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ABSTRACT OF THE THESIS 
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Dr. Nicole zur Nieden, Chairperson 

 

 

Tobacco use during pregnancy poses many risks to reproductive health and unborn life. 

Children exposed to tobacco in utero grow up to experience abnormalities ranging from 

cognitive or developmental deficits to malformations of the skeleton, such as cleft lip and 

palate, as well as an increased risk of fractures following minor injuries. While numerous 

studies demonstrate the adverse effects of tobacco-related products towards human health 

and developing embryos, the molecular underpinnings of embryonic skeletal 

maldevelopment remain unclear largely due to the inadequacy of existing model systems. 

Moreover, new tobacco products are being introduced into the market, despite fervent 

public health initiatives. One such product is Snus, a non-combustible chewing type of 

tobacco. Snus received clearance to be advertised as a harm-reduction product, and hence 

would be an attractive alternative to pregnant smokers unable to quit. Yet here we provide 

evidence that Snus might not be free of all harm. Our lab has previously found a robust and 

reproducible hypomineralized phenotype in multiple bones of mice and zebrafish when 

exposed to smoke extracts of Snus tobacco during development. This phenotype of reduced 
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calcification can also be detected when human embryonic stem cells (hESCs) are exposed 

during differentiation to bone-forming osteoblasts, thereby providing an adequate human 

in vitro model to study tobacco-exposure-mediated hypomineralization. 

This hESC model will serve as the primary relevancy to human health to expose the 

negative implications of tobacco, primarily Snus, on prenatal bone health and work to 

negate the changes in the osteogenic molecular framework caused by Snus tobacco 

exposure. By extension, new insight on the molecular mechanism of tobacco-induced 

hypomineralization has implications beyond tobacco exposure. This work could provide a 

solid framework for future analyses of human genetic traits that increase the risk for 

congenital skeletal diseases. As a result, new guidelines could be implemented by the 

American Academy of Pediatrics for pediatricians to conduct well-childcare exams in 

which pre-visit questionnaires include questions on the type of tobacco the child was/is 

exposed to. After exposure is confirmed, bone health and quality should be routinely 

assessed, appropriate parental education executed, and fracture prevention strategies 

discussed with the family. 
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CHAPTER 1: EVOLUTION OF STEM CELL RESEARCH & EVALUATION OF 

HUMAN EMBRYONIC STEM CELLS AS A MEANS OF RECAPITULATING 

EMBRYONIC DEVELOPMENT  

1. Introduction 

1.1 Stem Cell Properties 

 Stem cell utilization is infinite and remains at the forefront of cutting-edge 

research. There are many sources in which stem cells can originate, yet all stem cells have 

the capability of self-renewal while maintained in an undifferentiated state (He et al., 

2009). As such, stem cells make excellent candidates for cell regeneration studies (Mahla 

et al., 2016). However, stem cell research is pivoting to take advantage of the seemingly 

limitless differentiation capabilities. Embryonic stem cells (ESCs) are pluripotent, and 

therefore can differentiate into any specialized cell types of the body that are derived from 

the three primary germ layers, such as neurons, skin cells, and bone cells (Figure 1.1). 

With the use of stem cell differentiation, ESCs can be used to recapitulate embryonic 

development and asses the effects of environmental exposure on embryogenesis. 

Figure 1.1 Isolated pluripotent ESCs from the inner cell mass of a day 5 human blastocyst. Created 

with Biorender. 
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Stem Cell Types. Adult stem cells (ASCs) are derived from somatic tissues, such as 

bone marrow or fat, that are limited to differentiating into cell types specific to the tissues 

or organs in which they live. Due to the limited differentiation capacity of ASCs, they have 

multi- or uni-potent potential (Dulak et al., 2015). Also, ASCs can only undergo a limited 

number of divisions. ASCs, therefore, mostly contribute to tissue homeostasis and thus 

ultimately are responsible for tissue repair, especially in areas of the body that undergo 

high turnover (Pekovic et al., 2008).  

Unlike ASCs, ESCs are unspecialized cells that have high self-renewal properties 

and can be maintained in a pluripotent state. Pluripotency allows ESCs to give rise to any 

cell type derived from the three germ layers (Keller et al., 2005) (Figure 1.2).  ESCs are 

derived from the inner cell mass of the blastocyst (Martin et al., 1981; Evans and Kauffman, 

1981). In vivo, it is the inner cell mass of the blastocyst that becomes the embryo proper, 

thus ESCs are unable to give rise to extraembryonic tissues and therefore cannot create an 

organism. Despite the undeniable utility of stem cells, first reports only surfaced in the 

early 1980s of ESCs isolated from mice (Martin et al., 1981; Evans & Kaufman, 1981).  

 

Figure 1.2 A human gastrula depicting the primary germ layers, which will later help form the 

notochord, neural tube, and somite after gastrulation. Created with Biorender. 
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The use of mouse ESCs (mESCs) outlined truly remarkable work and allowed for the 

advancement of both culture techniques and other exploratory ESC work. As such, mESC 

work paved the way for the derivation of human ESCs (hESCs) from cryopreserved 

blastocysts in the late 1990s (Thomson et al., 1998).  

While in culture hESCs, like mESCS, can be maintained in an undifferentiated 

state. However, researchers are able to manipulate spontaneous differentiation depending 

on cell maintenance and passaging protocols. Directed ESC differentiation into specified 

cell types is facilitated through changes in culture medium that inhibit pluripotency and 

promote upregulation of lineage-specific gene. Many ESC differentiation protocols that 

have been reported, including differentiation into cardiomyocytes, neurons, and also bone-

forming osteoblasts (Okabe et al., 1996; zur Nieden et al., 2003; zur Nieden et al., 2005). 

As ESCs decrease in pluripotency and differentiate towards a specific lineage, they 

progress through several progenitor cell fates before becoming a differentiated cell type, 

such as an osteoblast (Figure 1.3).  

1.2 Bone Development 

Osteogenesis. Osteogenesis is defined as the formation and development of bones. The 

skeleton arises from three distinct lineages. Neural crest cells migrate to form most of the 

Figure 1.3. Cellular stages of human embryonic stem cells as undergo osteogenesis. Created with 

Biorender 
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craniofacial skeleton and cartilage (Knight and Schilling, 2000). The somites, which 

originate from the mesoderm, form the axial skeleton, the ribs and vertebrae (Kageyama et 

al., 2010), and the lateral plate mesoderm forms the appendicular skeleton (Tani et al., 

2020). Together these distinct pre-skeletal lineages make up the skeletal components 

described below.   

Skeletal Components. Bone is composed of compact tissue and cancellous tissue, which is 

maintained by osteoblasts, the bone-forming, and osteoclasts, the bone-resorbing cells. 

Both specialized cell types are constantly being turned over throughout life in a process 

called bone remodeling. Osteoblasts synthesize the bone matrix and promote 

mineralization of the extracellular matrix. Derived from hematopoietic precursors, multi-

nucleated osteoclasts form resorption pits on the bone surface and degrade the bone matrix 

proteins by the use of enzymes, such as Cathepsin K (Touaitahuate et al., 2014). The third 

component of a long bone are the chondrocytes which are the only cells found in healthy 

cartilage. They produce and maintain the cartilaginous matrix, which consists mostly of 

collagen and proteoglycans (Akkiraju and Nohe, 2015). Chondrocytes help regulate the 

bone extracellular matrix and maintain cartilage homeostasis (Akkiraju and Nohe, 2015).  

Skeletogenic bone formation can occur through endochondral ossification, which 

includes an intermittent cartilage phase, or directly through osteoblast formation in 

intramembranous ossification. Endochondral ossification outlines the formation of all the 

bones in the body, except the flat bones, clavicles, and mandible and is also responsible for 

fracture healing in adults. Both endochondral ossification and intramembranous 

ossification arise from a group of mesenchymal cells. In areas of endochondral ossification, 
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condensed mesenchymal cells differentiate into chondrocytes to form a cartilage template 

for the future bony skeleton. During intramembranous ossification, mesenchymal cells 

condense and directly convert into osteoblasts, creating the flat bones. Regardless of 

lineage derivation, once the osteoblast becomes buried in the mineralized bone, it will 

mature into an osteocyte. Whereby, osteoblasts work to continue producing new bone cells 

and osteocytes contribute to bone mass. 

Developmental Disorders of the Bone. There are numerous skeletal disorders that can arise 

due to defects in skeletal patterning, differentiation, growth, and/or homeostasis. Some 

forms of skeletal dysplasia are fatal; however, many are not. Exposure to several toxicants 

during embryonic development can result in a plethora of birth defects, such as exposure 

to cyclopamine during early embryogenesis prevents the brain from forming two lobes and 

when not fatal can result in the formation of a single eye (Heretsch et al., 2010). Distinct 

skeletal disorders such as thanatophoric dysplasia, campomelic dysplasia, achondroplasia, 

osteogenesis imperfecta, and achondrogenesis can be caused by exposure to a toxicant as 

skeletal development takes place (chop.edu/conditions-diseases/skeletal-dysplasias). 

Although screening of parents can give some insight into genetically inherited skeletal 

disorders, they can also arise from spontaneous mutations or secondary exposure without 

prior family history.   

In Vitro Osteogenesis. Osteoblast differentiation is a complex process controlled by stage 

specific regulatory genes. In vitro, bone differentiation from mESCs was first assessed by 

zur Nieden et al. (2003) using murine ESCs and osteogenesis factors ascorbic acid, β-

glycerophosphate and 1,25-(OH)2 vitamin D3. The current physical assessment of in vitro 
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osteogenesis includes identifying bone-forming cells in culture. Their presence is evident 

by the manifestation of a calcified extracellular matrix, which is a hallmark of bone cells 

and provides the characteristic strength to the bone tissue. The osteoblast differentiation 

protocol remains an effective way of producing these bone-forming cells in a process that 

follows the in vivo stages of embryonic development outlined above. In the first four days 

of this differentiation protocol, cells exit from pluripotency and undergo spontaneous 

differentiation whereby the three germ layers are stochastically represented. On Day 5, 

three supplements are added to the base medium, which are ascorbic acid, beta-

glycerophosphate, and the bone active factor, 1α,25-(OH)2 vitamin D3 which enhances the 

differentiation and mineralization of mature osteoblasts (Figure 1.3). Beta-

glycerophosphate provides cells with a source of inorganic phosphate and is the substrate 

for alkaline phosphatase (ALP) (zur Nieden., 2011), which is a major enzyme involved in 

mineralization and early marker of osteoblast differentiation (zur Nieden., 2011). In 

osteoblast-precursors and early osteoblast stages the transcription factor, runt-related 

transcription factor 2 (RUNX2) is highly expressed (Ducy et al., 1997) and is required for 

osteoblast differentiation. RUNX2 regulates the expression of osteogenic genes, including 

osteopontin and mature osteoblast markers osteocalcin (OCN) and bone sialoprotein (BSP) 

(Ducy et al., 1997; Nakashima et al., 2002).  Molecular alteration at any point during 

osteogenesis can result in a skeletal defect (zur Nieden et al., 2010).  

This protocol remains over 90% efficient in osteoblast differentiation and is highly 

reproducible across species (zur Nieden et al., 2004; zur Nieden et al., 2003; zur Nieden et 

al., 2007; Kuske et al., 2011; zur Nieden et al., 2005). In rhesus, common marmoset and 
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human ESCs and induced pluripotent stem cells (iPSCs), vitamin D3 supplementation 

equally leads to the commitment of bone lineage cells accompanied by characteristic gene 

expression and ending with a calcified extracellular matrix that appears black in phase 

contrast microscopy (Dienelt et al., 2010; Trettner et al., 2014; Sparks et al., 2018). 

1.3 Embryonic Stem Cell Test (EST) 

 The 1960’s global thalidomide disaster higlighted the negative effects of chemical 

and environmental toxicant insults on embryotoxicity. To prevent such adverse effects on 

developing embryos, chemicals are required to be screened according to OECD guidelines 

(Lee et al., 2012; Mouche et al., 2011; Spielmann et al., 1997). Such screenings are 

conducted in live animals, mostly rodents (Lee et al., 2012) and zebrafish embryos which 

are routinely used as a method for assessing developmental toxicity (Caballero and 

Candiracci, 2018). However,  in vivo approaches are time consuming, require a large 

amount of animals, costly, and lack human-centered risk assesment. In turn,  in vitro 

approaches allow for safe, reliable, and high throughput results. Three such approaches 

based on in vitro assays include the micromass whole cell culture assay, the Frog Embryo 

Teratogenesis Assay-Xenopus (FETAX) test, and the Embryonic Stem Cell Test (EST) 

(Lee et al., 2012; Mouche et al., 2011; Spielmann et al., 1997). These techniques were 

validated in 2002 by the European Centre for Validation of Alternative Methods for 

accuracy and predictivity. While all three were found useful, only the EST completely 

avoided the use of animals. In addition to avoiding the sacrificial use of animals, the EST 

is less labor-intensive than other in vitro techniques. The EST classfication of the 

embryotoxic potenital of a test compound uses three endponts: cytotoxicity of 1) 3T3 
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mouse adult cells and (2) ESCs (the test compound’s concentration resulting in a 50% 

decrease in cell viability, IC50) and (3) inhibition of differentiation of ESCs (the test 

compound’s concentration that results in 50% cardiomyocyte differenitation inhibition, 

ID50) (Scholz et al., 1999; Genschow et al., 2004; Genshow et al., 2002). In the classic EST 

invented by Spielmann and colleagues, evaluation of differentiation inhibition is based on 

the absence or presence of contracting cardiomyocyte clusters in a stem cell culture as an 

indicator of embryotoxicity. Dose response curves determine IC50 and ID50 values, which 

are then incorporated into a bio-statistical model, where chemicals are predictively 

classified into one of three embryotoxic categories: strongly embryotoxic, weakly 

embryotoxic, and non-embryotoxic (Genschow et al., 2002). Follow-up validation studies 

found the EST had a 78% correct classification for the tested compounds and 100% 

predictive in cateogorizing stong embryotoxicants. However, this method was limited to 

one differentiation endpoint and cannot be used to predict other teratogenicities.  

zur Nieden et al. first expanded the mouse-based EST to contain a skeletal endpoint 

(2004). However, current experimental assessments of rodent responses extrapolated to 

human exposure are unable to predict accurate gestational development and exposure on 

humans. While a rigorously controlled experiment with the above-mentioned method may 

uncover a causal relationship between exposure and skeletal birth defects, in vivo work 

remains labor- and cost-intensive and require sacrificing pregnant animals to recover 

embryos. With the advent of human pluripotent stem cell models and their application to 

derive bone cells, it has now become possible to leverage these cells for risk assessment 

associated with environmental exposure.  
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By employing human embryonic stem cells to this embryotoxicity model, the zur 

Nieden lab has remained at the forefront of improving the EST. Similar to the classic EST, 

this hEST also utilizes three endpoints: cytotoxicity of (1) human foreskin fibroblasts (hFF, 

adult cells), (2) human ESCs and (3) differentiation of hESCs into osteoblasts.  In prior 

studies in the lab, osteoblast differentiation was assessed by the indirect measurement of 

calcium deposition (ID50Ca) and TWIST1 gene expression (ID50TWIST1). Through 

comparison with results obtained with the mEST on a small battery of test chemicals with 

known in vivo embryotoxicity potential, the suitability of this modified EST using human 

ESCs was demonstrated. In particular, 13-cis retinoic acid, which is embryotoxic to the 

human skeleton, but not the mouse (Nau, H. 2001), was classified as a moderately 

embryotoxic chemical. Therefore, the modified hEST was able to correlate developmental 

toxicity to certain environmental toxicants and assess skeletal birth defects.  
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Aims and Objectives 

Environmental contaminants, including tobacco products, contain many known 

embryo-toxicants that disrupt skeletal development. However, there has been a lack of 

attribution of specific chemicals, or class of embryotoxic chemicals, as a causal factor of a 

skeletal birth defect. The following aims will provide insight on how certain toxicant 

exposure can influence components of osteogenesis by addressing four specific aims: 

 

Specific Aim 1: Validate the human embryonic stem cell test (EST) on known 

developmental toxicants (addressed in chapter 2) 

Specific Aim 2: Determine skeletal birth defects associated with in utero exposure to 

tobacco extracts (addressed in chapter 3) 

Specific Aim 3: Identify specific effects of prevalent constituents during osteogenic 

differentiation (addressed in chapter 4)  

Specific Aim 4: Evaluate hypomineralization phenotype in vitro through signal 

manipulation (addressed in chapter 5)  
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CHAPTER 2: EMBRYONIC STEM CELL TEST (EST) VALIDATION ON 

DEVELOPMENTAL TOXICANTS  

2.1 Introduction 

As previously outlined, skeletal development is a highly complex process that requires 

many components such as, differentiation, patterning, and morphogenesis. Any mis-

regulations within this controlled process can give rise to a skeletal birth defect. While 

skeletal defects are typically seen as cosmetic defects, treatments that exist are, at best, 

remedial. These defects can impact quality of life and occur in 1 out of every 4,000 children 

born (Orioli et al., 1986). While some skeletal defects are genetically inherited, they can 

also arise from the exposure to toxic agents. With the validation of the human EST (hEST) 

model, real policies can be implemented to reduce exposure risk in high environmental 

contaminant areas and prevent birth defects. This work will help establish and employ a 

reliable in vitro model to predict skeletal embryotoxicity of chemicals found in the 

environment.  

The Environmental Protection Agency (EPA) has established a comprehensive bank of 

toxicants with known effects to the skeleton in vivo. A subset of these chemicals was 

selected to assess the skeletal embryotoxicity within the hEST model. The initial EST was 

used in an in vitro model where mESCs and adult mouse fibroblasts were exposed to 

toxicants to assess embryotoxicity and maternal toxicity. As previously outlined, the classic 

mouse EST evaluated cardiac differentiation inhibition during toxicant exposure, however 

the EST was expanded to encompass other lineage-specific effects (zur Nieden et al., 2003; 

Festag et al., 2007; Piersma, 2004). In previous years, standard methods for screening 
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environmental toxicants consisted of exposure-based assay techniques. These models 

neglect embryo-toxicity and remain too broad to assess exposure on a targeted system. 

Even the classic EST remained an unreliable technique as a human predictive model, 

especially in the weak embryotoxic category where it summons a predictivity of only 70%. 

In order to decrease the amount of false positive and false negative hits, it is hypothesized 

that a screening approach utilizing a human in vitro differentiation model would provide 

the most predictive results.  

Screening toxicants utilized for this proposed model were selected from the EPA’s 

public ToxCast I library. These chemicals have been previously tested using standard 

screening techniques and have established toxicity reported (Richard et al., 2016). The 

EPA’s ToxCast I library contains over 4,500 chemicals and has been categorized based on 

relevance of exposure in the environment. The current list was collected over three phases 

through quality reviews and rigorous high-throughput screening assay-based methods 

(EPA, 2022). The two categories of assays utilized were cell-based in vitro and biochemical 

in vitro assays. The former was used to determine cellular changes in response to exposure 

and the latter measured the activity of a biological macromolecule. Over 700 different high-

throughput assays were utilized which covered about 300 different signaling pathways.  

Therefore, the EPA’s established ToxCast I list will provide a subset of toxicants 

to evaluate within a human model. Endpoints within the hEST will be compared back to 

the mEST. Importantly, both embryonic stem cell lines used for differentiation will contain 

the same media components on the same time course. However, hESCs require colony 

confluency before exposure and mESCs simply require the counting of cells (2,500 
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cells/well) prior to exposure. In both cell differentiation techniques, exposure is consistent 

and replenished at every media change and as such recapitulates a consistent, 

environmentally-relevant exposure. The human in vitro differentiation model highlights 

the species-to-species variability in response the screening chemicals selected and also 

highlights the necessity of implementing a better human-predictive approach.  

2.2 Previous data 

Prior work in the zur Nieden lab has reliably established the hEST in pairing with 

a biostatistical model to classify chemicals based on skeletal toxicity. Whereby chemicals 

were selected based on neural crest-specific toxicity and compared between a human 

embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs) line 

(Sparks et al., in revision). Endpoint analyses revealed that calcium production in the 

established hESC differentiating line was impacted more than the hiPSCs. Follow-up 

osteogenic gene detection and mRNA analysis was able to accurately predict chemical 

classification within the hEST.  

Established Positive/Negative Reference Controls as Affecting Osteogenesis Were 

Utilized.  

European Centre for the Validation of Alternative Methods validated positive and 

negative reference controls were tested in both mouse and human osteoblast differentiation 

models. Following endpoint collections, identified half-maximal inhibition values were 

assessed and categorized based on embryotoxicity (non-, weak, strong) using the 

established biostatistical predication model outlined in Genschow et al., 2002. Using the 

human EST model, these previously established reference controls were tested to 
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determine whether human cell responses more accurately predict tissue defects similar to 

those seen after human exposure. Penicillin G evaluated at the highest relevant 

concentration (1,000 ug/mL) elicited no effect to osteogenesis both in our model and within 

the literature (zur Nieden et al., 2004, Walker et al., 2014). Both 5-Fluorouracil (5-FU) and 

all-trans Retinoic Acid (atRA) were determined to affect viability and differentiation in 

mESCs (zur Nieden et al., 2004). While 5-FU is generally cytotoxic, atRA elicited a 

concentration-dependent toxicity to skeletal cells. A derivative of atRA was also assessed. 

13cisRA is a teratogen in humans (Sparks et al. in revision). 13cisRA induced no response 

in the mouse ESCs, however elicited a similar effect in human ESCs (Fig 2.1). This finding 

suggests that the hEST-based screening technique more accurately categorizes embryo-

toxicants.  

 

 

Figure 2.1: (A) Previously identified reference controls were tested in mouse and human embryonic 

stem cells and respective adult fibroblasts. Endpoints determined effects to cytotoxicity and osteogenic 
differentiation. Results also highlight differential effects to mother (fibroblast) and embryo (ESC). 

Highlighted in the orange boxes demonstrates the species differences with the same exposure. (B) The 

biostatistical model highlights the human ESC model correctly classified control chemicals according 

to in vivo embryotoxicity with greater sensitivity compared to mouse ESCs.  
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2.3 Methods 

2.3.1 Cell Culture 

H9 human embryonic stem cells (hESCs) were cultured on Matrigel (BD Biosciences) 

treated culture plates in mTeSR 1 medium (Stem Cell Technologies) at 37 °C with 5% 

CO2. Colonies were passaged every 3 days using accutase (2–4 min at room temperature) 

and a cell scraper to displace colonies from the plastic well. D3.6 mouse embryonic stem 

cells (mESCs) were cultured on Primaria-treated culture plates in ESC maintenance 

medium (15% FBS (Atlanta Biologicals, screened batches), 1% (v/v) non-essential amino 

acids, 50 U/mL penicillin, 50 µg/mL streptomycin, and 0.1 mM β-mercaptoethanol) at 37 

°C with 5% CO2. Colonies were passaged every 2 days using 0.25% Trypsin-EDTA (5 min 

at 37 °C). Human foreskin fibroblasts and 3T3 fibroblasts cells were maintained in hFF 

media (DMEM, 10% maintenance FBS, 1% (v/v) non-essential amino acids, 50 U/mL 

penicillin and 50 µg/mL streptomycin) and plated into a 0.1% gelatin-coated plate. Cells 

were passaged every 3 days using 0.25% Trypsin-EDTA (5 min at 37C). 

2.3.2 Osteogenic Differentiation of Embryonic Stem Cells 

The differentiation protocol established and used within the zur Nieden lab uses confluent 

H9 hESCs to induce differentiation through the addition of a control differentiation 

medium (CDM) composed of DMEM, 15% FBS (Atlanta Biologicals), 1% (v/v) non-

essential amino acids, 50 U/mL penicillin, 50 µg/mL streptomycin, and 0.1 mM β-

mercaptoethanol. CDM is used for the first five days of differentiation to decrease 

pluripotency. On day five, CDM was supplemented with 1.2*10-7 M 1,25α(OH)2 Vitamin 

D3 (VD3; Calbiochem), 0.1 mM β-glycerophosphate, and 20.8 µg/mL ascorbic acid. D3.6 
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mESCs follow the same osteogenic differentiation protocol, however mESCs do not 

require colony confluency to begin exposure. Cells are counted using Nexcelom 

Cellometer and plated at 2,500 cells/well.  

2.3.3 Exposure of Additional Supplements to Alter Osteogenic Differentiation 

Supplemental chemicals 1,3-Dibromo-5,5-Dimethylhydantoin (Sigma Aldrich, 157902, 

98%), 17a-Estradiol (Sigma Aldrich, 57-91-0, 98%), 17a-EthinylEstradiol (Sigma Aldrich, 

E4876, 98%), 5,5-Diphenylhydantoin (Sigma Aldrich, 57-41-0, 98%), Acetaminophen 

(Sigma Aldrich, A7085, 99%), Benz(a)anthracene (Santa Cruz, sc-252409, 99%), 

Chloropyrifos (Sigma Aldrich, 45395, ≤100%), Coumarin (Santa Cruz, sc-205637, 98%), 

Cyclohexamide (Sigma Aldrich, C4859, 90-100%),  Cyclopamine (Sigma Aldrich, 

PHL82510, ≥95%), DEET (Sigma Aldrich, 134-62-3, ≤100%), Folic acid (Sigma Aldrich; 

59-30-3, ≥97%), Norgestrel (Sigma Aldrich, N1250000, ≤100%),  Quinoline (Sigma 

Aldrich, 241571, 98%), Sodium Saccharin hydrate (Sigma Aldrich, 47839, ≤100%), 

Triadimefon (Sigma Aldrich, 45693, ≤100%), and Triadimenol (Sigma Aldrich, 46138, 

≤100%) were delivered throughout the entire duration of differentiation with the 

appropriate concentration. All chemical stocks were diluted to 100,000 µg/mL using 

DMSO. Working stocks were diluted down to 10,000 µg/mL in DMEM. Final DMSO 

concentrations in highest test concentration was 0.1%. Stocks were stored in -20 °C. Final 

dilutions were made in appropriate cell culture medium to the tested concentrations. 

Supplemental cell treatment started on day 0 of differentiation and continued through day 

20 in H9 hESCs and hFF cells. Medium, including chemical dilutions, were made fresh 

and changed every other day.  
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2.3.4 Detection of Calcium 

Quantification of calcium content was performed using a calcium assay normalized to 

protein content. Cells were lysed with radio-immunoprecipitation (RIPA) buffer (1% 

NP40, 0.5% sodium deocycholate, 0.1% sodium dodecyl sulfate, phosphate buffered saline 

(PBS)) on day 20 of cellular differentiation. Remaining matrix was washed with 1 N HCl 

and collected. Both lysates were assayed with Arsenazo III (Genzyme), and absorbance 

was measured at 655 nm (iMark microplate reader; BioRad). Absorbances were compared 

to a CaCl2 standard and total calcium content was normalized to total protein content 

determined by a Lowry assay (Davis et al., 2011). The Lowry assay was read at 750 nm 

(iMark microplate reader; BioRad) after a 15-minute micro-shake incubation and total 

protein was determined by comparing to a BSA standard curve.  

2.3.5 MTT Assay 

Viability response to constituent exposure was determined by 3-[4,5-dimethylthiazol-2yl]-

2,5-diphenylterazolium bromide (MTT) assay. Cells were incubated with MTT (5 mg/ml) 

at 37 °C for 2 h. Following incubation, the supernatant was removed and replaced with 

0.04 mol/L HCl in isopropanol. The plate was placed on a shaker for 15-minutes to dissolve 

aggregates. The optical density of the solution was read at 595 nm (iMark microplate 

reader; BioRad) (zur Nieden et al., 2010; zur Nieden & Baumgartner, 2010; Walker et al., 

2014). 

2.3.6 Statistical Analysis 

Half-maximal inhibitory doses of cytotoxicity (IC50) and osteogenic differentiation (ID50) 

were taken from concentration-response curves (nonlinear regression; GraphPad Prism) 
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and embryotoxicity classes calculated according to Genschow et al. (2000; 2002). A 

biostatistical prediction model based on linear discriminant functions was employed to 

correctly classify the test chemical into one out of three total embryotoxicity categories 

(strong, weak, and non-embryotoxic) (Genschow et al., 2002). Within the formulae, 

calculated ID50 concentrations are relatively compared to the chemical IC50 counterpart. All 

exposures were performed in biological quintuplicates.  

2.4 Results 

2.4.1 mEST v. hEST Screenings. To mirror previous EST comparisons, a training set of 

chemicals (Table 2.1) was tested to establish the predictivity of how the human-cell-based 

assay compares to the current standard. Cells were concomitantly exposed to the selected 

chemicals during differentiation to osteoblasts to obtain a half-maximal inhibitory 

concentrations based on the two endpoints of cytotoxicity and matrix calcification. The 

Table 2.1 Select screening chemicals and endpoint comparisons. Highlighted boxes depict 

developmental toxicity category discrepancies between human and mouse EST models. 
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latter was used to indirectly quantify the amount of mature, functional bone-forming 

osteoblasts from a calcium assay, normalized to protein content of the cultures. All half-

maximal inhibitory concentrations were then related to a half-maximal inhibitory 

concentration obtained from exposing fully differentiated fibroblasts using three Fisher 

functions developed for mouse cells. Results from the mEST screening will be used to 

establish the differential sensitivity of cells from different species and to further converge 

on the final predictivity of our human-cell-based assay. The initial screenings demonstrate 

higher concentrations are needed within the mouse model to reach the half-maximal 

inhibitory threshold (Supplemental Figure 2.1). 

Next, the above screening chemicals were assessed in hESCs. Initial comparisons were 

made to determine any notable differences between the in vitro model methods. Early test 

concentrations were performed at lower chemical doses and resulting lower ID50/IC50 

values were gathered. From the initial screenings, the implementation of this screening 

technique over current methods is validated as results suggest human exposure has greater 

sensitivities (Supplemental Figure 2.2, 2.3).  

Additionally, a regression analysis was performed to directly compare viability to 

effects on differentiation. This was done by taking the LogIC50 and dividing by the 

LogID50. Results can be seen in Fig 2.2.  This regression analysis demonstrated visual 

representation on how toxicants are categorized based on embryotoxicity. Highly negative 

values represent strong embryo-toxicants, values that are close to equal are weak embryo-

toxicants, and highly positive values are non-embryotoxic.      
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2.5 Discussion 

 The biostatistical model developed for the classic EST has been able to classify the 

reference control chemicals similarly between species and appropriately matched them to 

their in vivo embryotoxicity. Darker shaded dots indicate a “strong” effect either strongly 

embryotoxic or non-embryotoxic. Lighter shaded dots fall within the mildly embryo-toxic 

cateogory. The selected reference control, 13cisRA was classified as non-embryotoxic 

(class I) based on the sensitivity of the mouse embryonic stem cells, but as moderately 

embryotoxic (class II) based on the human ESCs. 13cisRA was found to be embryotoxic 

in vivo within humans. The prediction model unscores the neccessity for human relevance 

within the classic EST. This data demonstrates that some chemicals can have negative 

outcomes on human osteogenesis, which would not be detected with the current mouse 

cell-based assay. The sensitivity descrepancies are likely attributed to species-specific 

differences in exposure, however despite both mESCs and hESCs derived from the ICM 

of a blastocyst hESCs resemble primed mESCs (Chen and Lai, 2015). Primed mESCs are 

derived from epiblasts post-implantation (Chen and Lai, 2015).  

Figure 2.2: LogID50 concentrations plotted over LogIC50 concentrations to depict relationship between 

calcium content and cell viability.  
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 While most of the chemicals screened demonstrated increased sensitivity to the 

hESC model, some compounds displayed similar effects between models, where the 

screening compound’s affect on osteogenesis was dependent on cell viabililty. In these 

cases, cells are dying as a result of exposure and therefore, consequently, cells are not 

differentiating. For instance, Cyclohexamide exposure elicited nearly identical ID/IC50 

concentrations. Since Cyclohexamide is a protein synthesis inhibitor that is being applied 

to a living system this outcome is understandable. The distinct descrepcies of the 

dependence or independence of cell death is a cruical component in policy making.  

 However, there were instances in which cell viability was unaffected and osteoblast 

production was hindered. In particular, the H9 IC50 concentration for DEET was 200x 

greater than the observed ID50 concentration. This failure to form osteoblasts but not cause 

cytotoxicity suggests a differenitation defect due to exposure. DEET is the main component 

of insect spray and is ubquitiously used in areas with large amounts of water. There is no 

federal warning issued to pregnant persons to minimize exposure to DEET, therefore 

results demonstrate the neccessity for more appropriate development-based assays.   

Together, these endpoints provide a reliable assessment of the formation of bone-

forming osteoblasts, or lack thereof, depending on chemical exposure as method for 

compound human risk assessment. This hEST osteogenic method, with the inclusion of 

more test chemicals, will impart a reformed technique to replace animal testing, which is 

of great use to the EPA.   
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CHAPTER 3: FETAL SKELETAL ASSESSMENT OF IN UTERO EXPOSURE TO 

TOBACCO EXTRACTS  

3.1 Introduction 

Tobacco has numerous utilities and has been a staple in everyday life since 5000 

B.C., however the smoking and consumption of tobacco for recreational purposes only 

began in 1492 (Musk, 2003). Smoking and tobacco use were reported by the US Surgeon 

General as the most extensively studied source of disease (Musk et al., 2003; US Public 

Health Service; USDHEW, 1967; USDHEW, 1969), yet regulatory policies and 

consumption remain unchanged. Diseases implicated or exacerbated by tobacco use are 

ample, such as heart disease, stroke, multiple organ-specific cancers, premature aging, and 

infertility (Musk et al., 2003; Winstanley et al., 1995; US Department of Health and Human 

Services, 1982; US Department of Health and Human Services, 1989; US Department of 

Health and Human Services, 1990; English et al., 1995). Other tobacco-related risks and 

diseases include hormonal irregularities, osteoporosis, and other impacts to reproductive 

health (NIH-b; UCI; Ward et al., 2001). Those often left unmentioned are tobacco-induced 

birth defects. Women make up a staggering 20% of global smokers (Warner et al., 2005) 

and 10-12% of those women in the U.S. still consume tobacco products throughout 

pregnancy (Tong et al., 2009). Stillborn rates associated with in utero tobacco exposure 

were assessed in a cohort of 25,102 singleton pregnancies with a 30% population of 

pregnant smokers (Wisborg et al., 2001). Findings included a 25% rate of stillbirths and 

20% rate of infant deaths (Wisborg et al., 2001).  
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While tobacco-induced fetal and infant death has a prevalent association and is 

easily avoidable, birth defects related to in utero tobacco exposure is much more difficult 

to report. There are numerous pregnancy outcomes, aside from mortality, associated with 

in utero tobacco or second-hand exposure, including early delivery, low birth weights, and 

other newborn measurement assessments (Adgent et al., 2006; Werler et al., 1997). As 

previously discussed, tobacco use affects heart health, and these implications extend to 

congenital heart defects in children (Malik et al., 2008). In fact, congenital heart defects 

make up the most prevalent birth defects and is highly linked to in utero tobacco smoke 

exposure (Cleves et al., 2003; Boneva et al., 2001; Moller et al., 1993; Malik et al., 2008).  

In addition to an increased risk for heart defects, tobacco exposure inflicts skeletal 

birth defects. Many reports indicate 1 in 1000 births have diagnosed defects of the axial 

skeleton (Cohen et al., 1997; Jaskwhich et al., 2000; Erol et al., 2004; Brent et al., 2007; 

Dias et al., 2007; Oskouian et al., 2007; Alexander et al., 2010). Of these skeletal defects, 

40% coexist with a neural tube defect and 2-5% have additional limb defects (Cohen et al., 

1997; Jaskwhich et al., 2000; Erol et al., 2004; Brent et al., 2007; Dias et al., 2007; 

Oskouian et al., 2007). Exposure to tobacco in utero is also known to be associated with 

malformations of the skeleton, such as a decrease in overall length and head and chest 

circumferences (Macdonald-Wallis et al., 2011). Extensive epidemiological reports have 

shown children exposed to tobacco in utero have an increased risk of bone malformations, 

including an increased amount of hypomineralized bones and risk of fracture following 

minor injuries (CDC). Additional studies reveal that smoking during any point in 

pregnancy significantly impacts embryonic bone-related measurements, such as overall 
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total body height, less head bone mineral content, bone age, and bone mineral density 

(Macdonald-Wallis et al., 2011). Arguably, limited physical mobility wreaks havoc on 

overall well-being and increases the risk for unwellness in both physical and mental health.  

Skeletal birth defects associated with in utero tobacco exposure research is 

neglected as most skeletal defects are seen as simply cosmetic in nature. However, by 

assessing the development of differentiating hESCs into bone-forming osteoblasts, impacts 

on embryonic skeletal development can be assessed. Skeletal toxicity has become a popular 

gauge for assessing toxicants, largely due to the sensitivity of the system and the variety of 

phenotypes (Toppari et al., 1996). Longitudinal meta-data on potential embryonic tobacco 

exposure is readily available, however, conditions are limited by participant and results are 

subjected to outside influences beyond the scope of tobacco exposure.  

Despite most of this research surfacing from conventional cigarettes, “harm-

reduction” products are becoming increasingly popular to consumers. As an alternative to 

conventional cigarettes, pregnant smokers will opt to use “harm-reduction” cigarettes 

because they have lower tar and nicotine content or ultra-filtered, previously advertised as 

“light” cigarettes. Recently on October 22, 2019, the FDA, for the first time, approved 

some Snus products—smokeless tobacco pouches that are placed under the lip to allow 

absorption of nicotine—to be marketed as bearing reduced harm in comparison to 

combustible cigarettes (https://filtermag.org/fda-snus-harm-reduction). While its product 

packaging specifies a lower risk of mouth cancer, heart disease, lung cancer, stroke, 

emphysema, and chronic bronchitis, its negative outcome on skeletal health is unknown. 

 



 31 

3.2 Previous Data 

To aid in the identification of adverse outcome pathways associated with the 

recently reported higher bone fracture risks in children exposed to tobacco in utero 

(Parviainen et al., 2017), the lab tested whether the detrimental effect of tobacco products 

to produce skeletal defects can be recapitulated in the human osteogenesis in vitro model 

(Sparks et al., 2018; see chapter 2). The screen produced two significant new findings: 1) 

hESCs showed adverse responses to tobacco products: all seven tested products elicited 

decreases in calcification, thus confirming this model as an excellent in vitro tool to unravel 

molecular mechanisms underlying hypomineralization and bone fracture risk in children 

(Fig. 3.1A). 2) Normalization to nicotine content revealed that extracts from harm-

reduction tobacco products, including Snus, were more potent in inhibiting human 

osteogenesis than extracts from conventional cigarettes, causing osteogenic differentiation 

inhibition in the absence of cytotoxicity and independent of nicotine (Martinez et al., 2022) 

(Fig. 3.1B). By extension, this data suggests that exposure of a pregnant woman to the 

harm-reduction products Camel Blue and Snus and the chemicals therein increases the 

Fig. 3.1 Harm reduction products are inhibitory to human osteogenic differentiation. (A) 

Concentration response-curves for Snus extract tested on protocol. Effective Dose (ED) = 0.1% Snus 

tobacco extract. Non-effective Dose (NED) = 0.0005% Snus tobacco extract. Cytotoxicity = MTT 

assay, Calcification = Ca2+ assay. (B) Calcification concentration-response curves for all tested tobacco 

products normalized to nicotine. Smoke extract was from sidestream smoke. AS, American Spirit; M, 

Marlboro; C, Camel.  
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chances of her giving birth to a child with skeletal defects. To validate these findings in 

vivo, in this chapter mouse exposures were conducted, and the skeletons of the offspring 

analyzed from images.  

3.3 Methods 

3.3.1 In Vivo Mating Schedules. The University of California, Riverside Institution 

Animal Care and Use Committee have reviewed and approved all mice experimentation 

outlined below (AUP#A-20180064). A harem pairing of C57/BL6 mice were housed late 

evening and the next morning each dam was checked for the presence of a vaginal mucous 

plug. If a plug was present, dams were separated, and timed pregnancy was identified as 

embryonic (E) stage 0.5. Standard mating ages were used (6-8 weeks old).  

3.3.2 In Vivo Tail-vein Injections. On E6.5 and E8.5, tail-vein injections were 

administered using sterile 28-30 gauge needles with no more than 0.2mL of solution to 

pregnant dams. Injections contained a saline solution (PBS) (20 dams injected), aqueous 

Camel Blue extracts (0.13 puff equivalence) (15 dams injected), or aqueous Snus extracts 

(0.1% w/v) (15 dams injected). Concentrations used for in vivo exposure were identified in 

initial in vitro tobacco screenings as the ID50 values. These concentrations were normalized 

against nicotine concentration to determine exposure relevance, and both fall within the 

concentration of nicotine found within the serum of tobacco users (33 ng/mL).  

3.3.3 Embryo Extractions. On E17.5, pregnant dams were weighed and euthanized 

by a combination of CO2 gas and cervical dislocation. Following culling, the uterus was 

dissected and fanned out with pups exposed. Pup litter size was recorded. Pups were then 

carefully skinned and eviscerated. Organs were removed and flash frozen. Skin, fat, and 
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muscle were manually removed as effective as possible before placing in a 95% EtOH 

solution. Remaining tissue was excised with standard dissection scissors. Skeletons were 

then submerged and fixed in a 4% PFA solution overnight. Following fixation, skeletons 

were stored in a 1:1 PBS: glycerol solution and then double-stained in Alican Blue and 

Alizarin Red.  

3.3.4 Image J. Measurements were collected for relevant bones via ImageJ. Images 

were uploaded and scales were set. The segmented line tool was used to precisely obtain 

the following measurements: femur, ulna, radius, and last single attached rib for total 

lengths, diameters, and calcified bone lengths not including any mineralization overlap. 

3.3.5 Data Processing. Python and R were used and visualized via Jupyter 

notebook (available upon request) for data processing and statistical analysis, respectively. 

The analytic approach taken includes a distribution-based comparison, then a more direct 

statistical comparison. Empirical Cumulative Distribution Function (ECDF) plots were 

plotted to observe notable changes to distribution between untreated and tobacco-treated 

groups. P-values for the ECDF plots were calculated based on Kolmogorov-Smirnov (K-

S) test statistics. Additionally, measurements were displayed in box-and-whisker plots with 

a Welch’s t-test p-value. P < 0.05 was considered significant. 

3.4 Results 

3.4.1 Assessment of Femur Bone. Quality of the femur bone of tobacco extract-

exposed pups were assessed using the following quantitative measurements: length of 

femur, mineralization length of femur, and diameter of femur. Initial unbiased comparisons 

were performed to determine overall differences to sample distributions using ECDF plots 
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(Figure 3.2). Femur length and diameter were insignificant in Snus embryos, however the 

calcified bone length distributed was significantly different than the control. Interestingly, 

Camel Blue embryo distributions were significantly different between femur and calcified 

bone lengths, but not in diameter.  

There was no effect on femur length (PBS-STE p = 0.1744) (PBS-CB p = 0.1120) 

in either tobacco-treated sample (Figure 3.3). Snus showed significant reduced femur 

diameter (PBS-STE p = 0.0346), however, there was no difference in the Camel Blue 

diameters (PBS-CB p = 0.1265). The observable insignificances can likely rule out changes 

to overall bone health. However, a significant increase in normalized mineralization length 

Figure 3.2 Comparison of femur measurements. ECDF were generated to compare distributions and 

statistical differences of femur measurements collected. ECDF plots of Camel Snus and Camel Blue 

femur lengths, femur diameters, and calcified femur lengths. Significance indicated by p-value. 
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of Snus-treated pups was seen (PBS-STE p = 1.195e-05) (Figure 3.3). No such effect was 

seen in Camel Blue-exposed pups (PBS-CB p = 0.8478). This may indicate that during 

duration of embryonic exposure, Snus influenced femur bone integrity and initiated 

hypermineralization. This is likely attributed to an aberration in regulation of growth 

factors while development is occurring. 

3.4.2 Assessment of Forearm Bone. In addition to femurs, forearm parameters were 

also assessed. The forearm is composed of two major bones, the ulna and radius. Similar 

to the femur bones, the Snus- and Camel Blue-exposed forearms were assessed using the 

Figure 3.3 Comparison of femur measurements. Box plots were generated to compare distributions 

and statistical differences of femur measurements collected. Box plots of Camel Snus and Camel Blue 

femur lengths, femur diameters, and calcified femur lengths. A Welch’s t-test was performed. *< 0.05; 

****<0.00001. Graphs were plotted via Python and statistics calculated via R.  
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following measurements: length of ulna and radius, mineralization length of ulna and 

radius, and diameter of ulna and radius. Both ulna length and diameter of Snus-exposed 

embryos were significant (Figure 3.4). Both the diameter and ulna length distributions 

were significantly different in Snus embryos; however, the calcified bone length 

distribution was not. None of the Camel Blue ulna- or radius-related embryo distributions 

were significant.  

Unlike femurs, a significant decrease was seen to the length of the ulnas in Snus-

exposed pups (ulna: PBS-STE p = 0.0026), however not Camel Blue treatments (ulna: 

PBS-CB p = 0.295) and no such effect was seen in the radius (radius: PBS-STE p = 0.2607) 

(radius: PBS-CB p = 0.4668) (Figure 3.5). The ulna diameters of Snus-treated pups were 

significantly wider than the PBS-exposed controls (ulna: PBS-STE p = 0.0084), but the 

radius showed no such effect (radius: PBS-STE p = 0.6198). There were no significant 

Figure 3.4 Comparison of forearm measurements. ECDF and box plots were generated to compare 

distributions and statistical differences of the two forearm bones, ulna and radius, measurements 

collected. ECDF plots of Snus and Camel Blue lengths, diameters, calcified lengths of ulna and radius. 

Significance indicated by p-value. 
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changes in the Camel Blue-exposed forearm diameters (ulna: PBS-CB p = 0.0898) (radius: 

PBS-CB p = 0.9339). The ulnas in both treatments showed no detected for mineralization 

length (ulna: PBS-STE p = 0.2895) (ulna: PBS-CB p = 0.8681) (radius: PBS-CB p = 

0.8238), but the Snus radii had significantly longer mineralization patterns (radius: PBS-

STE p = 0.0008). Embryonic exposure to Snus resulted in major changes to bone health 

resulting in shorter and wider forearms, while maintaining overall bone integrity. 

3.4.3 Assessment of Rib. To denote discrepancies between appendicular bones and 

those that arise via a paraxial mesoderm lineage, a single rib was also assessed. Quality of 

a single attached rib of tobacco extract-exposed pups were assessed using the following 

quantitative measurements: length of the last single attached rib and calcified bone length 

of a single attached rib. Initial unbiased comparisons utilizing ECDF plots to compare 

Figure 3.5 Comparison of forearm measurements. Box plots were generated to compare 

distributions and statistical differences of the two forearm bones, ulna and radius, measurements 

collected. Box plots of Camel Snus and Camel Blue lengths, diameters, calcified lengths of ulna and 

radius. A Welch’s t-test was performed. **< 0.01; ***<0.0001. Graphs were plotted via Python and 

statistics calculated via R.  
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treatment distributions were obtained (Figure 3.6A). Rib length was insignificant in Snus 

embryos; however, the distribution comparison of the calcified rib length was significantly 

different than the PBS-exposed embryos. A similar trend was seen in Camel Blue, calcified 

rib length mean distributions were significantly larger, but not the single rib length.  

Figure 3.6 Comparison of rib measurements. ECDF and box plots were generated to compare 

distributions and statistical differences of rib measurements. (A) ECDF plots of Snus and Camel Blue 

single rib lengths and calcified rib lengths. Significance indicated by p-value. (B) Box plots of Snus 

and Camel Blue single rib lengths and calcified rib lengths. A Welch’s t-test was performed. *< 0.05; 

***<0.0001. Graphs were plotted via Python and statistics calculated via R.  
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No effect was seen to the rib length (PBS-STE p = 0.06413) (PBS-CB p = 0.2863) 

in either tobacco-treated samples (Figure 3.6B). However, both Camel Blue and Snus had 

a significantly longer calcified rib length (PBS-STE p = 0.0024) (PBS-CB p = 0.0156). 

Camel Blue significance in rib bone integrity may indicate bone lineage-specific toxicity.  

3.5 Discussion 

  The distinct pattern of altered calcification in vitro can be seen in vivo as well. 

However, in vivo models are far more complex especially when considering the 

convolution of skeletal development. We see a multitude of affected bones due to 

embryonic tobacco exposure. Additionally, the early, acute exposure model demonstrates 

the sensitivity of developmental stages when exposure occurs. For instance, hand digit 

formation coincides with hind limb development. Therefore, despite the appendicular 

skeleton arising from the same cell types and lineages, specific developmental expression 

can easily influence one long bone without affecting the other. This is seen even in the 

slight discrepancies in the ulnae and radii development. The radial bone is naturally smaller 

in length than the ulna bone (Clemente et al., 2007), however mineralization lengths 

between the two bones are seen as nearly identical average lengths.    

An interesting component to these findings is the consistent changes to bone seen 

in Snus-exposed embryos. While Camel Blue is considered a “harm-reduction” product, it 

does contain more constituents than the nine known carcinogens found in smokeless 

tobacco products (McAdam et al., 2019). Additionally, as this is a combustible product, 

many by-products are produced during the process, such as additional aromatic 

hydrocarbons, acroleins, and even carbon dioxide (Sterling et al., 1982). Both tobacco 
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products contain major carcinogens, such as benz(a)pyrene, yet Snus only displayed 

changes to bone health. A caveat to this interpretation is that each tobacco product targets 

a specific bone lineage over another, or Snus products contain lower concentrations of 

individual constituents. As Snus tobacco extracts were administered via tail-vein injection 

directly into the bloodstream, the extracts would readily be metabolized across the 

placental barrier. With Camel Blue, the sidestream smoke exposure approach certainly is 

a relevant exposure to pregnant women as it includes second-hand exposure; however, the 

direct bloodstream route neglects metabolites that are formed via route of inhalation. 

Therefore, the discrepancies seen in bone outcomes between harm-reduction products 

could be isolated to lack of placental metabolism associated with exposure. Despite both 

extracts being directly inserted into the bloodstream, it is unclear what metabolites are 

created during exposure and how that influences development. Final analyses seem to 

indicate that Snus exposure affects mesoderm-derived bones, such as the forearm and 

femur, more so than neural crest-derived bones. Additionally, this argument is further 

validated as significant changes to Camel Blue-exposed embryos only occurred in the ribs. 

Snus ribs also elicited a significant change to mineralization. Therefore, it appears Camel 

Blue is more selective to specific bone lineages and the sidestream smoke aspect has a 

more targeted effect compared to the smokeless tobacco product.    

Despite both long bones (forearm and femur) being derived from the same 

precursor-lineage the overall effects on bone morphology were variable. It appears 

embryonic Snus exposure resulted in decreased ulna length and a wider diameter in both 

ulnas and radii which is an indicator of ulna dysplasia. Being that femur development is 
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slightly delayed in comparison to forearm bones (Bininda-Emonds et. al., 2007), this could 

explain the changes seen in overall bone morphology in forearm development and not the 

femur. While the chosen exposure regimen recapitulates early and acute exposure to 

tobacco during development, our significant findings have implications beyond acute 

exposure. At glance, these phenotypes are seemingly minor changes to bone formation. 

However, changes to bone development in utero can cause detrimental effects later in life, 

as commonly seen in epidemiological studies that show an increase of osteoporosis and 

other related bone diseases, including a greater risk for fractures, in patients born to chronic 

smoking parents.  
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CHAPTER 4: EFFECTS OF PREVALENT TOBACCO CONSTITUENTS ON 

OSTEOGENIC DIFFERENTIATION  

4.1 Introduction 

Current tobacco research reports from the use conventional cigarettes or 

conventional cigarette second-hand smoke. Yet, alternative products are often more 

popular and attractive to consumers. These alternative products exist in cigarette form but 

bear a “light” label. Additionally, this includes a variety of smokeless tobacco products 

that have been revamped since they were first introduced on the market. Previous work has 

indicated that although light labels and smokeless tobacco products may be perceived as a 

safer choice, embryonic skeletal development was far more disrupted in these “harm-

reduction” products. Based on preconceived notions that these alternatives to conventional 

cigarettes are safer, pregnant smokers often gravitate towards those advertised as having 

lower tar and nicotine content, such as “harm-reduction” products. Recently on October 

22, 2019, the FDA, for the first time, approved some Snus products—smokeless tobacco 

pouches that are placed under the lip to allow absorption of nicotine—to be marketed as 

bearing reduced harm in comparison to combustible cigarettes (filter mag, 2019). While its 

product packaging specifies a lower risk of mouth cancer, heart disease, lung cancer, 

stroke, emphysema, and chronic bronchitis, its negative outcome on skeletal health is 

unknown. Although smokeless tobacco contains less constituents and lower concentrations 

of chemicals compared to conventional tobacco products, Snus does contain notable 

amounts of nicotine, tobacco-specific nitrosamines (TSNAs) and polycyclic aromatic 

hydrocarbons (PAHs), aldehydes, and cadmium (Environ, 2013). These constituents are all 
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listed under the FDA’s published list containing 93 Harmful or Potentially Harmful 

Constituents (HPHCs) that are likely the key culprits in tobacco-related diseases (US FDA, 

2012). Current regulatory policies are weak and do a poor job of reducing the use of 

tobacco products. Arguably, with increasing attractiveness of products, there are more 

consumers than ever before. As previously highlighted, tobacco research and tobacco-

induced health effects are well-discussed in the literature, yet consumers continue to utilize 

these products. Despite the decade’s worth of research, the issue to be addressed falls on 

policy makers, more specifically with more restrictive guidelines and the publication of 

ingredient lists accessible to the public. 

Several studies have found a reproducible, consistent phenotype of 

hypomineralization in multiple bones of both mice and zebrafish when exposed to tobacco 

smoke extracts during development (Walker et al., unpublished results; Karmach et al., 

unpublished results). Additionally, epidemiological studies found an increased rate of 

hypomineralization and risk of fracture following minor injuries (Barry et al., 2008). This 

phenotype of reduced calcification can also be detected in prior work when differentiating 

hESCs toward bone-forming osteoblasts are exposed to products during differentiation 

(Martinez et al., 2018), thereby providing an adequate human in vitro model to study 

tobacco-exposure-mediated hypomineralization. Furthermore, it was hypothesized that an 

individual constituent or a particular combination of constituents could explain the 

consistent phenotype seen in epidemiological studies and both in vivo and in vitro exposures 

to tobacco during development. Nevertheless, tobacco smoke is composed of thousands of 

chemicals. However, as previously mentioned the FDA has identified and prioritized 93 
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chemicals that are labeled as HPHCs found within tobacco smoke (FDA, 2012). Here, we 

attempt to informatically prioritize and to isolate single constituents or combinations that 

exacerbate symptoms utilizing a human embryonic stem cell (hESC) osteogenic 

differentiation model (Sparks et al., 2018; zur Nieden et al., 2003; Trettner et al., 2014; 

Dienelt et al., 2010). 

4.2 Previous Data 

While the advantage of using hESCs to gauge skeletal toxicity associated with 

chemical exposure over other in vitro alternatives is apparent in the relevance to human-

specific exposure, the relatively long culture duration qualifies as a medium-throughput 

model. Therefore, testing all chemical constituents found in tobacco, even if they were 

identified, would be a lengthy and costly undertaking. The identification of potentially 

harmful tobacco constituents in the HPHC list has substantially reduced the number of 

chemicals to test down to 93, yet, testing these chemical constituents individually or in 

assortments would still be a time-consuming and expensive venture. Therefore, to prioritize 

chemicals for toxicity testing, we applied the Toxicology Priority Index (ToxPI) Graphical 

User Interface developed by the Environmental Protection Agency (EPA) in conjunction 

with the University of South Carolina at Chapel Hill (Reif, 2010) using data from Tox21 

and Toxcast (https://www.epa.gov/chemical-research/exploring-toxcast-data-

downloadable-data). 

Of the 93 chemicals on the FDA’s HPHC list only 46 were found in the toxicity 

forecaster database; however only 17 of those had complete data sets. For each of these 

chemicals, 72 assays were exported from the toxicity forecaster dashboard across the five 
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biological processes. Fig. 4.1B shows their ranking according to most likely to be harmful 

on the left (multiple large pie pieces) to least likely to be harmful on the right (no pie 

pieces). Benz(a)anthracene (3.717) through N-Nitrosodimethylamine (0.102) had 

Figure 4.1 ToxPI Generated Charts. (A) Table listing the parameters loaded into ToxPI. Each of the 

five selected biological process was given its own pie chart slice based off assay data and had equal 

weight. In total, 72 assays encompassed all five biological process slices. Each slice was given its own 

color. (B) ToxPI charts were generated for 17 chemicals using 72 in vitro assays across 5 biological 

processes. (C) Toxicity Forecast data averages and in vitro H9 hESC ID50/IC50 µg/mL values. The average 

assay hit value in µM (AC50) values for each of tested ToxPI positive constituent obtained from the 

Toxicity Forecaster database. The AC50 in µM for was then converted into µg/mL in comparison to the 

H9 hESC ID50/IC50 values calculated from the in vitro osteogenic screen.  
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designated “hits” and produced positive ToxPI values (0< X). The remainder of the 

chemicals were identified with null effects (0=X) (Fig. 4.1B). 

Dose-response Curves Revealed Skeletal Toxicity for ToxPI Positive Chemicals  

To then test these chemicals for their embryotoxic potential and validate the 

predictions, hESCs were induced to undergo osteogenesis from overgrowing cultures with 

addition of vitamin D3 (Sparks et al., 2018). This differentiation protocol, while primarily 

generating osteoblasts from the neural crest, will still form osteoblasts derived from the 

mesoderm and will therefore identify chemicals with the potential to disturb any type of 

skeletal formation. Of the seven ToxPI positive chemicals, catechol, coumarin, and 

quinoline were selected for further analysis as these constituents were identified as embryo-

toxic. The MTT and calcium assay, corresponding to cell viability and osteogenic 

differentiation, respectively, revealed three of the four ToxPI positive predictions (0<X) 

exhibited severe dose-dependent responses in cytotoxicity and differentiation inhibition 

(Fig. 4.2A). 

Catechol exposure caused a decrease in calcification and viability that went in line 

with the ToxPI predictions. Catechol produced a change in cell viability toward the hFF 

cell line above 0.882 µg/ml (Fig. 4.2A,B). Around this concentration range half-maximal 

inhibitory doses had been reached for cytotoxicity and differentiation inhibition with the 

hESC cell line. As in the case of benz(a)anthracence, the dose response curves for cell 

viability and calcification closely followed each other, and hence any developmental 
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osteotoxicity may be caused by the general cytotoxicity of the compound. The biostatistical 

model predicted catechol as strongly embryotoxic.  

For coumarin, the ToxPI program predicted a marginal toxicity and thus, 

expectations for the experimental validation of its toxicity were uncertain. hFF and H9 cell 

viability, and H9 differentiation potential was reduced in the same concentration range, 

with the hFFs being slightly less sensitive to the compound. With the dose response curves 

of H9 cell viability and calcification again following similar trends, it is believed that the 

decrease in calcification might be an attributed consequence of the overall reduction in 

viable cells. Thus, a 0.152 µg/mL IC50 was determined for the H9 hESC line. hFF viability 

Figure 4.2. Dose-response Curves for ToxPI-prioritized chemicals. Calcification inhibition and 

cytotoxicity were measured in hESCs exposed to the indicated chemicals for 20 days. Concentration-

response-curves were generated with GraphPad Prism. (A) ToxPI positive chemicals. (B) ToxPI negative 

chemicals. (C) Respective IC50 and ID50 values and calculated embryotoxicity classes.  
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was also reduced as concentration of coumarin increased. Linear interpolation determined 

an IC50 of 0.0571 µg/mL for hFF cells. To ultimately judge the danger associated with 

coumarin exposure to the developing skeleton, again, the biostatistical model was applied. 

As in the case of catechol, it generated an embryotoxicity class of III, strong embryotoxic.  

Quinoline also elicited greater sensitivity in the hESC endpoints than in the hFF cells and 

again the curve for the differentiation inhibition closely followed the cytotoxicity curve. 

Yet, the half-maximal inhibitory concentrations ranged about a decade higher than for 

coumarin and catechol. Interestingly, the predictive value of each ToxPI assay hit rate in 

µg/mL was relatively close to the half-maximal inhibitory concentrations experimentally 

observed in vitro for the H9 hESCs for all four tested chemicals (Fig. 4.1C). 

While H9 hESCs showed a decrease in calcification and cytotoxicity in response to 

benz(a)anthracene as with the other three chemicals, the decrease occurred at a relatively 

high concentration - both the half-maximal inhibitory dose for cytotoxicity (IC50) and the 

half-maximal differentiation inhibitory dose (ID50) were determined at 500 µg/ml, just shy 

of 1000 µg/ml, which is the highest dose tested in this assay (Genschow et al., 2000; 

Genschow et al., 2002; Scholz et al., 1999). With the dose response curves of H9 cell 

viability and calcification following similar trends, it is also likely that the decrease in 

calcification is an attributed consequence of the overall reduction in viable cells. Against 

ToxPI predictions, benz(a)anthracene exposure did not produce a change in cell viability 

toward the hFF cell line for the tested concentration range up to 1000 µg/mL (Fig. 4.2). It 

is often the non-embryotoxic chemicals that produce half-maximal inhibitory 

concentrations in such high concentration ranges, and indeed a biostatistical model 
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classified benz(a)anthracene as non-embryotoxic (zur Nieden et al, 2004; Walker et al., 

2014; Walker et al., 2021). Other factors that may have influenced exposure discrepancies 

in cell lines, such as chemical partitioning can be considered minute as all cell lines were 

plated using the same plastic plating at the same circumference (0.95cm2) and a DMSO 

control was also utilized to account for the solvent.  

Human In Vitro Data for ToxPI Negative Chemicals 

Four ToxPI null chemicals (nicotine, cotinine, urethane, and acrylamide) were also 

taken through in vitro screening. ToxPI predicted null effects matched in vitro screen data 

as urethane, cotinine, and nicotine exposure did not inhibit cell viability for either the H9 

and hFF cell lines for all tested concentration ranges (Figure 4.2B). Likewise, H9 hESC 

differentiation potential was not altered in the same concentration range for urethane and 

cotinine. However, a decrease in calcification was seen in the higher concentrations of 

nicotine exposure. Acrylamide, in turn, caused reductions in cell viability as well as 

calcification, but in very high concentration ranges. Of these four chemicals tested, all were 

predicted to have non-embryotoxic effects when employing the biostatistical model 

(Figure 4.2C), in line with the ToxPI predictions.  

Screening of Additional Tobacco Constituents 

In addition to the 17 chemicals, we identified from the HPHC list using ToxPI, we 

also selected five more based on existing developmental toxicity data: acetaldehyde, 

benzo[a]pyrene, acrolein, bezo(b)fluoranthene and isonicotine (Lasker and Younus, 2019; 

Klingbeil et al., 2014; Moghe et al., 2015; Ratajczak et al., 2021). These constituents are 

found consistently in tobacco products and smoke, which is highly correlated with 
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instances of osteoporosis in adults. The first three were existent in the database, however 

with incomplete assays. Using AC50 concentrations from the available proliferation assays 

generated positive ToxPI charts. When screened with the human in vitro model of 

skeletogenesis, acetaldehyde, benzo[a]pyrene, and acrolein caused differentiation 

inhibition and cytotoxicity as predicted (Figure 4.3), while benzo(b)fluoranthene and 

isonicotine did not. Notably, differentiation was inhibited at slightly lower concentrations 

as viability in the case of benzo[a]pyrene exposure, potentially pointing to a differentiation 

defect that is decoupled from cell death. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 ToxPI charts and concentration-response-curves for additional constituents in tobacco.  
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In addition to the identified ToxPI positive and null chemicals, constituents that are 

present in third-hand smoke (THS) were also screened. These constituents include the 

tobacco-specific nitrosamines NFN, NAT, and NNK (Acuff et al., 2016). THS is the 

residue that remains on surfaces after a cigarette has been smoked (Acuff et al., 2016). The 

presence of THS can remain undisturbed on household surfaces for many months. Despite 

the HPHC list encompassing mostly mainstream and sidestream components, these three 

tobacco-specific nitrosamines were included. Despite its presence in the HPHC list, the 

THS constituents were not identified within the ToxPI analysis, due to the insufficient 

assays available within the database. However, the screened THS constituents, NFN, NAT 

and NNK did not elicit cytotoxic or differentiation effects in neither the hFF nor the H9 

cell lines (Figure 4.4). 

 

 

 

Figure 4.4 THS constituents Dose-response Curves. All three THS constituents did not exhibit toxicity. 

Curves were graphed via GraphPad Prism. (A) N-Formylnornicotine: ID50  > 500 µg/mL; IC50 (H9) > 500 

µg/mL; IC50 (hFF) > 500 µg/mL (B) 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone: ID50  > 100 

µg/mL; IC50 (H9) > 100 µg/mL; IC50 (hFF) > 100 µg/mL. (C) (R,S)-N-Nitroso Anatabine: ID50  > 500 

µg/mL; IC50 (H9) > 500 µg/mL; IC50 (hFF) > 500 µg/mL.  
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4.3 Methods 

4.3.1 Cell Culture 

H9 human embryonic stem cells (hESCs) were cultured on Matrigel (BD 

Biosciences) treated culture plates in mTeSR 1 medium (Stem Cell Technologies) at 37 °C 

with 5% CO2. Colonies were passaged every 3 days using accutase (2–4 min at room 

temperature) and a cell scraper to displace colonies from the plastic well. Human foreskin 

fibroblasts (hFF) cells were maintained in hFF media (DMEM, 10% maintenance FBS, 1% 

(v/v) non-essential amino acids, 50 U/mL penicillin and 50 µg/mL streptomycin) and 

plated into a 0.1% gelatin-coated plate. Cells were passaged every 3 days using 0.25% 

Trypsin-EDTA (5 min at 37ºC). 

4.3.2 Osteogenic Differentiation of Human Embryonic Stem Cells 

The differentiation protocol established and used within the zur Nieden lab uses 

confluent H9 hESCs to induce differentiation through the addition of a control 

differentiation medium (CDM) composed of DMEM, 15% FBS (Atlanta Biologicals), 1% 

(v/v) non-essential amino acids, 50 U/mL penicillin, 50 µg/mL streptomycin, and 0.1 mM 

β-mercaptoethanol. CDM is used for the first five days of differentiation to decrease 

pluripotency. On day five, CDM was supplemented with 1.2*10-7 M 1,25α(OH)2 Vitamin 

D3 (VD3; Calbiochem), 0.1 mM β-glycerophosphate, and 20.8 µg/mL ascorbic acid.  

4.3.3 Exposure to Test Chemicals 

Acetaldehyde (Sigma Aldrich, cat. no. 402788, 99.5%), Acrolein (Sigma Aldrich, 

cat. no. 190543, 98%), Acrylamide (Sigma Aldrich, cat. no. 23701, ≤100%), 

Benz[a]anthracene (Santa Cruz, cat. no. sc-252409, >98%), Benzo[a]pyrene (Toronto 
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Research, cat. no. B205800, ≤100%), Benzo[b]fluoranthene (Toronto Research, cat. no. 

B209865, ≤100%), Catechol (Santa Cruz, cat. no. sc-215763, >98%), Cotinine (Sigma 

Aldrich, cat. no. C5923, 98%), Coumarin (Santa Cruz, cat. no. sc-205637, 98%), 

Isonicotine (Sigma Aldrich, cat. no. I17508, 99%), Myosmine (Sigma Aldrich, cat. no. 

M8765, 98%), N-Nitrosoanabasine (NAB) (Sigma Aldrich, cat. no. 75283, 99%), (R,S)-

N-nitroso anatabine (NAT) (Toronto Research, cat. no. N524750, ≤100%) N-

Formylnornicotine (NFM) (Toronto Research, cat. no. F700875, ≤100%), Nicotelline 

(Toronto Research, cat. no. N401200, ≤100%), Nicotine (Toronto Research, cat. no. sc-

N0267, ≤100%), 4-(methylnitrosamino)-4-(3-pyridyl) butanal (NNA) (Toronto Research, 

cat. no. M325650, ≤100%), 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) 

(Toronto Research Chemicals, cat. no. M325750, ≤100%), N′-nitrosonornicotine (NNN) 

(Sigma Aldrich, cat. no. N075, 90-100%), Quinoline (Sigma Aldrich, cat. no. 241571, 

98%), and Urethane (Sigma Aldrich, cat. no. U2500, 99%) components were all identified 

and prioritized with previously conducted ToxPI analysis. All chemical stocks were diluted 

to 1,000 µg/mL using DMSO. Further dilutions were made in DMEM (typically 100 

µg/mL), depending on identified ID50 concentrations. Final DMSO concentrations in 

highest test concentration was 0.1%. Stocks were stored in -20 °C. Final dilutions were 

made in appropriate cell culture medium to the calculated ID50 concentration. Supplemental 

cell treatment started on day 0 of differentiation and continued through day 20 in H9 hESCs 

and hFF cells. Medium, including chemical dilutions, were made fresh and changed every 

other day.  
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4.3.4 Detection of Calcium 

Quantification of calcium content was performed using a calcium assay normalized 

to protein content. Cells were lysed with radio-immunoprecipitation (RIPA) buffer (1% 

NP40, 0.5% sodium deocycholate, 0.1% sodium dodecyl sulfate, PBS) on day 20 of 

cellular differentiation. Remaining matrix was washed with 1 N HCl and collected. Both 

lysates were assayed with Arsenazo III (Genzyme), and absorbance was measured at 655 

nm (iMark microplate reader; BioRad). Absorbances were compared to a CaCl2 standard 

and total calcium content was normalized to total protein content determined by a Lowry 

assay (Davis et al., 2011). Lowry assay was read at 750 nm (iMark microplate reader; 

BioRad) after a 15-minute micro-shake incubation and total protein was determined by 

comparing to a BSA standard curve.  

4.3.5 MTT Assay 

Viability response to constituent exposure was determined by 3-[4,5-

dimethylthiazol-2yl]-2,5-diphenylterazolium bromide (MTT) assay. Cells were incubated 

with MTT (5 mg/ml) at 37 °C for 2 h. Following incubation, the supernatant was removed 

and replaced with 0.04 mol/L HCl in isopropanol. The plate was placed on a shaker for 15-

minutes to dissolve aggregates. The optical density of the solution was read at 595 nm 

(iMark microplate reader; BioRad) (zur Nieden et al., 2010; zur Nieden & Baumgartner, 

2010; Walker et al., 2014). 

4.3.6 Statistical Analysis 

Half-maximal inhibitory doses of cytotoxicity (IC50) and osteogenic differentiation 

(ID50) were taken from concentration-response curves (nonlinear regression; GraphPad 
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Prism) and embryotoxicity classes calculated according to (Genschow et al., 2002; 

Genschow et al., 2000). A biostatistical prediction model based on linear discriminant 

functions were employed to correctly classify the test chemical into one out of three total 

embryotoxicity categories (strong, weak, and non-embryotoxic) (Genschow et al., 2002). 

Calculated ID50 concentrations are relatively compared to the chemical IC50 counterpart. 

All exposures were performed in biological quintuplicates. In double combination 

analyses, a t-test was performed comparing combination to single constituent ID50. For 

triple combination analyses, a with one-way ANOVAs with Dunnett’s multiple 

comparison test (single constituent v. combination) using GraphPad Prism. For total 

combination analyses, a t-test was performed to compare total combination response to an 

untreated differentiation. A p-value below 0.05 was considered significant. 

4.4 Results 

4.4.1 Double Combinatorial Exposures. It remains to be seen, whether it really is 

only a single chemical constituent in tobacco smoke that causes the calcification defects or 

whether it is a mixture of harmful chemicals, whereby some exert positive and others 

negative effects. To begin answering this question, we next tested combinations of 

chemicals starting with the chemicals identified as carrying a skeletal embryotoxicity risk 

from Fig. 4.2B. Nicotine was also included due to its prevalence in tobacco products and 

its highly addictive properties, despite its classification as a ToxPI null chemical.  

Dosed at obtained ID50 concentrations, 45 different double combinations were 

tested. As predicted, cytotoxic and effects to differentiation were seen when combining 
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two chemicals. However, most notable observations depict an overall maintenance of cell 

survival amongst many of the combinations (Figure 4.5 left).  

However, combinations containing the chemical Coumarin showed a decrease in 

cell viability, which led to absence of calcium matrix present in the differentiating cell line. 

Curiously enough, in otherwise considered harmful combinations, with chemical pairs that 

are known to be toxic, still maintained cell survival. For instance, despite the individual 

constituents Quinoline and Catechol both identified as ToxPI positive components and 

eliciting a low ID50 (indicating high toxicity), the combinatorial pair had no effect on cell 

survival (Figure 4.5), however there was a notable decrease in osteogenic differentiation. 

In fact, Catechol was identified as a positive ToxPI constituent and in most pairs with 

Catechol, differentiation was significantly reduced, yet there was no effect to viability. This 

demonstrates the ToxPI analysis was correct in predicting Catechol as an embryo-toxicant. 

Interestingly, Nicotine, an identified ToxPI null chemical in pair with ToxPI positive 

chemicals, Coumarin, Catechol, resulted in a significant decrease in both viability and 

Figure 4.5 Double Combination Heatmaps. MTT (left) and Calcium (right) assays corresponding to 

double combinatorial exposures. Heatmaps were generated via GraphPad Prism. Data was normalized 

to Solvent Control (0.1% DMSO). AA = Acetaldehyde / BAP = Benzo(a)pyrene / CAT = Catechol / 

COU = Coumarin / NT = Nicotelline / NIC = Nicotine / NNA = 4-(methylnitrosamino)-1-(3-pyridyl)-1-

butanone / Q = Quinoline / NNN = N-Nitrosonornicotine / A = Acrolein.  
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differentiation. This likely means these constituents in combination with any non-toxic 

chemical may still elicit toxicity. Nicotine in combination with Quinoline had no effect on 

viability but did significantly decrease calcification. Lastly, Benz(a)pyrene, a well-known 

carcinogen, only significantly reduced differentiation in combination with three chemicals 

(Acetaldehyde, Catechol, and Coumarin) and in only one instance (Coumarin) of cell 

viability. It appears this constituent may have some antagonistic properties. Overall, the 

double combination exposure was able to highlight key combinations (and select 

chemicals) that demonstrated worsened effects to embryotoxicity. However, it is unlikely 

that other constituents in the mixture does not change the overall effects of embryotoxicity.  

4.4.2 Triple Combinatorial Exposures. Similarly, additional combinations were 

explored using ternary combinations. Dosed at individual ID50 concentrations, 10 different 

sets of triple combinations were tested. Interestingly, the addition of a third chemical did 

not alter viability or differentiation in respect to most of the double combination exposures. 

Instead, in some cases the addition of the third chemical appeared to “rescue” the loss of 

calcification compared to its respective double combination (Figure 4.6 right). For 

instance, the double combination of Quinoline and NNA elicited a significant decrease in 

calcification, however with the addition of the third constituent, Acrolein, calcification was 

significantly increased compared to the untreated control. This demonstrates that the 

addition of any chemical changes the overall effect on survival and differentiation. Above, 

we highlighted Catechol as affecting differentiation and not viability, however most triple 

combination pairs, most notably with Acetaldehyde, exposures resulted in cell death 

(Figure 4.6 left). Nicotine, in tertiary combinations had an overall decrease in viability, 
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and thereby differentiation (Figure 4.6). Benz(a)pyrene and Acetaldehyde alongside one 

of the other constituents still had significant decreases in differentiation, yet in comparison 

to the double combination calcium content was increased (Figure 4.6). Triple 

combinations containing Nicotine and Acrolein had overall no change to differentiation 

and a slight decrease in cell death compared to the double combination pair. The addition 

of the third chemical likely caused only a subtle effect on cellular health. Overall, it appears 

the addition of the third constituent Acrolein demonstrated the most disrupted effects to 

the combinations, in both directions. Triple combinations containing Acetaldehyde and 

Acrolein had an overall significant decrease in both calcium and viability, revealing three 

Figure 4.6 Triple Combination Heatmaps. MTT (left) and Calcium (right) assays corresponding to 

triple combinatorial exposures. Heatmaps were generated via GraphPad Prism. Data was normalized to 

Solvent Control (0.1% DMSO). AA = Acetaldehyde / BAP = Benzo(a)pyrene / CAT = Catechol / COU 

= Coumarin / NT = Nicotelline / NIC = Nicotine / NNA = 4-(methylnitrosamino)-1-(3-pyridyl)-1-

butanone / Q = Quinoline / NNN = N-Nitrosonornicotine / A = Acrolein.  
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chemicals containing this combination results in cell death and therefore indirectly 

affecting differentiation.  

The triple combination pair containing Catechol and Acrolein remains mostly 

unchanged despite differences in the third chemical. Interestingly, most of the triple 

combinations containing these two constituents appear to have an increased viability and 

differentiation in comparison to the double combination of this pair. The other 9 constituent 

combinatorial sets mostly mimicked effects seen in comparison to the double 

combinations. These ternary combinatorial data prove the unpredictable nature of toxicity 

when hundreds of thousands of constituents are present. However, it does appear that the 

combinatorial relationship could be further reduced to a single constituent provided a more 

intensive look of each constituent’s mechanism of action was further evaluated.  

4.4.3 Total Combinatorial Exposure. To further validate the synergistic 

combinatorial effect, the entire subset of constituents was tested to ultimately determine 

the effect on osteogenesis. Initially dosed at the individual ID50 concentrations, a total 

combination using the 10 chemicals was tested. Not surprisingly, at the ID50 concentration 

of the chemicals, cell viability showed a severely toxic response, and the differentiation 

counterpart was also significantly decreased (Figure 4.7). However, as the concentration 

of chemical actually found within tobacco is much lower than the identified ID50 

concentrations, additional dilutions were next evaluated. Indeed, the cytotoxic effect 

lessened considerably with a 10-fold dilution (0.1x ID50) and were almost negligible at the 

100-fold dilution (0.001x ID50). However, and more concerningly, the associated calcium 

data showed that even at the lowest concentrations of chemicals (0.001x ID50) calcification 
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was still affected (Figure 4.7 bottom). With this work, the hypothesis that the full 

combination of chemicals found within tobacco smoke causes the hypomineralized 

phenotype appears to be true. Despite particular combination eliciting the differential 

effects, the addition of the third chemical and the total combination demonstrates that the 

full combinatorial effect explains the likely cause of the bone defect.    

 

 

 

 

 

 

 

4.5 Discussion 

Despite the Toxcast platform having access to over 11,000 chemicals and 21,000 

assays, endpoints and gene targets related to osteogenesis were limited. Therefore, our 

output was based on biological processes to help predict cytotoxicity. The discrepancies 

between the ToxPI predictions and the in vitro data suggests an insensitivity of ToxPI 

teratogenic predictions. Despite the slight insensitivity, overall, this study effectively found 

that the ToxPI program, using the Toxcast database, can predictively isolate cytotoxic 

Figure 4.7 Total Combination Exposures. MTT (top) and Calcium (bottom) assays corresponding to 

single constituent and total constituent combinations. Data was normalized to Solvent Control (0.1% 

DMSO). AA = Acetaldehyde / BAP = Benzo(a)pyrene / CAT = Catechol / COU = Coumarin / NT = 
Nicotelline / NIC = Nicotine / NNA = 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone / Q = Quinoline 

/ NNN = N-Nitrosonornicotine / A = Acrolein / TC = Total Combination 
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constituents within tobacco smoke. This bodes exceptionally well for future studies that 

require the analysis of a concoction of constituents with unknown outcomes, such as those 

regularly encountered in agricultural and industrial settings. Moreover, despite the 

parameters chosen for the ToxPI analysis were not osteogenesis-specific, the ToxPI output 

was successfully extrapolated into our osteogenic protocol. Many of these constituents 

demonstrated skeletal-specific toxicity as demonstrated by lack of calcium content 

independent of cell death. Thereby, the ToxPI program, with collaboration with the Toxcast 

data proves to be a worthy database that has the potential to predictively detect 

maldevelopment within osteogenesis.  

Although the ToxPI analysis did not identify nicotine as likely cytotoxic, this 

constituent was included due to prevalence in tobacco products and its highly addictive 

properties. Despite nicotine’s noncytotoxic effect at lower concentrations, the constituent 

could still be contributing to the adverse effects on osteogenic differentiation. The ID50 

value that was obtained for nicotine in the additional concentrations tested was 633.2 

µg/mL. However, this concentration is relevant as the average concentration of nicotine 

found in the serum of chronic smokers is reported to be 33 ng/mL (Russell et al., 1980).  

Aside from nicotine, we identified four HPHCs that elicited strong embryotoxic 

effects as indicated by relatively low concentrations required to inhibit differentiation. 

Most of these chemicals displayed embryotoxic effects independent of viability, however 

there are a few that indirectly affected differentiation due to cell death. In the dose-response 

generations, three of the predictive THS constituents (NAT, NFN, NNK) did not elicit an 

effect in cell viability or differentiation, which indicates absence of toxicity. Despite the 
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known carcinogenicity of tobacco-specific nitrosamines, the predicted THS constituents 

are potentially non-embryotoxic constituents. However, despite the increased ID50 

concentration reported for THS constituents, combination analysis reveals an increase in 

cytotoxicity and a decrease in osteogenic yield. For instance, although seemingly harmless 

individually, NNK and NNN have been known to increase deleterious effects that can 

induce DNA double stranded breaks (Hang et al., 2013). In fact, in a related study, we 

found NNN may be a likely culprit behind osteogenic deficiency (Martinez et al., 2019).   

Despite not further assessing null chemicals, aside from nicotine, constituents 

tested had variation in ID50 concentrations. In double combination work, we see nicotine 

(a null chemical) and Benz(a)pyrene (a known carcinogen) had a mild effect on both 

cytotoxicity and differentiation. However, the addition of any of the third chemicals 

resulting a drastic decrease in both viability and calcium content. Regardless of the 

individual dose-response curves demonstrating higher toxicity in some constituents, the 

combinatorial work shows the mixture effect. Further corroboration of these claims can be 

seen in our total combination exposure. Our data shows consistent dose-dependent 

responses in both viability and calcium content to individual constituents, yet the full 

concoction demonstrates an undeniable effect to differentiation. 

Despite many particular combinations illustrating a significant effect solely on 

cytotoxicity and others on differentiation, no one single chemical could be pinpointed as 

the culprit of reduced calcification in response to tobacco exposure. These findings let us 

conclude that it may be difficult to isolate single chemicals as the primary drivers of 

embryotoxicity and that rather the full combination of chemicals in tobacco smoke may 
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produce the hypomineralization phenotype. These results have large implications beyond 

tobacco exposure, as many of the constituents screened can be routinely found in both 

public and industrial settings. The public is constantly being exposed to combinations of 

chemicals on a routine basis and now, we can peek into how these combinations may affect 

a sole aspect of human development. Future studies should be performed to determine 

potential synergistic effects of other developing models to gauge localized effects.  
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CHAPTER 5: RESCUE OF MINERALIZATION PHENOTYPE IN VITRO 

THROUGH SIGNAL MANIPULATION   

5.1 Introduction 

Mice exhibit skeletal defects in multiple bones and a distinct pattern of 

hypomineralization within a differentiating human in vitro model upon exposure to extracts 

of tobacco during early development. Our lab has attempted to flesh out chemical 

combinations that directly impact mineralization and produce the same phenotype as 

previously seen. In addition to this, an RNA-sequencing analysis was performed to 

determine key signaling dysregulations that could causally explain the phenotype seen both 

in vivo and in vitro. This is important, since any molecular insight can help elucidate key 

regulators that are perturbed in response to tobacco exposure.   

Our prior work has found that multiple folate receptors are dysregulated due to 

embryonic tobacco exposure (Figure 5.1). This is not surprising, as folate deficiencies 

during embryonic development are known to cause neural tube defects. Additionally, in 

general, a folate deficiency can result in anemia and other associated symptoms. Therefore, 

an in depth investigation into folate regulation in a diseased system would help assess 

hypomineralization and other bone-related deformities associated with embryonic tobacco 

exposure. Although folate signaling is not involved directly in osteogenic differentiation, 

the one-carbon cycle is responsible for cellular metabolism and health. Folate acts as a 

carrier for one-carbon metabolism, which is factored into the synthesis of DNA and select 

amino acids. Additionally, folate is an antioxidant, and the one-carbon cycle plays a large 

role in antioxidant defense (Ducker and Rabinowitz, 2017). Therefore, even though folate 
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may not directly influence mineralization, dysregulation could explain the 

hypomineralization caused by tobacco exposure. Folic acid supplements are highly 

recommended to pregnant women to combat neural tube defects, which can be lethal to 

developing fetuses (Ducker and Rabinowitz, 2017). Bailey and Berry found depletion in 

mitochondrial folate directly led to neural tube defects and lethality (2005). In attempts to 

correct the folate deficiency, the defect was unable to be rescued (Bailey and Berry, 2005). 

This suggests that folate metabolism within the mitochondria is essential for one-carbon 

supplies for a developing embryo (Bailey and Berry, 2005). In embryonic development, 

the one-carbon cycle is mostly isolated to the mitochondria (Ducker and Rabinowitz, 

2017).  

Another notorious influencer to osteogenesis is insulin and insulin-like growth 

factor signaling. Insulin is most attributed to glucose mitigation, therefore can have 

substantial influence on embryonic development. In addition to implications in utero, 

insulin signaling is important for postnatal osteoblast and osteoclast production 

(Pramojanee et al., 2014). Insulin-like growth factors (IGFs) have some influence in 

embryonic skeletal development. IGFs have been shown to be expressed during limb 

morphogenesis (Agrogiannis et al., 2014). However, there are conflicting results that 

suggest IGF only plays a supportive role during skeletal development. Agrogiannis et al. 

found IGF knockout mice had impaired skeletal maturation, however no signs of limb 

dysplasia (Agrogiannis et al., 2014). Findings from this work could elucidate the role of 

that insulin and IGFs play during neural crest and paraxial mesoderm formation, and 

thereby bone development.  
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Follow-up validations to the previously collected RNA-sequencing work will 

provide novel insights into the molecular mechanism associated with perturbed osteogenic 

differentiation. My hypothesis is that amongst the identified dysregulations, folate and 

insulin signaling are likely the major dysregulators due to their highly integrated molecular 

mechanism. Manipulation of these receptors could rescue our mineralization phenotype. If 

this proves to be true, this work could lead to potential remedies in early-exposed embryos.  

5.2 Previous Data 

A global RNAseq experiment performed by the zur Nieden lab has identified many 

genes that are perturbed in response to Snus exposure (Fig. 5.1A). Differentiating H9 

hESCs were lysed on day 7 of osteogenic differentiation and samples were submitted for 

RNA-sequencing. Sample groups included an untreated control, a non-effective dose of 

Snus (0.0005% PE), and an effective dose of Snus (0.1% PE) identified in a prior study 

Figure 5.1 Heatmap comparing the deregulation of transcripts related to signals Total RNA from 

d7 samples, when the defect was already manifested, was extracted and libraries prepared using 

the NEBNext® Ultra™ II RNA Library Prep Kit from Illumina. Libraries were sequenced on the Illumina 

Nextseq 500 with an average of 38 mil reads/sample. Differential gene expression was calculated by 

DESeq2 with FDR < 0.05. The heatmaps were generated by normalizing the reads to RPKM and taking 

the average RPKM for each sample replicate (3 replicates per treatment). The z-score was calculated for 

the mean across all samples.  (A) Snus receptor deregulations (B) Camel Blue receptor deregulations.  
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(Martinez et al., 2019). Differentially expressed genes (DEGs) were identified and shown 

to be associated with adversely affecting skeletal development. Among the DEGs, genes 

involved in fibroblast growth factors, folate receptors (FOLR1/2), WNT and BMP 

signaling pathways were enriched. More specifically, RNA-seq analysis revealed 

upregulation in insulin and insulin growth factor receptors (INSR/IGFR) and 

downregulation in folate receptors (FOLR1/2) (Figure 5.1A).  

In addition to Camel Snus exposure being assessed in the global RNAseq 

experiment, the zur Nieden lab also identified many genes that are perturbed in response 

to Camel Blue exposure. Sample preparation, collection, and sequencing occurred as 

previously described. Sample groups included an untreated control, a non-effective dose 

of Camel Blue (0.0005 PE), and an effective dose of Camel Blue (0.14 PE) identifies in a 

previous study (Martinez et al., 2022). Camel Blue had similar signaling disruptions to 

Camel Snus, however there was differential regulation. RNA-seq analysis revealed 

downregulations in INSR/IGFR and upregulations in FOLR1/2 (Figure 5.1B).  

5.3 Methods 

5.3.1 Cell Culture 

H9 human embryonic stem cells (hESCs) were cultured on Matrigel (BD 

Biosciences) treated culture plates in mTeSR 1 medium (Stem Cell Technologies) at 37 °C 

with 5% CO2. Colonies were passaged every 3 days using accutase (2–4 min at RT) and a 

cell scraper to displace colonies from the plastic well.  

 

 



 76 

5.3.2 Osteogenic Differentiation of Human Embryonic Stem Cells 

The differentiation protocol established and used within the zur Nieden lab uses 

confluent H9 hESCs to induce differentiation through the addition of a control 

differentiation medium (CDM) composed of DMEM, 15% FBS (Atlanta Biologicals), 1% 

(v/v) non-essential amino acids, 50 U/mL penicillin, 50 µg/mL streptomycin, and 0.1 mM 

β-mercaptoethanol. CDM is used for the first five days of differentiation to decrease 

pluripotency. On day five, CDM was supplemented with 1.2*10-7 M 1,25α(OH)2 Vitamin 

D3 (VD3; Calbiochem), 0.1 mM β-glycerophosphate, and 20.8 µg/mL ascorbic acid. 

Additional supplements were curated and used to help cells further commit to osteoblast 

formation.   

5.3.3 Tobacco Stocks Delivered During Osteogenic Differentiation 

Extracts were made by incubating 10 g of Camel Snus in 100 ml of DMEM with 

15% FBS overnight. The extract was centrifuged at 450 ×g for 10 min at room temperature 

and the supernatant again centrifuged at 13,000 ×g for 1 h to remove finer tobacco debris. 

The pH was adjusted to 7.4. Stocks were aliquoted and placed in -80°C to avoid freeze-

thaw cycles and only removed when fresh medium was made. 

5.3.4 Inhibitors and Mimics 

IGF1R antibody (R&D systems; MAB391), Insulin (Sigma Aldrich; 11061-68-0), 

FOLR1 antibody (R&D Systems; MAB5646), Folic Acid (Sigma Aldrich; 59-30-3), and 

PQ-401 (Sigma Aldrich; P0113) concentrations were selected based on previously reported 

IC50 values or established within the lab (https://www.abcam.com/pq-401-cell-permeable-

igf1r-inhibitor-ab141077.html). Antibody and chemical stocks were reconstituted in 0.1% 
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BSA. Stocks were stored in -20 °C. Final dilutions were made in appropriate cell culture 

medium to the calculated ID50 concentration. Supplemental cell treatment started on either 

day 0 or day 5 of differentiation and continued through day 7 in H9 hESCs. Medium, 

including co-treatment dilutions, was made fresh and changed every other day.  

5.3.5 Detection of Calcium 

Quantification of calcium content was performed using a calcium assay normalized 

to protein content. Cells were lysed with radio-immunoprecipitation (RIPA) buffer (1% 

NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, PBS) on day 20 of 

cellular differentiation. Remaining matrix was washed with 1 N HCl and collected. Both 

lysates were assayed with Arsenazo III (Genzyme), and absorbance was measured at 655 

nm (iMark microplate reader; BioRad). Absorbances were compared to a CaCl2 standard 

and total calcium content was normalized to total protein content determined by a Lowry 

assay (Davis et al., 2011). Lowry assay was read at 750 nm (iMark microplate reader; 

BioRad) after a 15-minute micro-shake incubation and total protein was determined by 

comparing to a BSA standard curve.  

5.3.6 Statistical Analysis 

All exposures were performed in biological quintuplicates. In the following 

comparisons, co-treatments were compared to the relevant effective dose with a Welch’s 

t-test via GraphPad Prism. A p-value below 0.05 was considered significant. 

5.4 Results 

5.4.1 Camel Snus FOLR Signaling. FOLR1 and FOLR2 were identified as notable 

transcript downregulations in the Snus effective dose. To validate the RNA-seq study and 
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take a first look into the causal relationship between Snus exposure and osteogenic defect, 

an effective dose of Snus was co-treated with the ligand, folate, which generally binds to 

both FOLR1 and FOLR2 (Chen et al., 2013).  

Excess folate was expected to compensate for downregulation of receptor mRNA 

and rescue the osteogenic defect. Co-treatment was delivered at timepoints D0-7 and D5-

7. Co-treatment timeframe day (D) 0-7 includes the entirety of early stem cell 

differentiation encompassing phases of gastrulation and specification into neural crest and 

mesoderm lineages. In contrast, during D5-7 cells are now moving into a mesenchymal 

stage, from which cells with pre-osteogenic properties are committed during the 

subsequent days. Both time windows have been previously shown to be sensitive to 

tobacco exposure, with days 5-7 being even more sensitive than d0-7 (Sparks et al., Cell 

Biol Toxicol, in revision). The calcification phenotype was significantly rescued in two 

instances of co-treatment. Specifically, there was a dose-dependency, as seen with 

Figure 5.2. Snus co-treatments to assess receptor targets FOLR1/2 and IGF1R/INSR. (A) Co-

treatment with Folate rescued mineralization phenotype in ED, comparable to UNT. **p < 0.01; ***p < 

0.001, n=5±SD, Welch’s t-test. (B) Co-treatment of an IGF1R antibody with Snus did not significantly 

reduce calcium content. n=5±SD, Welch’s t-test. (C) Co-treatment with insulin ligand in ED significantly 

rescued calcium phenotype. *p < 0.05; **p < 0.01; ***p < 0.001, n=5±SD, Welch’s t-test. D = day / NED 

= non-effective dose / ED = effective dose.  
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significant increase in calcium content at the highest folate dose (10 µg/mL) in both 

timepoints (D0-7 and D5-7) (Figure 5.2C).  

5.4.2 Camel Snus IGF1R Signaling. As previously outlined, in Snus-treated 

differentiating hESCs, exposure resulted in an upregulation in insulin and insulin-like 

growth factor receptors (INSR/IGFR). To negate the resulting upregulation, cells exposed 

to an effective dose of Snus were co-treated with an IGF1R antibody, a selective inhibitor 

of IGF1R to reduce upregulation. Co-treatment with an IGF1R inhibitor should rescue the 

mineralization phenotype in Snus. However, co-treatment with an IGF1R antagonist 

resulted in no significant changes to mineralization content in comparison to the effective 

dose of Snus (Figure 5.2B). In fact, the highest concentration of IGF1R inhibitor in D0-7 

demonstrated a decrease in percent of calcium, opposite to the expected.  

Conversely, supplemental intake of insulin was also explored. Insulin can bind to 

both IGF1R and INSR (both upregulated receptors) as an agonist. This was followed based 

on the hypothesis that the increase in mRNA level may represent a feedback mechanism 

in response to non-responsive insulin signaling rather than represent a true increase. 

Indeed, osteogenesis was rescued in Camel Snus-treated hESCs when co-administered 

with insulin (Figure 5.2C). 

5.4.3 Camel Blue IGF1R Signaling. RNA-seq data revealed IGF1R was downregulated 

in response to Camel Blue exposure, conversely of Camel Snus (Figure 5.1). Being that 

IGF1R is downregulated in the Camel Blue effective dose, supplemental co-treatment with 

insulin may be able to rescue the calcium phenotype. Indeed, this rescue was observed in 

all concentrations of d0-7 insulin co-treatment, with an optimal rescue noted at 0.1 µg/ml 
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of insulin (Figure 5.3A). While a rescue was also determined for the D5-7 exposure 

window, here, the rescue was only detected in the highest insulin concentration (10 µg/ml). 

Insulin concentrations were selected from previously identified ID50 concentrations. Next, 

a phenocopy experiment was conducted, in which hESCs were differentiated without 

Camel Blue exposure, but with increasing concentrations of PQ401, a selective IGF1R 

inhibitor. As expected, if tobacco exposure is to the detriment of osteogenesis due to 

inhibition of IGF1R, PQ401 supplementation concentration-dependently inhibited 

calcification output (Figure 5.3B).   

5.4.4 Camel Blue FOLR Signaling. Unlike in Snus-exposed cells, there was an 

upregulation in FOLR signaling in Camel Blue-exposed cells. A rescue experiment was 

performed to inhibit this upregulation of FOLR1. An effective dose of Camel Blue was co-

treated with a FOLR1 antibody, which selectively binds to FOLR1 as an antagonist. Indeed, 

Figure 5.3 Camel Blue co-treatments to assess receptor targets IGF1R/INSR. A Welch’s t-test was 
performed on each of the data sets compared to the ED using GraphPad Prism. (A) Supplemental human 

insulin (Sigma Aldrich; 11061-68-0) co-treatment was delivered days 0-7 or days 5-7. Co-treatment of 

insulin with Camel Blue significantly increased calcium content as expected, however with different 

effective concentrations depending on treatment time. *p < 0.5, n=5±SD, Welch’s t-test. (B) 

Concentration-response curve for IGF1R inhibitor PQ401. Inhibitor treatment phenocopied the 

detrimental effect of Camel Blue in a concentration-dependent manner. D = day / UNT = untreated 

control / NED = non-effective dose / ED = effective dose 



 81 

there was a significant increase in the calcification phenotype in many instances of co-

treatment (Figure 5.4A). 

Similar to the phenocopy experiment above, a phenocopy experiment for folate was 

next designed. Again, osteogenically differentiating hESCs were supplemented with folate 

either during D0-7 or D5-7. If hypomineralization were through excel folate, a dose-

dependent down-regulation of calcification was expected. This is indeed what was found 

for treatment window D0-7. However, in the second sensitivity window (D5-7) most 

concentrations of folate caused an increase in calcification, speaking to the beneficial effect 

of folate to differentiation, as also seen in the Camel Snus cultures (Figure 5.4B).  

5.5 Discussion 

The co-treatment timepoints are crucial especially in rescue cases as they delineate 

the brief period where exposure can be mitigated. Roughly around D7-8 is a timepoint 

when several cell types are committed that have the potential for subsequent osteogenesis, 

Figure 5.4 Camel Blue co-treatments to assess receptor target FOLR1. A Welch’s t-test was 
performed on each of the data sets compared to the ED using GraphPad Prism. (A) Supplemental FOLR1 

antibody (R&D Systems; MAB5646) co-treatment was delivered days 0-7 or days 5-7. Co-treatment with 

a FOLR1 antibody with Camel Snus significantly rescued calcification. *p < 0.05. (B) Concentration-

response curve for folate. Folate exposure phenocopied the detrimental effect of Camel Blue in a 

concentration-dependent manner when exposure occurred in the first time window, but increased 

calcification in most concentrations when treatment happened from d5-7. D = day / UNT = untreated 

control / NED = non-effective dose / ED = effective dose 
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including cells from neural crest and paraxial mesoderm lineages. Therefore, all lineages 

are influenced throughout the duration of the treatments described above. Although our 

model elucidates molecular alterations to osteogenesis during early development, remedial 

options remain available. Despite skeletal development and precursors to skeletal 

development occurring very early in embryonic development, initial OBGYN screenings 

should have onsite general curatives to negate any potential exposure. Remedies later in 

development post forelimb formation would prove to be slightly less effective. As detected 

by the discrepancies between the two co-treatment times, sensitivities related to timing of 

exposure corresponds to embryonic development.  

Based on the inability to influence the calcium phenotype, it appears IGFR 

signaling is not contributing to the formation of the calcium matrix in the Snus treatments 

or, at the very least, IGF1R manipulation with the antibody is not enough to rescue the 

mineralization phenotype. In the case of Snus exposure, however, it does appear the 

resulting dysregulation of the osteogenic signaling pathway is highly influenced by folate 

signaling. This suggests there is a minimum excess folate needed to compensate for the 

receptor downregulation and FOLR1 is important for the formation of the calcium 

extracellular matrix, as inhibition further depletes calcium content. As previously outlined, 

both FOLR1/2 are downregulated in the Snus effective dose, and we hypothesized that the 

additional FOL ligand should compensate for the downregulation. This rescue was 

successfully performed, thus determining that folate has an influence on mineralization. 

Folate, itself, is a non-specific ligand that binds to both folate receptors, as well as 

contributes to the 1-carbon cycle in the production of nucleic acids (Ducker and 
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Rabinowitz, 2017). Despite our hypothesis to be true there was a seemingly dose and 

timing dependency of co-treatment. We found that the addition of folate significantly 

rescued calcification in some cases, despite reduced receptor signaling in the Snus effective 

dose. In the D0-7 timeframe the optimal concentration was identified to be 1 µg/ml of 

folate. In the higher 10 µg/ml co-treatment concentration of folate, a drop in calcium output 

was noted, which is likely attributed to overall cell death. As previously mentioned, folate 

is involved in other metabolic processes which could be altering both cellular health and 

mineralization. At the later timeframe (D5-7) of co-treatment, cultures are more robust at 

later stage of differentiation and can both survive and thrive from excess folate. 

Additionally, folate is a known anti-oxidant, therefore irregularities in anti-oxidant 

mechanisms can contribute to oxidative stress (OS) (Miller et al., 2008). This OS caused 

by perturbed folate function could explain the resulting phenotypes.    

Unlike Snus, there was an upregulation in FOLR signaling of Camel Blue-exposed 

cells. While mineralization content was rescued with FOLR1 antibody co-treatments, high 

concentrations were needed to offset the effects of Camel Blue exposure. The opposite 

directionality of regulation by the two tobacco products as well as the rescue and 

phenocopy experiments suggest that a particular level of folate signaling is necessary for 

proper differentiation progression and that deviation in any direction may lead to birth 

defects (Miller et al., 2008). This finding may have implications for the dosing of folate 

supplements taken by pregnant women, even in cases where there is no actual folate 

deficiency.  
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Within the Snus and insulin co-treatment, the addition of specific concentrations of 

insulin seemed to negate the exposure. Upon further investigation, it is speculated that this 

rescue may be due to the insulin-stimulated glucose transporter (Summers et al. 1998). 

Previous Western blots demonstrated that AKT2 (a relevant upstream target of FOXO) is 

downregulated in response to Camel Snus exposure. AKT2 is responsible for an AKT2-

specific regulation of the trafficking of GLUT4, a glucose transporter. Therefore, with the 

reduced expression of AKT2, the Snus-exposed cultures may have reduced trafficking of 

GLUT4, thereby reducing glucose levels within the cell which can significantly alter 

cellular metabolism. However, with the excess treatment of insulin, the insulin-stimulated 

glucose transporter which is also mediated by GLUT4 can offset the effects seen by the 

AKT2 downregulation.  

Overall, despite Camel Blue and Snus yielding similar phenotypes, it appears the 

hypomineralization is attributed to alternative signaling pathway regulation. The two 

cigarette smoke extracts seem to oppositely regulate folate and insulin signaling, however, 

both to the detriment of osteogenic differentiation efficiency. Previous work in our lab 

however, has shown that both tobacco products yield a reduction in the nuclear levels of 

the transcription factors FOXO1 and FOXO3a, concomitant with up-regulation of 

oxidative stress (Sparks, 2018 dissertation). It remains to be seen then, which of the 

receptors mediates this response in both treatment groups, which will be the subject of 

future work in the lab. 
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CONCLUSION 

 This work outlined a highly reliable pipeline to assess developmental toxicants 

using a human-relevant approach. Additionally, some of the molecular mechanisms by 

which tobacco products may impact bone formation were uncovered. Follow-up 

experiments determined that the osteogenic differentiation pathway, while incredibly 

sensitive to embryo-toxicants, has room for remedial strategies.  

 The in vivo work highlighted, for the first time, discernable phenotypes associated 

with embryonic tobacco exposure. While no treatments were parlayed into the in vivo 

rodent work, the identification of specific bone-related phenotypes revealed components 

to development that are more sensitive to exposure over others. Paired with the in vitro 

technique and utilizing RNA-sequencing results, tobacco exposure was extensively 

assessed with real-life application.  

 There is some work remaining to further examine the ideas discussed here. Follow-

up work should encompass other dysregulated signals perturbed due to Camel Blue and 

Snus exposure, as there was no definitive manipulation experiment that could causally 

relate Camel Blue AND Snus exposure to the previously observed FOXO attenuation 

(which causally relates to the osteogenic defect). In addition to follow-up in vitro signal 

manipulation, other bones, such as the full ribcage and the skull should be assessed to 

determine phenotypic changes that may arise in bones from the axial skeleton or such that 

are derived from a neural crest lineage. Indeed, preliminary image analysis of the 17.5 

skulls detected porous bones in response to both exposures (zur Nieden lab, unpublished). 
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 Overall, our hEST model has proven to be a reliable in vitro alterative to assessing 

bone development. Despite this work including an in vivo component, initial screenings 

were performed utilizing the in vitro differentiation protocol to identify the most harmful 

tobacco products to bone development, thereby reducing animals needed for screening. 

Additionally, the novel insight on influential effects to the molecular mechanism of 

tobacco-induced hypomineralization has greater implications in the realm of toxicology. 

This work provides a solid pathway to assess skeletal defects and coupled with the 

molecular insight could provide an avenue for human genetic screenings. This new 

understanding could be implemented by the American Academy of Pediatrics for 

pediatricians to conduct well-childcare exams in which pre-visit questionnaires include 

questions on the type of tobacco (or other relevant embryo-toxicants) the child was exposed 

to. Routine follow-up bone assessment should be performed to evaluate bone health and 

integrity and additional parental education pamphlets distributed to reduce fracture risk in 

the future.  
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APPENDIX 

 

Chapter 2 Supplemental Figures: 

 

 

 

 

 

 

Supplemental Figure 2.1: Endpoint analysis was a calcium assay normalized to protein content 

(lowry) and 3-[4,5-dimethylthiazol-2yl]-2,5-diphenylterazolium bromide (MTT) assay (viability). Both 

endpoints occurred on day 20. Supplemental chemical exposure was delivered the entire duration of 

differentiation with the appropriate concentration. 3T3 mouse fibroblasts are a fully differentiated cell 

line with an endpoint of an MTT assay to quantify cell viability. Non-linear regression lines were fitted 

using GraphPad Prism to calculate ID50/IC50 values. 



 90 

 

  

Supplemental Figure 2.2: Endpoint analysis was a calcium assay normalized to protein content 

(lowry) and 3-[4,5-dimethylthiazol-2yl]-2,5-diphenylterazolium bromide (MTT) assay (viability). Both 

endpoints occurred on day 20. Supplemental chemical exposure was delivered the entire duration of 
differentiation with the appropriate concentration. H9 hESCs were used at the human differentiating 

cell line. Human foreskin fibroblasts (hFF) are a fully differentiated cell line with an endpoint of an 

MTT assay to quantify cell viability. Non-linear regression lines were fitted using GraphPad Prism to 

calculate ID50/IC50 values.   
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Supplemental Figure 2.3: Endpoint analysis was a calcium assay normalized to protein content 

(lowry) and 3-[4,5-dimethylthiazol-2yl]-2,5-diphenylterazolium bromide (MTT) assay (viability). Both 
endpoints occurred on day 20. Supplemental chemical exposure was delivered the entire duration of 

differentiation with the appropriate concentration. H9 hESCs were used at the human differentiating 

cell line. Human foreskin fibroblasts (hFF) are a fully differentiated cell line with an endpoint of an 

MTT assay to quantify cell viability. Non-linear regression lines were fitted using GraphPad Prism to 

calculate ID50/IC50 values.   




