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Abstract

Background—Meta-analysis studies showed that smokers have increased risk for developing 

Alzheimer’s disease (AD) compared with non-smokers, and neuroimaging studies revealed that 

smoking damages white matter structural integrity.
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Objective—The present study characterizes the effects of side-stream (second hand) cigarette 

smoke (CS) exposures on the expression of genes that regulate oligodendrocyte myelin-synthesis, 

maturation, and maintenance and neuroglial functions.

Methods—Adult male A/J mice were exposed to air (8 weeks; A8), CS (4 or 8 weeks; CS4, 

CS8), or CS8 followed by 2 weeks recovery (CS8 + R). The frontal lobes were used for histology 

and qRT-PCR analysis.

Results—Luxol fast blue, Hematoxylin and Eosin stained histological sections revealed CS-

associated reductions in myelin staining intensity and narrowing of the corpus callosum. CS 

exposures broadly decreased mRNA levels of immature and mature oligodendrocyte myelin-

associated, neuroglial, and oligodendrocyte-related transcription factors. These effects were more 

prominent in the CS8 compared with CS4 group, suggesting that molecular abnormalities linked to 

white matter atrophy and myelin loss worsen with duration of CS exposure. Recovery normalized 

or upregulated less than 25% of the suppressed genes; in most cases, inhibition of gene expression 

was either sustained or exacerbated.

Conclusion—CS exposures broadly inhibit expression of genes needed for myelin synthesis and 

maintenance. These adverse effects often were not reversed by short-term CS withdrawal. The 

results support the hypothesis that smoking contributes to white matter degeneration, and therefore 

could be a key risk factor for a number of neurodegenerative diseases, including AD.

Keywords

Alzheimer’s disease; cigarette smoke; mouse model; myelin genes; neurodegeneration; tobacco; 
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INTRODUCTION

Alzheimer’s disease (AD) is largely sporadic in occurrence, indicating that factors other than 

genetics can strongly influence its onset and progression. Therefore, in order to stymie the 

AD epidemic, efforts should be placed on identifying modifiable or preventable pathogenic 

co-factors associated with environmental and lifestyle exposures. Growing evidence 

supports the concept that AD is largely a brain metabolic disorder with molecular and 

biochemical features that are shared with diabetes mellitus and other insulin resistance 

diseases [1–4]. Furthermore, epidemiological studies revealed that obesity, diabetes, non-

alcoholic fatty liver disease, and other insulin resistance disease states significantly increase 

rates of cognitive impairment [5–9]. These phenomena could reflect consequences of 

multiorgan targeting by a single disease mechanism, similar to the effects of chronic arterial 

hypertension or diabetes mellitus. Although chronic high calorie and fat intake are regarded 

as major culprits in the obesity epidemic, the non-linear nature of the correlation suggests 

other factors are likely involved.

Over the past several years, we have attended to the role of low-dose nitrosamine exposures 

as causal or contributory pathogenic agents of insulin resistance diseases, including 

neurodegeneration [10–17]. This concept was inspired by the finding that intracerebral 

administration of streptozotocin causes neurodegeneration with cognitive impairment, brain 

insulin/insulin-like growth factor (IGF) resistance, neuroinflammation, and dysregulated 

Yu et al. Page 2

J Alzheimers Dis. Author manuscript; available in PMC 2017 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



metabolism [18–24] as occur in AD [4,25–28], yet when delivered systemically, 

streptozotocin causes diabetes mellitus [29, 30] and steatohepatitis [31, 32]. These concepts 

were finally interconnected by the realization that streptozotocin is a nitrosamine [29] that 

exerts genotoxic effects [33].

Subsequent studies were constructed to determine if other nitrosamines to which humans are 

commonly exposed produce toxic, degenerative, and insulin resistance effects like 

streptozotocin. Experiments employing N-nitrosodiethylamine (NDEA) [11, 13, 14], and 

later, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone(NNK) [12,15–17] demonstrated that 

limited sub-mutagenic exposures to other nitrosamines also cause insulin resistance disease 

states. The experimental animals developed type 2 diabetes, steatohepatitis, and cognitive 

impairment with neurodegeneration. In humans, NDEA exposures occur via agricultural use 

of nitrate-containing fertilizers and consumption of nitrate- and nitrite-containing processed, 

preserved, or cured foods, especially meats [5, 34]. NNK and its metabolites are the most 

abundant and toxic nitrosamines in tobacco smoke [35–38].

The next step was to extend this line of investigation using environmentally relevant 

complex toxins that contain the agents of interest. In this regard, we sought to determine if 

tobacco smoke can cause white matter (WM) degeneration with structural and molecular 

abnormalities similar to those occurring after NNK exposures [12,17]. In support of this 

concept, chronic cigarette smoking was previously linked to cognitive impairment [39–41] 

and brain atrophy (neuroimaging) [42–51] affecting WM [41,49, 52]. Furthermore, meta-

analyses have shown that smoking is associated with atrophy of brain regions targeted by 

AD [53], and that individuals with AD have higher rates of cigarette smoking than controls 

[54]. The present study focuses on the mechanisms of cigarette smoke (CS) induced WM 

degeneration. The rationale for this approach is supplied by the aforementioned human 

studies, together with the growing evidence that WM degeneration is an early and integral 

component of AD [55–61] and other neurodegenerative diseases [41, 62–66]. Herein, we 

characterize the effects of CS exposures and short-term withdrawal on the expression of 

immature and mature myelin-associated genes, neuroglial genes needed for axonal 

maintenance, plasticity and repair, and transcription factors that regulate neuroglial 

functions.

MATERIALS AND METHODS

Experimental model

These studies utilized an A/J mouse model similar to the one developed in 2002 [67]. The 

A/J strain was used because of their high susceptibility to lung defects after tobacco smoke 

exposure [68]. Furthermore, the A/J model replicates the human experience in that following 

chronic (5 months) tobacco smoke exposure, plasma cotinine levels are comparable to those 

in active human smokers, and the mice develop emphysema and lung tumors [67,69]. 

However, the relatively short-term exposures that we employed herein do not produce these 

end-point diseases [69–71]. Adult (8 weeks old) A/J male mice (N= 5–6/group) were 

exposed to cigarette smoke (CS) or air as follows: 1) 8 weeks of room air only (A8); 2) 4 

weeks CS (CS4); 3) CS8; 4) CS8 followed by 2 weeks recovery (CS8 + R) [70, 71]. CS was 

generated from research grade Kentucky 3R4F cigarettes (Tobacco Research Institute, 
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University of Kentucky, Lexington, KY) using an industry standard Teague Enterprises, 

TE-10 Smoking Machine (Davis, CA). The cigarettes contained 11 mg of total particulate 

matter (TPM) and 0.73 mg of nicotine. Side-stream and mainstream smoke were mixed in a 

ratio of 89% to 11%, which is similar to environmental tobacco smoke exposures. Six 

cigarettes were puffed simultaneously, one time per minute for 9 puffs. The cigarettes were 

burned for 6 hours/day, 5 days/week and for 4 or 8 weeks duration. Mice were adapted to CS 

by ramping up concentration and exposure period in the first week. The chamber atmosphere 

was monitored for total suspended particles. The smoke exposure system involved burning 

of cigarettes in one location, and then delivering the smoke to exposure chambers that 

housed the mice. In the vicinity where cigarettes were burned, the CO levels reached 24 

ppm, which is well above natural air (less than 0.5 ppm) but comparable to the amounts 

present in tobacco smoke exhaled by humans (25–30 ppm) [72]. The atmosphere within the 

mouse CS exposure chambers had 21% oxygen and approximately 3 ppm of CO. Before 

use, the cigarettes were kept for 48 h in a standardized atmosphere humidified with 70% 

glycerol-30% water. Throughout the experiment, mice were housed under humane 

conditions and kept on a 12-h light/dark cycle with free access to food. All experiments were 

performed in accordance with protocols approved by the University of Southern California’s 

Institutional Animal Care and Use Committee, and conformed to guidelines established by 

the National Institutes of Health.

Brain collection and processing

Freshly harvested brains were snap-frozen and stored at −80°C. After thawing, anterior 

frontal lobe WM was homogenized and processed for molecular assays. An adjacent slice 

was immersion fixed in ice cold 4% neutral buffered paraformaldehyde containing 30% 

sucrose for cryoprotection. The fixed brain tissues were embedded in paraffin. Histological 

sections (8 µm thick) were stained with Luxol fast blue, Hematoxylin and eosin (LHE) and 

examined by light microscopy.

Targeted glial gene arrays

Targeted quantitative reverse transcriptase polymerase chain reaction (RT-PCR) 

amplification arrays were used to measure 28 mRNA transcripts corresponding to genes 

involved in glial and neuronal growth, maturation, and function (see Supplementary Table 1 

for gene functions). The objective was to evaluate CS exposure effects on genes that are 

relevant to central nervous system (CNS) myelin and WM rather than the entire database of 

genes. PCR primer pairs were designed with Primer 3 (http://www.ncbi.nm.gov/tools/

primer-blast/) software (Supplementary Table 2).Targeted arrays were constructed by 

spotting and drying primer pairs (100 nmol/5 µl) into individual wells of a Lightcycler 480 

Multi-well Plate 96 (Roche. Indianapolis. IN). The arrays were sealed and stored at −80°C. 

On the day of use, the array plates were thawed on ice and 20 µl of reaction cocktail 

containing cDNA from 5 µg RNA template and Sybr green master mix were added to each 

well. PCR reactions were performed in a Roche Lightcycler 480 System. Gene expression 

was analyzed using the ΔΔCt method with results normalized to control genes 

(Hypoxanthine-guanine phosphoribosyltransferase. HPRT; and Ribonuclear protein. RNP) 

as per the SA Biosciences protocol (Qiagen. Valencia. CA). In addition, we used heatmaps 

to visualize clustered or patterned results.
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Statistics

Inter-group comparisons were made using one-way analysis of variance (ANOVA) with 

Tukey post hoc test (GraphPad Prism 6, San Diego. CA). F-ratios and p-values are tabulated 

(Table 1). Significant post-test differences (p < 0.05) and trends (0.05 < p < 0.10) are shown 

in the graphs. Heatmaps were constructed using Version 3.2 of R software [73, 74]. 

Exploratory data analysis verified the quality of observed data. The data were imported into 

R as a comma delimited values table, excluding the control genes (Actin and HPRT). Several 

transformations were applied to the row values. To scale the data, row means were 

subtracted from each cell. The resulting values were further divided by the standard 

deviation in order to obtain a z-score of each individual cell yielding row values with a mean 

of 0 and S.D. of 1. The resulting values were plotted using a cosmetically modified version 

of a latent R heatmap function using a 6-color palette. We also applied hierarchical 

clustering algorithm using Euclidean distance function on the overall table to display a 

dendrogram of mRNAs.

RESULTS

CS-induced white matter abnormalities

Formalin-fixed, paraffin-embedded LHE stained sections of brain revealed CS exposure 

associated reductions in myelin staining intensity and thickness of the anterior corpus 

callosum relative to A8 control samples (Fig. 1). Short-term recovery from the CS exposures 

did not result in any detectable reversal of the WM atrophy and myelin pallor. CS-associated 

myelin pallor could have been due to demyelination, impaired myelin maintenance, and/or 

loss of myelinated fibers. Further molecular studies helped clarify the status of 

oligodendrocyte-associated myelin gene expression and function.

Adverse effects of CS exposures on immature and mature oligodendroglial gene 
expression

As markers of immature oligodendroglia, we measured nestin, vimentin, 2′,3′-Cyclic 

Nucleotide 3′ Phosphodiesterase (CNP), platelet-derived growth factor receptor-alpha 

(PDGFR-α), galactocerebroside (Gal-C), and Prominin 1 (PROM1). For mature myelinating 

oligodendroglia, we measured mRNA levels of proteolipid protein 1 (PLP-1), myelin 

oligodendrocyte glycoprotein 1 (MOG-1), myelin-associated glycoprotein 1 (MAG-1), 

myelin basic protein (MBP), Reticulon 4 (RTN4), RPA interacting protein (RPAIN), and 

ST8 alpha-N-acetylneuraminidealpha-2,8-sialytransferase 1 (ST8SIA1). One-way repeated 

measures ANOVA tests demonstrated significant CS exposure effects on most of the 

immature (CNP, GAL-C, nestin, and PDGFR-α) and mature (MAG-1, MBP, PLP, RPAIN, 

RTN4, and ST8SIA1) oligodendroglial genes, and a trend effect (0.05 < p < 0.10) on MOG 

(Table 1).

The graphed results and post-hoc tests demonstrated significant reductions in nestin (Fig. 

2A) and CNP (Fig. 2C) expression in CS8 and CS8 + R relative to A8 and CS4, and 

significant reductions in PDGFR-α expression in CS8 + R relative to A8, CS4, and CS8 

(Fig. 2D). A statistical trend was detected for increased levels of PROM1 mRNA in CS8 + R 

relative to CS4 and CS8 (Fig. 2F). Gal-C elevation in CS4 caused the difference from CS8 to 
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be statistically significant (Fig. 2E). In contrast, vimentin expression was not significantly 

modulated by CS exposure (Fig. 2B). Overall, the main inhibitory effects on immature 

oligodendroglial genes occurred in the CS8 and CS8 + R groups.

Among the mature oligodendroglial genes, only PLP-1 was upregulated in CS8 + R relative 

to A8, CS4, and CS8, which had similar mRNA levels (Fig. 3A). With respect to RTN4, CS8 

+ R had precisely the opposite effect, manifested by selective inhibition of gene expression 

relative to A8, CS4, and CS8 (Fig. 3E). MAG-1 (Fig. 3C) and ST8S1a-1 (Fig. 3G) mRNA 

levels were unaffected by CS4, but significantly and similarly reduced by CS8 and CS8 + R. 

The expression levels of both MOG-1 (Fig. 3B) and RPAIN (Fig. 3F) declined progressively 

from A8 to CS4, then CS8, and finally CS8 + R. MBP was the only gene whose expression 

was significantly reduced in all CS groups relative to control (Fig. 3D).

CS exposures alter neural-glial gene expression

The analyses were extended to examine effects of CS exposures and withdrawal on selected 

neuronal and astrocytic genes. To do this, we measured mRNA levels of Chondroitin Sulfate 

Proteoglycan 4 (CSPG4), GEAP, Glycerol-3-phosphate dehydrogenases 1 and 2 (GPD1, 

GPD2), Glutathione S-Transferase Pi-1 (GSTP1), neural cell adhesion molecule (NCAM), 

and neurotrophic tyrosine kinase receptor, Type 2 (NTRK2). One-way ANOVA tests 

demonstrated significant CS exposures effects on GFAP, GSTP1, NCAM, and NTRK2, 

trend effects on CSPG4 and GPD1, and no effect on GPD2 (Table 1). The combined modest 

stimulatory effect of CS4 and inhibitory effect of CS8 + R on CSPG4 rendered those 

differences statistically significant (Fig. 4A). GEAP was the only other mRNA that was 

upregulated by CS4, resulting in higher levels of expression relative to A8, CS8, and CS8 + 

R (Fig. 4B). The expression levels of NCAM (Fig. 4 C), GPD1 (Fig. 4E), and GSTP1 (Fig. 4 

G) gradually declined from A8 to CS4, then CS8, such that the differences between A8 and 

CS8 were statistically significant. CS8 + R exposures had widely disparate effects, 

normalizing NCAM, not affecting GPD1, and further inhibiting GSTP1. CS8-mediated 

inhibition of GPD2 expression was abrogated by CS withdrawal, normalizing the mRNA 

levels and resulting in significantly higher expression in CS8 + R relative to CS8 (Fig. 4F). 

Finally, NRTK2 expression was similar in the A8, CS4 and CS8 groups, and selectively 

reduced by CS8 + R(Fig.4D).

CS exposures alter glial transcription factor gene expression

We measured frontal lobe mRNA levels of Fork-head Box 01 (FOXO1), FOXO4, 

oligodendrocyte transcription factor 1 (Olig1), Olig2, NK2 Homeoboxes 2 and 6 (NKX2-2, 

NKX6), Paired box 6 (PAX6), and Sex determining region Y-Box 9 (SOX9). One-way 

ANOVA tests demonstrated significant CS effects on all but FOXO1. NKX2-2, and SOX9 

(Table 1). Post-hoc Tukey tests revealed that CS8 and CS8 + R significantly reduced 

expression of FOXO4 (Fig. 5B), Olig1 (Fig. 5C), Olig2 (Fig. 5D), and NKX6-1 (Fig. 5F) 

relative to A8 or CS4. Although the CS4-associated increases in Olig2, NKX2-2, and 

NKX6-1 expression were modest and not statistically significant relative to control, the 

differences between CS8/CS8 + R and CS4 were more pronounced than the differences 

relative to A8. This phenomenon was particularly evident in regard to NKX2-2 (Fig. 5E). 

PAX6 expression gradually declined from A8 to CS4 to CS8, but short-term CS withdrawal 
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completely reversed this trend, increasing the expression levels above control (Fig. 5G). 

There were no significant CS effects on FOXO1 (Fig. 5A) or SOX9 (Fig. 5 H) expression.

Heatmaps depict differential CS dose/duration and withdrawal effects on gene expression 
levels

Heatmaps with hierarchical clustering helped to illustrate overall effects of CS exposures on 

frontal lobe expression of immature and mature oligodendroglial, neuroglial, and 

transcription factor genes (Fig. 6). The overall heatmap that included all genes evaluated 

identified three main hierarchical clusters (CNP to GSTP1; NKX6 to MAG-1; and MBP to 

NRTK2) that all had similar trends. In those clusters, the highest levels of gene expression 

occurred in the A8 or CS4 groups, and consistently lower levels marked CS8 or CS8 + R 

exposures. Furthermore, gene expression was generally higher in A8 than CS4. and in CS8 

than CS8 + R. This suggests that the inhibitory effects of CS increase with longer durations 

of CS exposure and/or the interval from initialing CS exposures. The uppermost cluster (IV; 

from PROM to NCAM) was associated with intermediate levels of gene expression in A8 

controls, reduced expression in the CS4 and/or CS8 groups, and either normalized or above-

normal levels of gene expression in the CS8 + R group. The fifth and lowermost cluster 

(from CSPG4 to SOX9) showed CS4-associated increases in gene expression, variable 

effects of CS8 including normalization, suppression, or further enhancement of gene 

expression, and mainly suppressed gene expression in the CS8 + R group.

We generated data subset heatmaps to better appreciate the effects of CS on immature 

(Supplementary Fig. 1A) and mature oligodendroglial (Supplementary Fig. 1B) genes, 

neuroglial markers (Supplementary Fig. 1C). and transcription factors (Supplementary Fig. 

1D). Among the immature oligodendroglial genes (Supplementary Fig. 1A). roughly three 

clustered effects of CS and CS+R were evident. The uppermost row (PROM) and the lowest 

two rows (GAL-C and Vimentin) had nearly reciprocal trends in that for PROM, gene 

expression was intermediate for controls, sharply reduced by CS4 and CS8. and highest in 

the CS8 + R, reflecting a reversal and overcorrection of CS suppression. In contrast, for 

GAL-C and Vimentin. gene expression was relatively low in controls, upregulated by CS4. 

either inhibited (GAL-C) or further stimulated (Vimentin). and downregulaled (normalized 

or over-corrected) by CS8 + R. The middle cluster corresponding to Nestin, CNP, and 

PDGFR-α was clearest in that A8 and CS4 had high levels of gene expression, while CS8 

and CS8 + R exposures sharply reduced gene expression. Therefore, except for PROM and 

Vimentin. CS8 and CS8 + R exposures broadly reduced expression of immature 

oligodendroglial gene, whereas CS4 exposure responses were more varied.

The dominant clustered effect of all CS exposures on mature oligodendroglial genes was 

suppression of MBP, RPA1N, and MOG whereby gene expression was reduced to similar or 

greater degrees in CS8 compared with CS4, and in CS8 + R compared with CS8 

(Supplementary Fig. 1B). The second cluster was associated with CS8 and CS8 + R 

mediated suppression of ST8 and MAG relative to A8 and CS4. Apart from the CS4-

associated stimulation, RTN4 also clustered with MBP, RPAIN, and MOG, and profiles. The 

effects of CS exposures and recovery were reciprocal for PLP and RTN4. For PLP, CS4 

inhibited while CS8 + R sharply stimulated gene expression relative to control, whereas for 
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RTN4, CS4 stimulated while CS8 + R decisively inhibited gene expression. In essence, the 

overall trends with respect to mature oligodendroglial genes were that CS exposures reduced 

gene expression, and that longer durations of CS exposure (CS8) or interval from initiating 

the CS exposures (CS8 + R) had greater inhibitory effects than CS4 (Supplementary Fig. 

1B). PLP was the exception in that CS8 + R exposures strikingly upregulated its expression.

The neuroglial heatmap had revealed complex trends and clustering of gene responses to CS 

exposures (Supplementary Fig. 1 C). The CSPG4/GFAP cluster was characterized by 

pronounced CS4 stimulation. and CS8 and CS8 + R inhibition of gene expression relative to 

control. The GSTP1/GPD1 cluster was associated with progressive reductions in gene 

expression from A8 to CS4 and then CS8. with no further reductions associated with CS8 + 

R. CS effects on NRTK2 were distinct from the other clusters. Finally. GPD2 and NCAM 

were clustered by the marked CS8-mediated reductions in gene expression, together with 

CS8 + R-mediated upregulation with normalization or over-correction of gene expression 

relative to control. Therefore, for the most part, CS exposures (especially CS8 and CS8 + R) 

inhibited neuroglial gene expression, and in just 2 of the 7 genes, the suppressive effects 

were abrogated by short-term CS withdrawal.

The transcription factor heatmap had three main hierarchical clusters (Supplementary Fig. 

1D). The uppermost cluster, including FOXO1 and PAX6, exhibited roughly reciprocal CS 

responses compared with the lowermost cluster, including NKX2 and SOX9. CS4 and CS8 

mainly suppressed FOXO1 and PAX6 which CS8 + R sharply upregulated these genes 

relative to control. In contrast, CS4 and CS8 mainly stimulated NKX2 and SOX9, which 

CS8 + R sharply reduced their expressions. The middle hierarchical cluster showed higher 

levels of NKX6, OLIG1, OLIG2, and FOXO4 in A8 and CS4 brains with some stimulatory 

effects of CS4 (NKX6 and OLIG2), and consistently lower levels of gene expression in the 

CS8 and CS8 + R groups. Therefore, as was the case for immature and mature 

oligodendroglial and neuroglial genes, with limited exceptions, CS exposures broadly 

inhibited expression of transcription factor genes, and a brief period of CS withdrawal 

mainly either further reduced or failed to abrogate the inhibitory effects of CS8.

DISCUSSION

Nitrosamines and tobacco toxins as mediators of insulin/IGF-1 resistance diseases

Tobacco smoke contains hundreds of toxins, including volatile, non-volatile, and tobacco-

specific nitrosamines. Although the main focus of our research is to study the role of 

tobacco-specific nitrosamine-mediated WM degeneration, comparing direct (NNK) with 

indirect (CS) effects, carbon monoxide (CO) also has the potential to cause WM injury [75]. 

Fortunately, the experimental design was such that the maximum CO level reached within 

the chambers that housed the mice was approximately 3 ppm, which is comparable to human 

cigarette smoking exposures. CO levels in natural air are less than 0.5 ppm, whereas the 

amount exhaled by regular tobacco smokers is on the order of 25 or 30 ppm [72]. 

Environmentally tolerable CO levels can be as high as 70 ppm. CNS toxicity occurs at 150 

or 200 ppm of CO [76]. CO neurotoxicity is manifested by delirium, loss of consciousness, 

or death due to hypoxic-ischemic encephalopathy leading to progressive WM degeneration 
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and death of iron-rich neurons in the globus pallidus and substantia nigra [75]. Under the 

experimental conditions employed herein, the risk of CO neurotoxicity was nil.

The most potent and abundant tobacco-specific nitrosamines in CS are NNK and NNN [38, 

77, 78]. A single cigarette has between 1 µg and 9 µg of tobacco-specific nitrosamines and 

up to 8 µg of other classes of nitrosamines, and it releases up to 2 µg of nitrosamine products 

into the air [79]. Therefore, nitrosamine exposures via first- and second-hand smoke are 

significant. However, the study design did not include measurement of tobacco nitrosamine 

levels in the chamber. Although the vast majority of research on nitrosamine-induced 

diseases is focused on carcinogenesis, our research has led to the concept that low-level 

nitrosamine exposures also threaten health by causing progressive degenerative diseases 

linked to impairments in insulin/IGF signaling through cell survival and metabolic 

pathways, dysregulated lipid metabolism, tissue injury, inflammation, and oxidative and 

nitrosative stress [11, 14, 80]. In this regard, we have already shown that low-level NNK or 

NDEA exposures cause steatohepatitis and neurodegeneration, and that those effects can be 

exacerbated by co-exposures to alcohol or high fat diets, which themselves cause 

insulin/IGF resistance, cellular stress, and inflammation [12, 14, 16]. Our recent studies 

demonstrated significant WM degeneration with inhibition of insulin and IGF-1 signaling 

and expression of oligodendroglial/myelin-associated genes, and striking alterations in 

phospholipid and sphingolipid profiles in brains of NNK-exposed rats [12, 15, 17]. 

Regarding the present study, many WM abnormalities produced by NNK also occurred 

following CS exposure, supporting the hypothesis that nitrosamines, including those present 

in CS, can mediate WM degeneration.

The present study circles back to the main clinical and epidemiological concerns regarding 

effects of CS exposures on the brain. We directed our attention to WM because: 1) WM 

atrophy is an early and consistent feature of AD as well as other neurodegenerative diseases; 

2) WM atrophy is linked to cognitive impairment; 3) oligodendrocyte survival and function 

are regulated by insulin and IGF signaling; 4) smoking is a risk factor for AD; 5) AD is 

associated with many abnormalities in myelin-associated lipids and gene expression; and 6) 

experimental exposures to various nitrosamines, including NNK, impair oligodendroglial 

gene expression and function.

CS-associated white matter pathology

Histopathological studies demonstrated that CS exposures caused WM atrophy and pallor of 

myelin staining. The latter reflects loss of myelin due to demyelination or impaired myelin 

maintenance and maturation. These effects of CS are reminiscent of AD-associated WM 

pathology which ranges from pallor of myelin staining to leukoaraiosis with attrition of 

myelinated axons, as was first reported by Brun and England [55, 56, 81, 82], and later 

shown to be present at early, pre-clinical stages of AD [57]. In AD, WM degeneration is 

associated with partial loss of myelin sheaths, axons, and oligodendroglial cells [55], which 

could be mediated by myelin breakdown due to increased susceptibility of oligodendrocytes 

to free radical and other metabolic damage [83]. Alternatively, WM degeneration could be 

caused by impaired survival of oligodendrocytes with attendant expansion of astrocyte 

populations [84], decreased myelin density [85], and downregulated expression of MBP 

Yu et al. Page 9

J Alzheimers Dis. Author manuscript; available in PMC 2017 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[86]. We addressed mechanisms of CS-induced WM atrophy and myelin pallor using a 

targeted array to measure mRNA transcripts corresponding to immature and mature 

oligodendroglial functions, including myelin-associated gene expression.

Oligodendroglial genes-lineage, maturation, and function

Oligodendroglial cells produce CNS myelin, whose main function is to ensure efficient 

conductivity in nerve cells. Oligodendrocytes develop from precursor cells (OPC 1–3) that 

differentially express 2′,3′-cyclic nucleotide 3′ phosphodiesterase (CNP), NG2 

proteoglycan (chondroitin sulfate proteoglycan 4; CSPG4), Platelet Derived Growth Factor 

Receptor, alpha polypeptide (PDGFR-α), Oligodendrocyte Transcription Factor 2 (Olig2), 

Dlx2 Homeobox, and NK2 Homeobox (Nkx) (Supplementary Table 1). OPCs differentiate 

into immature oligodendroglia expressing CNP, Olig1, and low levels of Olig2, followed by 

CNP, Olig1, low Olig2, and Reticulon 4 (RTN4) [87–89]. Myelinating mature 

oligodendroglia express characteristic integral membrane proteins including, myelin basic 

protein (MBP), myelin associated glycoprotein (MAG-1), myelin oligodendrocyte 

glycoprotein (MOG), and proteolipid protein (PLP) [90, 91].

Oligodendrocyte genes needed for myelin maintenance, maturation, and function are 
impaired by CS exposures

Targeted arrays were mainly focused on oligodendroglial-associated genes. The results were 

interpreted by clustering data according to: 1) genes expressed in immature versus mature 

oligodendrocytes; 2) other neuroglial genes; and 3) transcription factors. The combined 

utilization of ANOVA tests and heatmaps facilitated identification of major trends. CS4 

exposures had no significant effect on the expression of immature oligodendroglial genes, 

whereas 8 weeks of CS exposure were inhibitory for Nestin and CNP relative to A8 and 

CS4. Short-term CS withdrawal failed to abrogate inhibitory effects of CS8 on immature 

oligodendroglial gene expression, and further reduced of PDGFR-α expression.

Nestin regulates vimentin intermediate filament disassembly during growth and is needed 

for survival, renewal, and proliferation of neural progenitor cells. Inhibition of Nestin could 

reflect CS-mediated impairments in neurogenesis. CNP is a myelin associated marker of 

oligodendrocytes that may play an important role in the development of myelin membranes 

and maintenance of axonal integrity. The inhibitory effects of CS8 and CS8 + R on CNP 

suggest that prolonged CS exposures impair myelin synthesis. Therefore, CS-associated 

WM atrophy could have been caused by reduced myelin maintenance. PDGFR-α is a cell 

surface receptor tyrosine kinase expressed in oligoprogenitor cells. PDGF stimulation of 

PDGFR-α activates proliferation pathways. Altogether, the results suggest that the CS8 

exposures inhibit expression of genes needed for proliferation of immature oligodendroglia 

and the generation of myelin. The sustained or further impairments in gene expression 

observed in the CS8 + R group indicate that the adverse effects of CS8 were not reversed by 

short-term CS withdrawal. Moreover, CS-mediated impairments in oligodendroglial gene 

expression and attendant WM atrophy and degeneration may progress over time once the 

cascade is established. This would suggest that besides smoking cessation, other 

interventions may be needed to halt WM degeneration.
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In general, CS exposures broadly inhibited the expression of mature oligodendroglial genes. 

The patterns could be summarized as follows: 1) gene expression declined from CS4 to CS8, 

with (MOG-1 and RPAIN) or without (MAG-1 and ST8Sla-1) further reductions in the CS8 

+ R group; 2) gene expression was similar among the A8, CS4, and CS8 groups, but sharply 

higher (PLP-1) or lower (RTN4) in the CS8 + R group; and 3) gene expression was inhibited 

by CS, irrespective of duration or withdrawal (MBP). In essence, PLP-1 was the single 

exception whereby CS exposures upregulated gene expression, and that response occurred in 

the CS8 + R group. In aggregate, CS exposures mainly and overwhelmingly inhibited 

expression of both immature and mature oligodendrocyte myelin-associated genes that are 

needed to generate and maintain mature myelin. Failure of processes needed for maturation 

and maintenance of CNS myelin could compromise axonal functions and contribute to 

neurobehavioral deficits that occur with smoking. On the other hand, given the role of PLP-1 

in compaction, stabilization, and maintenance of myelin sheaths, the findings suggest that 

CS recovery can enhance the structural integrity of myelin.

Complex effects of CS exposures on neuroglial genes

The only significant effect CS4 had on neuroglial gene expression was to increase GFAP. In 

contrast, CS8 and/or CS8 + R significantly reduced expression of NCAM, GPD1, GSTP1, 

and NRTK2 relative to A8. CS withdrawal abolished the inhibitory effects of CS8 on 

NCAM and GPD2. These CS effect trends were better appreciated from the graphs together 

with the heatmap which demonstrated CS4-stimulation and CS8 and CS8 + R inhibition of 

CSPG4 and GFAP relative to control, and progressive declines in NCAM, GPD1, GPD2, 

and GSTP1 expression from A8 to CS4 and then CS8. CS8 + R responses varied in that the 

levels of gene expression relative to CS8 were sustained (GFAP, GSTP1, GPD1), further 

inhibited (CSPG4, GSTP1), or abrogated (NCAM, GPD2). Since CSPG4 inhibits neurite 

outgrowth and promotes growth cone collapse during axon regeneration [92, 93], the higher 

expression with CS4 and normalization or inhibition with CS8 and CS8 + R suggest the 

initial responses to CS exposures are toxic and damaging to neuronal plasticity, whereas 

longer CS exposures may lead to adaptive downregulation of the gene. In contrast, CS4 and 

CS8 inhibited NCAM1 which mediates neuronal adhesion and neurite outgrowth [94, 95], 

while CS8 + R inhibited NTRK2, a positive regulator of synapse formation and plasticity 

[95]. The inhibitory effects of CS on GSTP1 (glutathione-S-transferase pi 1), which 

negatively regulates p25 activation of CDK5, preventing neurodegeneration, provide further 

evidence that CS exposures impair neuronal plasticity. The CS-associated declines in GPD1 

may reflect decreased oligodendroglial tolerance to oxidative stress, rendering the cells more 

vulnerable to injury and death. Altogether, the findings with respect to neuroglial genes 

suggest that CS exposures promote neurodegeneration by impairing processes needed for 

neuronal plasticity, repair, and adaptive responses to stress.

CS effects on transcription factor genes—potential relevance to associated insulin 
signaling abnormalities

The effects of CS exposure on transcription factors were complex such that the overall 

trends were best revealed by the heatmap. Olig1 and Olig2, which promote formation and 

maturation of oligodendrocytes, were inhibited in the CS8 and CS8 + R groups relative to 

control and/or CS4. This effect could result in CS-associated declines in the oligodendrocyte 
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population and mature myelin maintenance, as suggested by the correspondingly reduced 

expression levels of mature myelin-associated genes. FOXO4 and NKX6 mRNA levels were 

higher in the A8 and CS4 compared with CS8/CS8 + R, whereas FOXO1 expression 

decreased sharply with CS4 exposures, but increased with CS8 followed by CS8 + R 

exposures and NKX2 exhibited no discernible pattern. FOXO1 and FOXO4 target insulin 

signaling [96]. NKX2-2 and NKX6-1 cooperate in regulating regions of axon guidance and 

support insulin-producing cells [97], myelin maturation from OPCs [98], and genes that 

have important roles in axonal guidance [99]. Therefore, at least with respect to FOXO4 and 

NKX6, CS8/CS8 + R could adversely affect the regulation of insulin-mediated functions in 

the brain. The findings suggest that the longer duration CS exposures, independent of short-

term withdrawal, can contribute to WM degeneration by impairing oligodendrocyte survival 

and function, which are positively regulated by insulin/IGF signaling. However, the finding 

that CS withdrawal reversed CS-inhibition of FOXO1 and PAX6 expression suggests that 

even short-term smoking cessation could help restore insulin signaling, myelinogenesis, and 

myelin maintenance.

The strengths of this research are that the investigations are novel and they explore the 

molecular pathogenesis of WM degeneration associated with CS exposure. Furthermore, in 

light of CS’s adverse effects on the expression of oligodendrocyte and myelin-associated 

genes, this study illustrates how CS exposures could contribute to WM degeneration in AD. 

The weaknesses are that the CS exposures were relatively short and therefore did not permit 

correlation with the emergence and progression of emphysema/chronic obstructive 

pulmonary disease and associated hypoxia. In addition, the study was limited to WM. Future 

studies should be extended to gray matter structures that are degenerated in AD.
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Fig. 1. 
Effects of CS exposures on white matter histology. Formalin fixed, paraffin-embedded 

histological sections (8 µm thick) of frontal lobe corpus callosum from A8 control (A), CS4 

(B), CS8 (C), or CS8 + R (D) mice were simultaneously stained with Luxol Fast Blue (LFB-

for myelin). Hematoxylin and Eosin. CS4, CS8, and CS8 + R exposures were associated 

with thinning and pallor of myelin staining (blue) relative to control. Original magnifications 

= 100x; Scale bar = 50 µm.
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Fig. 2. 
CS exposure effects on frontal lobe expression of immature oligodendroglial genes. mRNA 

levels of Nestin (A), Vimentin (B), CNP (2′,3′-cyclic nucleotide 3′ phosphodiesterase) (C), 

PDGFR-α (Platelet Derived Growth Factor Receptor, alpha polypeptide) (D), GalC 

(galactocerebrosidase) (E), and PROM 1 (Prominin 1) (F) were measured using targeted 

PCR arrays. Gene expression was calculated using the ΔΔCt method with results normalized 

to HPRT1. Inter-group comparisons were made by one-way ANOVA (Table 1) with the 

Tukey post-test (*p < 0.05; **p < 0.01; ***p < 0.001, ξ0.05 < p < 0.10).
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Fig. 3. 
CS exposure effects on frontal lobe expression of mature oligodendroglial genes. mRNA 

levels of PLP-1 (proteolipid protein 1) (A), MOG-1 (myelin oligodendrocyte glycoprotein-1) 

(B), MAG-1 (myelin associated glycoprotein-1) (C), MBP (myelin basic protein) (D), RTN4 

(reticulin 4) (E), RPAIN (RPA interacting protein) (F), and ST8S1a-1 (ST8 alpha-N-acetyl-

neuraminide alpha-2,8-sialyllransferase 1) (G) were measured using targeted PCR arrays, 

and calculated using the ΔΔCt method with results normalized to HPRT1. Inter-group 

comparisons were made by one-way ANOVA (Table 1) with the Tukey post-test (*p < 0.05; 

**p < 0.01; ****p < 0.0001).

Yu et al. Page 20

J Alzheimers Dis. Author manuscript; available in PMC 2017 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
CS exposure effects on frontal lobe neuronal/glial gene expression in the temporal lobe. 

CSPG4 (Chondroitin sulfate proteoglycan 4) (A), GFAP (Glial fibrillary acidic protein) (B), 

NCAM (neural cell adhesion molecule 1) (C), NRTK2 (Neurotrophic receptor tyrosine 

kinase type 2) (D), GPD1 (Glycerol-3-phosphate dehydrogenase 1 (Soluble)) (E), GPD2 

(Glycerol-3-phosphate dehydrogenase 2 (mitochondrial)) (F), and GSTP1 (Glutathione S-

transferase pi 1) (G), mRNA levels were measured using custom targeted PCR arrays. Inter-

group comparisons were made by one-way ANOVA (Table 1) with the Tukey post-test (*p < 

0.05; **p < 0.01; ***p < 0.001).
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Fig. 5. 
CS exposure effects on frontal lobe expression of transcription factor genes. The mRNA 

levels of FOXO1 (Forkhead Box O1) (A), FOXO4 (Forkhead Box O4) (B), Olig1 

(Oligodendrocyte transcription factor 1) (C), Olig2 (Oligodendrocyte transcription factor 2) 

(D), NKX2-2 (NK2 Homeobox 2) (E), NKX6-1 (NK6 Homeobox 1) (F), PAX6 (Paired box 

6) (G), and SOX9 (Sex determining region Y-Box 9) (H) were measured using targeted PCR 

arrays, and results were calculated using the ΔΔCt method after normalizing to HPRT1. Inter-

group comparisons were made by one-way ANOVA (Table 1) with the Tukey post-test (*p < 

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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Fig. 6. 
Heatmap illustrating hierarchical clustering of genes according to patterns of expression. 

The heatmap was generated using Version 3.2 of R software. Results shown with the 6-color 

palette correspond to z-scores, which were scaled to have a mean of 0 and S.D. of 1. A 

hierarchical clustering algorithm was applied using the Euclidean distance function on the 

overall table to display a dendrogram of mRNAs. A8 = control room air exposed × 8 weeks; 

CS4 = cigarette smoke exposed × 4 weeks; CS8 = cigarette smoke exposed × 8 weeks; CS8 

+ R = cigarette smoke exposed × 8 weeks followed by 2 weeks recovery in room air.
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Table 1

Smoking and smoking withdrawal effects on frontal lobe expression of glial and neuronal genes

mRNA F-ratio p-value

Immature Oligodendroglia

  CNP 7.35 0.01

  GAL-C 4.05 0.05

  Nestin 11.32 0.003

  PDGFR-α 14.94 0.0012

  PROM 1.97 N.S.

  Vimentin 0.065 N.S.

Mature Oligodendroglia

  MAG-1 8.68 0.0068

  MBP 7.290 0.011

  MOG 3.56 0.067

  PLP 6.21 0.017

  RPAIN 44.25 < 0.0001

  RTN4 27.37 0.0001

  ST8 10.06 0.004

Neuroglial Markers

  CSPG4 2.90 0.10

  GFAP 12.13 0.002

  GPD1 3.19 0.084

  GPD2 2.51 N.S.

  GSTP1 5.05 0.029

  NCAM 5.19 0.028

  NTRK2 9.65 0.005

Transcription Factors

  FOXO1 1.05 N.S.

  FOXO4 22.87 0.0003

  NKX2-2 2.01 N.S.

  NKX6 15.73 0.001

  Olig1 14.80 0.001

  Olig2 8.33 0.007

  PAX6 34.69 < 0.0001

  SOX9 0.06 N.S.

Frontal lobe RNA was analyzed using a targeted PCR array to examine CS effects on oligodendroglial/white matter myelin-associated gene 
expression. Data were analyzed by one-way ANOVA; the corresponding F-ratios and P-values are tabulated. The post hoc Tukey test was used to 
further identify statistically significant specific inter-group differences. Those results are shown within individual panels of Figs. 2–5. See 
Supplementary Table 1 for abbreviations and gene functions.
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