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Abstract

Perinatal nicotine exposure drives the differentiation of alveolar lipofibroblasts (LIFs), which are 

critical for lung injury repair, to myofibroblasts (MYFs), which are the hallmark of chronic lung 

disease. Bone marrow-derived mesenchymal stem cells (BMSCs) are important players in lung 

injury repair; however, how these cells are affected with perinatal nicotine exposure and whether 

these can be preferentially driven to a lipofibroblastic phenotype are not known. We hypothesized 

that perinatal nicotine exposure would block offspring BMSCs lipogenic differentiation, driving 

these cells toward a MYF phenotype. Since peroxisome proliferator activated-receptor γ (PPARγ) 

agonists can prevent nicotine-induced MYF differentiation of LIFs, we further hypothesized that 

the modulation of PPARγ expression would inhibit nicotine’s myogenic effect on BMSCs. 

Sprague Dawley dams were perinatally administered nicotine (1 mg/kg bodyweight) with or 

without the potent PPARγ agonist rosiglitazone (RGZ), both administered subcutaneously. At 

postnatal day 21, BMSCs were isolated and characterized morphologically, molecularly, and 

functionally for their lipogenic and myogenic potentials. Perinatal nicotine exposure resulted in 

decreased oil red O staining, triolein uptake, expression of PPARγ, and its downstream target gene 

adipocyte differentiation-related protein by BMSCs, but enhanced α-smooth muscle actin and 

fibronectin expression, and activated Wnt signaling, all features indicative of their inhibited 

lipogenic, but enhanced myogenic potential. Importantly, concomitant treatment with RGZ 

virtually blocked all of these nicotine-induced morphologic, molecular, and functional changes. 

Based on these data, we conclude that BMSCs can be directionally induced to differentiate into the 

lipofibroblastic phenotype, and PPARγ agonists can effectively block perinatal nicotine-induced 

MYF transdifferentiation, suggesting a possible molecular therapeutic approach to augment 

BMSC’s lung injury/repair potential.
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Introduction

Despite the well-publicized risks, more than 10% of U.S. women smoke during pregnancy, 

resulting in at least 400,000 smoke-exposed infants/year [1]. The direct effects of maternal 

smoking on the developing fetus have been attributed mainly to nicotine, which crosses the 

human placenta with minimal biotransformation, and accumulates in fetal blood and 

amniotic fluid despite increased nicotine clearance during pregnancy, resulting in even 

higher fetal plasma and tissue levels than those in the smoking mother [2,3]. Furthermore, 

the recent exponential increase in the use of electronic cigarettes and the frequent use of the 

nicotine patch as a nicotine replacement strategy in pregnant smokers render comprehensive 

investigation on the consequences of nicotine exposure on the developing fetus [4–6].

Alveolar lipofibroblasts (LIFs) are critical for lung homeostasis and injury/repair [7,8]. Our 

laboratory has previously shown that both in vitro and in utero nicotine exposures drive the 

differentiation of LIFs to myofibroblasts (MYFs), a cell-type that is not conducive to 

alveolar homeostasis, and is the ‘hallmark’ of chronic lung disease [9,10]. Lung injury 

stimulates the recruitment of bone marrow-derived mesenchymal stem cells (BMSCs) for 

repair [11–13], whereas the environment these cells are in, both systemically and locally 

[14], is critical for their healing effects. It has been shown that under appropriate conditions, 

BMSCs can differentiate into a wide variety of cell-types, and that they play a critical role in 

lung injury/repair. However, how the lipogenic potential of perinatal nicotine-exposed 

BMSCs is affected is unknown. Furthermore, whether a targeted intervention, e.g. parenteral 

administration of a peroxisome proliferator-activated receptor γ (PPARγ) agonist, augments 

the lipogenic potential of BMSCs is also unknown. We hypothesized that perinatal nicotine 

exposure drives BMSCs toward a myogenic phenotype, blocking their lipogenic potential, 

and that a simultaneous PPARγ agonist administration would drive these cells to a 

lipofibroblastic phenotype, preventing nicotine-induced myogenic phenotype. Therefore, 

here we determine how perinatal nicotine exposure affects rat offspring BMSC 

differentiation, and whether the PPARγ agonist rosiglitazone (RGZ) could prevent nicotine-

induced BMSC myogenic differentiation.

Materials and methods

Animals

In line with our previous work, time-mated first time pregnant Sprague Dawley rat dams 

(200–250 g body weight) were administered either diluent (saline), nicotine (1 mg/kg) or 

nicotine + rosiglitazone (RGZ, 3 mg/kg) subcutaneously once a day in 100 μl volumes from 

the sixth day of gestation until term ( = day 22) to postnatal day 21 [9,13]. The dose of 

nicotine used in this study is approximately equivalent to that of a moderately heavy smoker, 

i.e. ∼1 mg/kg body weight/day [15–17] and the dose of RGZ used has been previously 

demonstrated to block the perinatal nicotine-induced lung phenotype in the rat model used in 

this study [18]. The control and nicotine-treated dams were pair-fed with free access to 

water, and were maintained in a 12 h:12 hlight:dark cycle. After spontaneous delivery at 

term, the pups were allowed to breast feed ad libitum and at postnatal day (PND) 21, the rats 

were killed, and the BMSCs were isolated and maintained in culture, as outlined below, 

following the previously described methods [19–21]. All animal procedures were performed 
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following the guidelines of the National Institutes of Health for the care and use of 

laboratory animals after approval of the Los Angeles Biomedical Research Institute Animal 

Care and Use Committee.

Isolation of bone marrow-derived mesenchymal stem cells

The medullary cavities of rat femurs were flushed with Minimal Essential Medium (MEM) 

Alpha (1×) + GlutaMax™-1 (Cat No.: 32561–037, Life Technologies) containing 1% 

penicillin-streptomycin (anti-anti). The cells were washed once with MEM and plated at 1 × 

106 cells per T75 flask (Corning, Corning, NY) in the complete medium: MEM Alpha 

containing 10% fetal bovine serum (FBS) and 1% anti-anti (Gibco, Life Technologies, 

Grand Island, NY, catalog# 15240–062), and cultured at 37°C in 5% CO2. Non-adherent 

cells were removed and fresh media was added every 48 h. At confluence, the cells were 

harvested and using magnetic beads (Miltenyi Biotech, Auburn, CA), macrophages were 

depleted with anti-CD11b antibody, and other hematopoietic cells were removed using an 

anti-CD45 (both from BD Biosciences, Palo Alto, CA). Cells were collected in 1 ml of 

DMEM supplemented with 10% FBS, and then cultured and passaged. Due to >95% purity 

of cells at passage (P) 3, all experiments were conducted at P3.

Flow cytometry

For flow cytometry, the adherent cells were removed by trypsinization, washed with Ca2+, 

Mg2+-containing 1× phosphate buffered saline (PBS) and blocked with 3% fetal bovine 

serum (FBS) in PBS for 30 min at 4°C. Cells were aliquoted (100 μl/tube) for binding and 

staining with 2.5 μg/ml of FITC- or Alexa Fluor (AF)-conjugated antibodies. Sorting was 

performed using a BD Biosciences fluorescence-activated cell sorting (FACS) DiVa High-

Speed Cell Sorter (San Diego, CA) with 350, 488, and 633 nm lasers. Anti-CD34 to Alexa 

Fluor 488 and anti-Stro-1 were conjugated to Alexa Fluor 488, anti-CD45 to FITC, anti-

CD90 to PE, anti-CD105 to Alexa Fluor 488, and to the appropriate isotype controls (all 

from BD Pharmingen Inc., San Diego, CA except anti-Stro-1, which was obtained from 

Invitrogen, Carlsbad, CA). The data were analyzed using FlowJo software (Tree Star, San 

Carlos, CA). Propidium iodide was used to exclude dead cells, and percentages of positively 

stained-cells were calculated by subtracting the value of isotype controls. Cells were 

negatively selected for CD34 (NOVUS, catalog# NB600–107 AF 488) and CD45 (BD 

Pharmingen, Catalog# 554877 FITC) and positively selected for CD90 (BD Pharmingen 

Catalog# 554898 PE), CD105 (Application.Inc, catalog# CA1725), and Stro-1 (Invitrogen, 

catalog# 398407).

Multipotent potential of cells

Multipotent potential of cells was confirmed by determining their adipogenic, myogenic, 

and osteogenic potentials, as outlined below.

Adipogenic induction

For adipogenic induction, cells cultured in six-well plates were treated with adipogenic 

induction medium (MEM + 10% FBS, supplemented with 10 μM dexamethasone, 0.5 mM 

3-isobutyl-1-methylxanthine, 10 μg/ml insulin, and 50 μM indomethacin), which was 
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changed every 2 days for a total of 6 days, following which oil Red O (ORO) staining was 

performed. Briefly, cells were fixed in 4% paraformaldehyde for 15 min and washed with 1× 

PBS. About 300 μl of ORO was added to the slides and kept for 30 min at room temperature. 

The slides were washed with ddH2O × 3 and mounted with DAPI-mounting medium from 

Vector Laboratories. Inc.

Myogenic induction

For myogenic induction, cells were treated with transforming growth factor-β (10 ng/ml), 

insulin (1 μg/ml), transferrin (0.55 μg/ml), and selenium (670 ng/ml), all from Invitrogen, 

Carlsbad, CA, for 72 h, following which cells were immunostained for α-smooth muscle 

actin (α-SMA).

Osteogenic induction

Osteogenic differentiation was accomplished by culturing cells in MEM, supplemented with 

5% FBS, 100 nM dexamethasone, 10 mM b-glycerophosphate, and 50 μg/ml ascorbic acid 

for 10–14 days, following which cells were fixed with formalin and stained for calcium 

phosphate with alizarin red S.

RNA isolation and quantitative real-time PCR

Total RNA was isolated from cultured BMSCs using Qiagen RNAeasy plus mini kit (Qiagen 

Applied Biosystems, Foster City, CA, Cat. No.: 74134); the extracted RNA was quantitated 

by absorbance using a nanodrop spectrophotometer (Nanodrop Instruments, Wilmington, 

DE), and processed for q-RT-PCR according to our previously described method [19]. All 

PCR primers were obtained from Sigma-Aldrich (St. Louis, MO), which included 18S: 5′-

GGACAGGATTGACAGATTGATAGC-3′ (forward) and 5′-

GGTTATCGGAATTAACCAGACAA-3′ (reverse); adipocyte differentiation-related protein 

(ADRP): 5′-ATTCTGGACCGTGCCGATT-3′ (forward) and 5′-

CTGCTACTGATGCCATTTTTCCT-3′ (reverse); PPARγ: 5′-

CCAAGTGACTCTGCTCAAGTATGG-3′ (forward) and 5′-

CATGAATCCTTGTCCCTCTGATATG-3′ (reverse); α-SMA: 5′-

GAGAAGAGTTACGAGTTGCCTGATG-3′ (forward) and 5′-

CACGCGAAGCTCGTTATAGAAG-3′ (reverse); fibronectin: 5′-

GTGCCTGGGGACCTCGGTGCGC-3′ (forward), and 5′-

TGTCAAAACAGCCAGGCTTGC-3′(reverse). All RT-qPCRs were performed in triplicate 

on an ABI StepOnePlus System. The relative mRNA level was calculated using the 2−ΔΔC
T 

method, with β-actin mRNA as a normalizer.

Western blot analysis

Protein extraction and Western blot analyses for PPARγ, ADRP, α-SMA, and fibronectin 

were performed as previously described [9,10,18]. Briefly, cells were homogenized in 10 

mM Tris (pH 7.5), 0.25 M sucrose, 1 mM EDTA, 5 mM benzamidine, 2 mM 

phenylmethylsulfonyl fluoride, and 10 μg/ml each of pepstatin A, aprotinin, and leupeptin, 

and centrifuged at 14000 rpm for 10 min at 4°C. Equal amounts of protein from the 

supernatant were dissolved in electrophoresis sample buffer and subjected to SDS-
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polyacrylamide (4–12% gradient) gel electrophoresis, followed by electrophoretic transfer to 

a nitrocellulose membrane. The membrane was blocked with 5% milk in 1× Tris-buffered 

saline containing 0.1% Tween 20 for 1 h, and then incubated with primary antibody from 

Santa Cruz Biotechnology Inc. except α-SMA [PPARγ (1:150, Catalog# sc-7196), ADRP 

(1:200, Catalog# sc-32888), α-SMA (1:5000, Sigma-Aldrich, Catalog# A2547), and 

fibronectin (1:3000, Catalog# sc-9086)] overnight at 4°C. Subsequently, the membrane was 

washed with 1× Tris-buffered saline + 0.1% Tween 20, and incubated with the appropriate 

secondary antibody for 1 h at room temperature, washed again, and developed with 

SuperSigal West Pico chemiluminescent substrate (Pierce Biotechnology, Rockford IL) 

following the manufacturer’s protocol. The densities of the PPARγ, ADRP, α-SMA, and 

fibronectin bands were quantitated using a scanning densitometer UN-SCAN-IT software 

(Silk Scientific, Orem.UT) and normalized to glyceraldehydephosphate (GAPDH).

Immunocytochemistry

Bone marrow derived mesenchymal stem cells were grown in slide-backed chambers (Lab-

Tek; Electron Microscopy Sciences, Hatfield, Pennsylvania). The cells were blocked with 

5% normal goat serum and subsequently incubated with primary and secondary antibodies. 

For α-SMA staining, mouse monoclonal anti-α-SMA antibody (1:800; Sigma-

Aldrich.Catalog# A2547) was used as the primary antibody. After several PBS washes at 

room temperature, the cells were incubated with the appropriate Alexa Fluor secondary 

antibody (1:800, antimouse Alexa Fluor 488 Green, from Invitrogen) in a humidified, 

darkened chamber. Slides were gently rinsed with PBS and mounted with ProLong Gold 

antifade reagent with DAPI (Invitrogen) for fluorescent microscopic analysis.

Triglyceride uptake assay

The rate of [3H]-triolein uptake was assayed as a marker for triglyceride uptake, as described 

by us previously [22].

Statistical analysis

The data were analyzed, using either ANOVA or student’s t-test, as appropriate. The results 

are based on 4–6 independent experiments and the values are expressed as mean ± SD. A P 
value of ≤0.05 is considered to represent statistically significant difference between the 

experimental groups.

Results

Stem cell characterization of BMSCs

As described by us recently, control P3 BMSCs isolated and subjected to FACS analysis 

were negative for CD34 and CD45, >90% positive for CD105, >95% positive for CD90 and 

Stro-1 [19]. Importantly, nicotine and nicotine + RGZ treatments did not affect the 

percentage of cells expressing these cell surface markers (Figure 1). Furthermore, using the 

above described protocols, multipotent potential of the isolated cells was confirmed by their 

induction to adipocytes (positive ORO staining), myocytes (positive α-SMA staining), and 

osteocytes (positive Alizarin red S staining). Taken together, these data confirm the non-

endothelial BMSC nature of the isolated cells.
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Effect of perinatal nicotine exposure on BMSC adipogenic and myogenic potential

The control BMSCs exhibited virtually no ORO staining and very little α-SMA staining at 

baseline (Figure 2A,C), but after adipogenic and myogenic inductions, there were strongly 

positive ORO and α-SMA staining, respectively (Figure 2B,D). Compared with controls, 

perinatal nicotine (1 mg/kg) exposed cells demonstrated decreased lipid, and increased α-

SMA staining, upon adipogenic and myogenic inductions, respectively (Figure 2B,D). This 

effect was blocked by concomitant perinatal treatment with RGZ (3 mg/kg) (Figure 2B,D). 

Triglyceride uptake, a hallmark of the LIF, was also significantly decreased in perinatal 

nicotine-exposed BMSCs, an effect that was effectively blocked by simultaneous perinatal 

RGZ treatment. In fact, RGZ-exposed BMSCs had even higher triolein uptake compared 

with the untreated controls (Figure 3).

Effect of perinatal nicotine exposure on the determinants of BMSC lipofibroblast versus 
myofibroblast phenotype

PPARγ, a key nuclear transcription factor that determines the lipofibroblastic phenotype was 

significantly inhibited in the perinatal nicotine-exposed cells, both at the protein and mRNA 

levels, with RGZ treatment blocking this effect, also at both the mRNA and protein levels 

(Figure 4A). A similar effect of perinatal nicotine exposure and RGZ treatment on BMSCs 

was observed for ADRP, which is a down-stream target of PPARγ, showing down-regulation 

by perinatal nicotine exposure, and its blockage by perinatal RGZ treatment (Figure 4B). 

Expression of the myogenic markers α-SMA and fibronectin was significantly increased by 

perinatal nicotine exposure, an effect that was completely blocked by perinatal RGZ 

treatment (Figure 5A,B).

Effect of perinatal nicotine exposure on BMSC Wnt signaling

Having determined the suppression of PPARγ signaling and activation of myogenic markers 

in BMSCs following perinatal nicotine exposure, we next determined the expression of Wnt 

signaling, the key determinant of the myofibroblastic phenotype. A Wnt-specific array 

(SABiosciences, Frederick, MD, U.S.A.) was performed, which provides information for 84 

specific genes involved in Wnt signaling. As shown in Figure 6, 15 genes, belonging to the 

canonical Wnt pathway (Axin2, Wnt6, Dkk1, Sfrp2, Tcf7, APC2, and Csnk1a1), the non-

canonical Wnt/calcium pathway (Frzb, Wnt5b, and Wnt11), negative regulators of Wnt 

receptor signaling (Axin2, Ccnd1, Dkk1, Tie1, and Srfp2), and other Wnt signaling 

pathway-related genes (Bcl9 and Fzd7) showed >2-fold change, with 14 of these genes up-

regulated and one gene down-regulated. These genes regulate various developmental 

processes including but not limited to cell cycle regulation, cell migration, and cellular 

homeostasis. Remarkably, 10 of the 14 up-regulated genes and the only down-regulated 

gened were normalized in the RGZ-treated group.

Discussion

Based on the observations made in this series of experiments, perinatal nicotine exposure 

inhibits rat offspring BMSC lipogenic potential, but enhances their myogenic potential. The 

potent PPARγ agonist RGZ effectively blocks the nicotine-induced BMSC 

transdifferentiation to a myogenic phenotype, offering a potentially therapeutic intervention.
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Lipofibroblasts, the lung alveolar adepithelial adipocyte-like cells, are critical for lung 

injury/repair since they actively provide triglyceride substrate to alveolar epithelial type II 

cells for surfactant synthesis [23,24], support alveolar type II cell growth and differentiation 

[25], and act as an important defense against oxidant lung injury [26]. Though the 

progenitors of LIFs and the process of induction and differentiation of LIFs are incompletely 

understood, in general adipogenesis is known to occur in two major phases: the 

‘determination’ phase and the ‘terminal differentiation’ phase. In the ‘determination’ phase, 

multipotent BMSCs become committed to the adipocyte lineage, and lose their ability to 

differentiate into other mesenchymal lineages. In this phase, committed preadipoctytes are 

morphologically indistinguishable from their precursors. During the ‘terminal 

differentiation’ phase, fibroblastic preadipocytes are converted to spherical, mature 

adipocytes that can synthesize and transport lipids, secrete adipocyte-specific proteins, and 

express the machinery necessary for insulin sensitivity. From the data included here and our 

previously published work [27,28], nicotine seems to affect both the ‘determination’ and 

‘terminal differentiation’ phases of adipogenesis.

Adipogenesis reflects a fundamental shift in gene expression pattern within uncommitted 

BMSCs that promote and culminate in the phenotypic properties that define mature 

adipocytes. Adipogenesis is driven by a complex, well-orchestrated signaling cascade 

involving regulated changes in the expression and/or activity of several key transcription 

factors, most notably PPARγ and CCAAT enhancer binding protein α. BMSC adipogenesis 

is characterized by a dramatic increase in PPARγ expression [29], which activates or 

induces the expression of the majority of genes that characterize the adipocytic phenotype, 

including ADRP. Given our data, it is clear that perinatal nicotine exposure shifts the BMSC 

differentiation potential from adipogenic to myogenic, possibly providing at least one of the 

mechanisms for the increased predisposition to chronic lung disease following perinatal 

smoke/nicotine exposure. However, PPARγ agonist treatment not only blocked this 

adipogenic-to-myogenic shift, but also promoted BMSC differentiation to an adipogenic 

phenotype, as has been demonstrated previously [30].

Alveolar interstitial lung LIFs were first discovered in the lungs of fetal and adult rats in 

1970 [31]. The structural and biochemical characteristics of this cell-type were detailed in 

the late 1970s and early 1980s [32–34]. Based on their lipid-containing phenotype, the 

pulmonary interstitial cell population was divided into two populations—those with and 

without lipid droplets [32]. Subsequently, the lipid-containing fibroblasts were determined to 

be Thy-1 positive [35]. A population of lung interstitial fibroblasts that are both Thy-1 (or 

CD90) and Sca-positive has been identified [36], indicating that some LIFs are lung stem 

cells. Though the origins of these cells still need to be determined, the current data 

demonstrating that the BMSCs are CD90 positive and can differentiate into adipocytes, 

suggest that the bone marrow can contribute to this pool of cells. Seen in the light of our 

extensive experimental evidence that the LIF acts to both promote alveolar homeostasis and 

protect the alveolus against injury [4,7,8], we speculate that this mechanism is due, in part, 

to the recruitment of BMSCs.

Using a biologic model of lung development, homeostasis and repair [4,7,8], we have 

previously determined that in utero nicotine exposure disrupts specific alveolar molecular 
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paracrine communications between the epithelium and interstitium, resulting in the 

transdifferentiation of lung LIFs to MYFs, i.e., the conversion of the LIF phenotype to a 

cell-type that is not conducive to alveolar homeostasis, and that is the cellular hallmark of 

chronic lung disease, including asthma [4,8,9,25]. Furthermore, we have shown that by 

molecularly targeting PPARγ expression, nicotine-induced lung injury can not only be 

significantly averted, but also possibly be reverted [37,38]. The therapeutic implications of 

these observations should be considered in light of the current finding that nicotine also 

inhibits BMSC adipogenic differentiation. Therefore, nicotine may not only affect the 

resident lung fibroblasts in the developing lung tissue, but also affect the BMSCs, recruited 

from bone marrow for lung development and injury repair. Our findings for first time 

suggest that nicotine has a global detrimental effect on mesenchymal cell differentiation 

during lung development and injury repair. Therefore, instead of administering BMSCs [39], 

systemic administration of a PPARγ agonist, which can potentially stimulate both alveolar 

epithelial–mesenchymal and BMSC paracrine interactions [4,7,8] and promote BMSCs’ 

adipogenic phenotype [30,40], may be a more effective approach to rescue and reverse the 

adverse effects of perinatal nicotine exposure. However, it is important to acknowledge that 

the effects of PPARγ agonists’ administration on the developing offspring’s BMSCs in the 

absence of nicotine/smoke exposure remain to be studied, an important limitation of the 

present study.

Based on the observations made in this series of experiments, BMSCs can be directed to 

differentiate into the LIF phenotype. Treatment with a PPARγ agonist can enhance BMSC 

LIF induction. Perinatal nicotine exposure inhibits offspring BMSCs lipogenic 

differentiation, but enhances their myogenic differentiation. The fact that a potent PPARγ 
agonist can effectively block nicotine-induced BMSC transdifferentiation to the MYF 

phenotype offers a potential therapeutic approach, which has been also shown to be effective 

in other models of lung injury repair.
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Abbreviations

α-SMA α-smooth muscle actin

ADRP adipocyte differentiation-related protein

BMSC bone marrow-derived mesenchymal stem cell

FBS fetal bovine serum

LIF lipofibroblast

MEM minimum essential medium

MYF myofibroblast
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ORO oil red O

PND postnatal day

PPARγ peroxisome proliferator activated-receptor γ

RGZ rosiglitazone maleate
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Clinical perspectives

• The present study investigates the effect of perinatal nicotine exposure on 

offspring bone marrow mesenchymal stem cell differentiation, which is 

critical for lung injury repair.

• Using a rodent model, we show that perinatal nicotine exposure enhances 

bone marrow mesenchymal stem cell differentiation to a myogenic 

phenotype, which is not conducive for effective lung injury repair; however, 

concomitant administration of a potent PPARγ agonist blocks this effect, 

virtually restoring their lipofibroblastic, hence, injury repair potential.

• Our findings are particularly important to understand a potential novel 

mechanism underlying chronic lung disease susceptibility in developmentally 

smoke/nicotine exposed individuals and suggest a potentially effective 

therapeutic approach to block this susceptibility.
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Figure 1. Characterization of bone marrow mesenchymal stem cells
Passage 3 BMSCs isolated from animals from different conditions at postnatal 21 were 

subjected to fluorescence-activated cell sorting using anti-CD34, anti-CD45, anti-CD90, 

anti-CD105, and anti-Stro-1 antibodies and analyzed using FlowJo software. Almost all 

control cells were negative for CD34 and CD45, >90% were positive for CD105, >95% were 

positive for CD90 and Stro-1. Nicotine and nicotine + rosiglitazone treatments did not affect 

the percentage of cells expressing these cell surface markers. The multipotent potential of 

these cells was confirmed by their induction to adipocytes (positive ORO staining), 

myocytes (positive α-SMA staining), and osteocytes (positive Alizarin red S staining).
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Figure 2. Effect of perinatal nicotine exposure on BMSC adipogenic and myogenic potential
Passage 3 BMSCs isolated from animals from different conditions at postnatal 21 were 

examined for adipogenic and myogenic differentiation with and without adipogenic and 

myogenic induction, respectively. The control BMSCs exhibited virtually no ORO staining 

and very little α-SMA staining at baseline (A and C), but after adipogenic and myogenic 

inductions, there were strongly positive ORO and α-SMA staining, respectively (B and D). 

Compared with controls, perinatal nicotine (1 mg/kg) exposed cells demonstrated decreased 

lipid, and increased α-SMA staining, upon adipogenic and myogenic inductions, 

Sakurai et al. Page 14

Clin Sci (Lond). Author manuscript; available in PMC 2021 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



respectively (B and D). This effect was blocked by concomitant perinatal treatment with 

rosiglitazone (RGZ, 3 mg/kg) (B and D) (N=3; representative immunofluorescence images 

are shown).
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Figure 3. Effect of perinatal nicotine exposure on BMSC adipogenic function, as assessed by 
[3H]triolein uptake
[3H]triolein uptake was also significantly decreased in perinatal nicotine-exposed BMSCs, 

an effect that was effectively blocked by simultaneous perinatal rosiglitazone (RGZ) 

treatment; in fact, RGZ-exposed BMSCs had even higher triolein uptake compared with the 

untreated controls. N=4; the values are mean ± SEM, *P<0.05, #P<0.05 versus nicotine.
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Figure 4. Effect of perinatal nicotine exposure on key lipofibroblast differentiation markers by 
bone marrow mesenchymal stem cells
PPARγ, a key lipofibroblast differentiation marker, and ADRP, a downstream target of 

PPARγ, were determined at both protein and mRNA levels. PPARγ expression was 

inhibited at both protein and mRNA levels and treatment with rosiglitazone (RGZ) blocked 

this effect (A). Similarly, perinatal nicotine exposure down-regulated ADRP expression at 

both protein and mRNA levels, with partial blockage of this effect with perinatal RGZ 

treatment (B). N=4; the values are mean ± SEM, *P<0.05, #P<0.05 versus nicotine.
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Figure 5. Effect of perinatal nicotine exposure on key myofibroblast differentiation markers by 
bone marrow mesenchymal stem cells
Myofibroblast differentiation markers α-SMA (A) and fibronectin (B) were determined at 

both protein and mRNA levels, both of which were increased with perinatal nicotine 

exposure, an effect that was blocked by perinatal rosiglitazone (RGZ) treatment (A and B). 

N= 4; the values are mean ± SEM, *P<0.05, #P<0.05 versus nicotine.
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Figure 6. Effect of perinatal nicotine exposure on bone marrow mesenchymal stem cells Wnt 
signaling
Wnt-specific array (SABiosciences), which probes for 84 specific genes involved in Wnt 

signaling was performed. In the perinatal nicotine exposed BMSCs, 14 genes showed >2-

fold up-regulation, and one gene had >2-fold down-regulation. Ten out of the 14 up-

regulated genes, and the only down-regulated gene were normalized in the RGZ- treated 

group. N=3; the values are mean ± SEM, *P<0.05, #P<0.05 versus nicotine.
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