprived Zn 

intake.
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Cd is a “top ten” environmental toxicant. Each cigarette contains approximately 1 to 2 

micrograms of Cd that is transferred to the lung following CS inhalation (29). Smokers 

carry Cd burdens that are up to three times higher than nonsmokers. Relative to the greater 

than 7000 components found in cigarette smoke, Cd is distinct with a biologic (29) half-life 

in humans of 15 to 20 years (7, 8). Occupational exposure to high Cd concentrations 

can accelerate emphysema (30) and epidemiologic evidence has shown a significant 

association between urinary cadmium levels and air-flow obstruction among current and 

former smokers(31). Cadmium causes direct damage to lung cells affecting DNA repair 

and cellular membrane integrity (32), increases oxidant stress, alters inflammatory pathways 

(33, 34), and damages parenchymal cells (24). We predict that Cd uptake and COPD 

susceptibility are inextricably linked through Zn-related trafficking pathways that contribute 

to the development of lung disease. Accordingly, a more precise understanding of toxicity 

relative to Cd exposure and alteration of Zn intake and transport may help guide risk 

assessment and prevention strategies particularly in higher risk, undernourished populations 

and genetically predisposed individuals. In particular, we observed that overexpression of 

ZIP8 resulted in a net increase in lung Cd content and more tissue loss whereas loss of 

ZIP8 expression caused a Zn deficit in the lung that was also associated with more alveolar 

destruction. Taken together, we believe these findings suggest that perturbations in Zn as 

well as Cd transport into cells within the lung as a consequence of genetic polymorphic 

variation may also warrant further investigation as a potential risk factor for the development 

of COPD in chronic smokers in addition to dietary Zn intake. We also recognize that a 

limitation of our approach is that it does not allow for valid comparison of tissue Cd and Zn 

content since the three models are all distinct from one another.

Oxidative stress induced by the formation of ROS following CS exposure plays a central 

role in the pathophysiology of COPD(35, 36). Given the known antioxidant properties 

of Zn, we examined lung tissue of Zn deficient mice for ROS formation. We observed 

that CS-exposed mice maintained on normal diets had increased ROS species compared 

to room air-exposed mice. Most striking, ROS formation in the lung increased as a result 

of prolonged insufficient Zn intake. Increased ROS formation occurred in tandem with 

a moderate increase in Cd accumulation, a known oxidant- inducing agent. Somewhat 

surprising, we did not observe a further increase in ROS formation in the lung of mice that 

overexpressed ZIP8 despite a significant increase in Cd accumulation with increased lung 

tissue loss. Taken together, we believe that ROS formation contributed to permanent lung 

damage in both models; however, the relative impact of ROS formation may have been more 

dominant as a consequence of restricted Zn intake when compared to ZIP8 overexpression.

ZIP8 is one of if not the only known transporters with competitive and high affinity for both 

Zn and Cd uptake. Our group was the first to demonstrate that ZIP8 is abundantly expressed 

in the lung of smokers and specifically localizes to the apical membrane of polarized lung 

epithelia in an optimal location for Cd uptake following smoke exposure (24). Most striking, 

Zip8tg mice exposed to CS had more Cd accumulation in the lung with a corresponding 

increase in alveolar tissue loss. Further, Cd accumulation was most prevalent in CS-exposed 

lungs of Zip8tg mice. As anticipated, Cd accumulated to a higher extent in the kidney of all 

treatment groups including air exposed groups but at higher levels in CS exposed groups. 

Importantly, changes occurred despite maintaining mice on a normal zinc diet, although 
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a longer duration of CS exposure (7 months) was required to reveal alveolar tissue loss. 

Somewhat surprising, we observed that abolition of ZIP8 in myeloid cells, including lung 

tissue macrophages, resulted in loss of alveolar tissue, but also increased the extent of 

neutrophil accumulation in the airway. Collectively, these findings demonstrate that Cd and 

Zn are likely at dynamic interplay in the lung of smokers and compete for uptake in lung 

tissue, in part through cellular uptake via ZIP8. An important difference is that Zn has 

designated transporters that export Zn whereas Cd-specific exporters, if any exist, remain 

to be identified(11). The incapacity of mammals to remove intracellular Cd undoubtedly 

accounts for its atypically long half-life. This may also explain in part why former smokers 

continue to exhibit lung inflammation and respiratory dysfunction years after smoking 

cessation(37). What remains unresolved is how changes in ZIP8 expression in the lung as 

a result of overexpression or selective knockout cause alveolar tissue loss in response to 

chronic CS exposure. Future studies will be required to decipher what will likely be multiple 

mechanisms by which imbalance in Zn homeostasis in the setting of Cd exposure induce 

cellular changes that alter the host response in tissue function, ROS formation, chemokine 

formation and inflammation.

Given the high abundance of Cd in CS, we propose that both dietary Zn intake and 

genetic variation in proteins that regulate Zn homeostasis are important factors in COPD 

pathogenesis. While the majority of inter-individual variation in susceptibility to CS-induced 

lung damage cannot yet be attributed to known factors, we believe that findings from 

this investigation provide novel information that help us understand why certain smokers 

are more vulnerable to COPD. This is important not only for understanding disease 

pathogenesis, but may also guide more intensive micronutrient-based interventions that 

maximize risk-reduction strategies in addition to smoking cessation.
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Figure 1. 
(A) The average chord length measured across alveolar tissue obtained from adult mice that 

were maintained on a normal zinc containing (NZ) or moderately restricted zinc containing 

(MZ) diet was compared. Groups of mice on these diets were either exposed to room air or 

cigarette smoke (CS) for a period of four months. Data are representative of two independent 

experiments. (B) Representative photomicrographs of H&E stained lung sections obtained 

from each treatment group. Suboptimal zinc intake over a period of 4 months increased 

alveolar lung tissue loss in mice exposed to cigarette smoke. (Data shown are representative 

from two separate experiments with a minimum of six animals per treatment group. Bar 

graphs depict SD with error bars. Significance values for indicated comparisons by one-way 

ANOVA and Tukey’s post test; * designates p < 0.05).
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Figure 2. 
(A) Cadmium (Cd) and (B) zinc (Zn) content were measured in the lungs obtained from 

adult mice that were maintained on a normal zinc containing (NZ) or moderately restricted 

zinc containing (MZ) diet. Groups of mice on these diets were either exposed to control 

room air or cigarette smoke (CS) for a period of four months. CS exposure resulted 

in increased Cd content in the lung which was further significantly increased in mice 

maintained on a moderately restricted zinc diet (A). Lung zinc content was not significantly 

different between groups (B); however, zinc content in the kidney was significantly reduced 

in the MZ dietary group compared to mice maintained on a normal zinc (NZ) containing 

diet (D). (Data are a combination of two independent experiments, each with a minimum of 

six mice per treatment grouop. Bar graphs depict SD with error bars. Significance values for 

indicated comparisons by one-way ANOVA and Tukey’s post test; * p < 0.05, ** p < 0.01, 

*** p < 0.001).
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Figure 3. 
Inspection of BAL samples revealed no difference in (A) cytokine (IL-1β) (B) chemokine 

(CXCL1), or (C) protein content. In contrast, smoke exposure (CS) resulted in increased 

number of cells present in BAL fluid (D) and when inflammatory cell types were 

enumerated, revealed the largest increase in MZ mice exposed to CS (E) although this 

did not achieve statistical significant between the NZ and MZ CS-exposed treatment groups. 

CS exposure also increased the amount of free radicals in lung tissue compared to room 

air exposed mice and prolonged insufficient Zn intake resulted in significantly more free 
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radical formation (F) (Data shown are representative from two separate experiments with 

a minimum of six animals per treatment group. Bar graphs depict SD with error bars. 

Significance values for indicated comparisons by one-way ANOVA and Tukey’s post test; * 

designates p < 0.05).
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Figure 4. 
Transgenic ZIP8 overexpressing (Zip8tg) mice were exposed to CS daily for a period of 7 

months. A time dependent increase in lung Cd content occurred over 7 months (A). Lung 

Cd deposition was significantly increased in Zip8tg compared to WT mice at 7 months 

(B), with no difference in lung Zn between the two groups (C). Alveolar loss at 7 months 

was increased in Zip8tg mice compared to WT, CS-exposed counterparts (D). (B) Both WT 

and Zip8tg animals exhibited increased lung ROS content and increased kidney Cd content 

(F). (Data shown are representative from two separate experiments with a minimum of six 
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animals per treatment group. Bar graphs depict SD with error bars. Significance values for 

indicated comparisons by one-way ANOVA and Tukey’s post test; * designates p < 0.05, ** 

p < 0.01, *** p < 0.001).
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Figure 5. 
(A) Comparison of average chord length measured across alveolar tissue obtained from 

Zip8KO mice or corresponding WT littermate controls. Groups of mice were either exposed 

to control room air or cigarette smoke (CS) for a period of four months. Data are 

representative of two independent experiments with a minimum of six mice per treatment 

group. (B) Representative photomicrographs of H&E stained lung sections obtained from 

each treatment group. Ablation of ZIP8 expression resulted in increased alveolar tissue loss 

following 4 months of CS exposure over 4 months when compared to WT, CS-exposed 

mice. (Data shown are a combination from two separate experiments with a minimum of 

twelve animals per treatment group. Bar graphs depict SD with error bars. Significance 

values for indicated comparisons by one-way ANOVA and Tukey’s post test; * designates p 

< 0.05).
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Figure 6. 
Zinc (Zn) and cadmium (Cd) content in the lung and kidney of WT and Zip8KO adult 

mice exposed to cigarette smoke (CS) for four months. Lung Zn content was decreased 

in Zip8KO mice in all treatment conditions and significantly lower than WT mice (A). A 

similar trend was observed in kidney tissue (C), but did not achieve statistical significance. 

No significant differences in lung or kidney Cd content were observed between groups 

(B,D). (Data shown are a combination from two separate experiments with a minimum of 

twelve animals per treatment group. Bar graphs depict SD with error bars. Significance 

values for indicated comparisons by one-way ANOVA and Tukey’s post test; * designates p 

< 0.05; ** p < 0.01).
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Figure 7. 
Inspection of BAL samples revealed a significant increase in total BAL cell counts CS-

exposed Zip8KO mice compared to CS-exposed WT mice (A), corresponding with an 

significant increase in neutrophils (B). Analysis of BAL fluid also revealed a significant in 

increase in IL-23 in CS-exposed Zip8KO mice compared to CS- exposed WT mice. (Data 

shown are a combination from two separate experiments with a minimum of twelve animals 

per treatment group. Bar graphs depict SD with error bars. Significance values for indicated 

comparisons by one-way ANOVA and Tukey’s post test; * designates p < 0.05).
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