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ABSTRACT 

 

Photobiomodulation and Stem Cell Differentiation: Application to Modulate 

Adipogenesis Through Cellular and Nuclear Morphology 

 

Andrew Redmond McColloch 

The University of Texas at Arlington, 2020 

 

Supervising Professor: Michael Cho 

 

 

Mesenchymal stem cells (MSCs) are of great interest in regenerative medicine due 

to their capability to self-renew and differentiate to various lineages. Typically, 

differentiation to specific cell types has relied on the use of growth factors and other 

reagents to provide an environment conducive to the desired cell type. More recently, 

orthogonal cues other than chemical factors have been elucidated to regulate the lineage 

commitment. For example, the cell shape, cellular mechanics and substrate stiffness 

have been found to play a role in determining the fate of MSCs. However, it remains still 

elusive how the morphological and mechanical changes in the nucleus are involved in 

directing MSCs to the intended lineage. Using immunolabeling and computer-assisted 

image analysis, the first aim is designed to elucidate changes in the nucleus during 

differentiation to the fat-storing adipocytes.  
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Recent studies suggest that low level light exposure can serve as yet another non-

biological factor that can modulate the MSC differentiation. Referred to as 

photobiomodulation (PBM), it describes the influence of light irradiation on biological 

tissues and has been shown to affect a variety of cells. Laser light in the near infrared 

spectrum (NIR, 780 – 2500 nm) in particular has been shown to directly affect heme-

containing proteins, changing their level of activity. NIR light has been used in the medical 

field for analyses of cerebral blood flow. Recently, new evidence suggest light exposure 

can alter stem cell differentiation, potentially by interacting directly with the heme-

containing protein of oxidative phosphorylation, cytochrome C. The second aim of the 

thesis is to apply NIR light exposure (1064 nm) to the cells undergoing adipogenic 

differentiation and determine the effect of PBM on differentiated adipocytes.   

Obesity, often caused by enlarged hypertrophic adipocytes, carries a multitude of 

physiological risks including diabetes and heart disease. Interestingly, clinical trials of 

photobiomodulation on obese participants has shown significant weight loss, suggesting 

PBM may hinder lipid accumulation and regulate adipocyte maturation. However, such a 

hypothesis remains to be validated, and the potential mechanisms need be understood. 

In addition, to establish possible clinical efficacy, the effects of PBM must be quantitatively 

determined in an in vitro obesity model. The third aim is to characterize the model and 

apply NIR exposure (1064 nm) to examine a reduction in the lipid accumulation and 

conformational and functional restoration of hypertrophic adipocytes. 
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Figure 2. 6. (A) Schematic of nucleus with actin filaments, membrane, cytoplasm, and 

nuclear components. (B) Frame stills from modeling simulation of nuclear shape during 

differentiation. The initial number of actin springs represented by the red lines is assumed 

to be 16. The cytoskeletal tension is released during maturation, allowing elastic LMNA 

to conform to a more compact shape. Interior beads represent repositioning of the nuclear 

components while extended red lines represent actin filaments dissociating from the 

nucleus over time. Axes indicate nuclear dimension in µm. .......................................... 26 
 

Figure 2. 7. (A) Model-generated results of nuclear size demonstrating consistency with 

experimental data (blue curve with error bars) over 5 separate simulations. (B) 

Mathematical calculation of changes in the nuclear membrane tension (nN) as actin 

filaments reorganize and disappear. Results from 5 separate simulations are shown. 

Simulations are a result of increasing n from Equation 1. It was found that n = 4 (shown 

in yellow) most closely followed experimental data. ...................................................... 27 

 

Figure 3. 1. Average temperature rise of adipogenic differentiation media in 35 mm petri 

dish during exposure to 1064 nm laser at varying laser powers. Temperature was 

recorded at one minute intervals using an Omega HH42A thermistor. Data represent 

mean ± SEM of 3 independent experiments. Since the laser beam size was fixed at 13.6 

cm2, the 1 W exposure corresponds to 0.074 W/cm2. The red line indicates a threshold 

temperature increase of 1° C. ....................................................................................... 59 
 

Figure 3. 2. Multi-channel fluorescence image demonstrating lipid production (green) and 

nuclear size (blue). Image were recorded after 9 days of differentiation using a 40x 

microscope objective. (A) Fluorescence intensity of lipid detection dye LipidTOX Green 

at increasing fluence of 1064 nm PBM for 2 min/day after 7 days of adipogenic 

differentiation. (B) Data presented as mean ± SEM, n=5. Bar = 25 µm. * indicates p < 
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Figure 3. 3. Example images of change in nuclear shape from MSCs unexposed to 

adipogenic induction medium or laser irradiation (A), seven days after adipogenic 

induction (B), and 26.4 J/cm2 laser exposure 2 min/day after 7 days of differentiation (C). 

Average nuclei area of control and laser-irradiated groups with increasing fluence. 

Samples taken after 7 days of adipogenic differentiation (D). Scale bar = 15 µm. Data 
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Figure 3. 4. Comparison of lipid production determined by LipidTOX fluorescence 

intensity during adipogenic differentiation (A). Nuclear area in pixels of PBM and control 

groups (B). Laser-irradiated (PBM) group was exposed to a fluence of 17.6 J/cm2 2 

min/day for 9 days. Data presented as mean ± SEM, n=3. ........................................... 63 
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Figure 3. 5. Triglyceride fluorescence intensity determined by Triglyceride Assay Kit 

(Abcam) in stem cell conditioned media through 15 days of adipogenic differentiation. 

Fluence = 17.6 J/cm2. Data presented as mean ± SEM, n=3. No statistically significant 
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Figure 3. 6. Relative expression of RNA production of adipogenic and ROS-sequestering 

genes. PBM group exposed to a fluence of 17.6J/cm2 2 min/day for 10 days. Normalized 

to GAPDH, data presented as mean ± SEM, n=3. ........................................................ 65 

 

Figure 3. 7. ATP quantification of MSCs determined by luciferase luminescence via 

CellTiter-Glo Assay (Promega). Cells irradiated for 2 minutes, incubated for 15 minutes, 

and then ATP was quantified using a plate reader. Data presented as mean ± SEM, n=5. 
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Figure 3. 8. MitoSOX staining of MSCs during adipogenic differentiation taken at different 

days. During days 1, 5, and 9 without exposure MitoSOX staining begins lower, but 

increases as differentiation continues (A-C). Cells exposed to laser irradiation at a fluence 

of 17.6 J/cm2 2 min/day every day show an overall lower amount of mitochondrial 

superoxide formation as differentiation proceeds (D-F). Scale bar = 50 µm. Quantification 

of MitoSOX fluorescence over differentiation shown in (G). Data presented as mean ± 
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CHAPTER 1:  

GENERAL INTRODUCTION 

 

Stem cells are cells with the capacity to differentiate to multiple cell types and are of great 

interest to cellular and tissue engineering due to their abundant supply of lineage-specific 

cell types1. Stem cells exist in a hierarchy, known as potency, of number of potential 

lineages they are able to become. Potency of stem cells exist in the range: totipotent, 

pluripotent, multipotent, and unipotent2. A totipotent stem cell can be induced to any other 

cell type (e.g. a zygote in early embryonic development), while a unipotent cell can only 

become one terminally differentiated cell (e.g. myogenic progenitor to skeletal muscle). 

Typically, stem cells in adult tissues are multipotent: able to differentiate to several, but 

not all, cell types.  

 

Adult stem cells have historically been differentiated through addition of chemical 

induction factors. These reagents have been well established to reliably produce the 

desired cell type at maximum efficiency3. More recently however, researchers have 

elucidated the cellular response to physical cues as a method of reliable lineage-specific 

differentiation. Physical cues that mimic the host environment generate cells of that type. 

For example, stem cells grown on hard substrates more reliably differentiate toward 

osteocytes, while those on soft surfaces are induced to adipocytes4,5. The characteristics 

of the physical environment, as well as chemical, is imperative to the differentiation 

success of stem cells.  
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However, while several groups have examined the physical environment and its effect on 

the cytoskeletal network, few have investigated the morphological characteristics of the 

nucleus. During differentiation, cells transform to a unique cell type. This requires massive 

re-working of the cell’s internal protein structure, which starts with activation of new 

transcription of DNA. The nucleus is also the largest and stiffest organelle in the cell, 

whose bulk mechanical properties contribute considerably to the overall cell shape6. 

Additionally, the cytoskeleton interacts directly with the nucleus through a series of linker 

proteins that have been shown to mediate inter-nuclear movement7. 

 

Recently, work has been done investigating alternative physical methods to induce 

differentiation. These methods directly or indirectly alter a variety of cellular processes, 

which in turn change the face of genetic communication. One such novel method is the 

use of light irradiation. Photobiomodulation (PBM), also known as low-level light therapy 

(LLLT), describes the influence of light on biological tissues8. Typically, PBM utilizes the 

near-infrared spectrum (NIR) existing between wavelengths 780 – 2500 nm, due to the 

absorbance of heme-containing molecules such as hemoglobin or cytochrome c oxidase 

in this wavelength range9. The use of 1064 nm laser light is of significant interest to us 

because as of yet this wavelength has not been prominently investigated in the 

application of stem cell differentiation and adipogenesis. 

 

Most researchers describe the mechanism of PBM as acting primarily at the site of the 

mitochondria. Cytochrome c oxidase (CCO), a copper- and heme- containing protein at 

the final stage of the electron transport chain, acts as a photon acceptor from NIR light. 
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CCO has various absorption peaks in the NIR region, and researchers have utilized many 

to investigate potential wavelength-dependent phenomena10-12. Once CCO accepts a 

photon, the inhibitory molecule nitrous oxide (NO) is dissociated leading to enhanced flux 

through the electron transport chain (ETC)8. Increased levels of ETC activity result in 

several downstream effects including transient reactive oxygen species (ROS) 

production, elevated levels of ATP, as well as the anti-inflammatory actions of free NO. 

Mitochondrial superoxide ROS is a highly charged molecule which can generate DNA 

damage and influence cell survival13. Because of this, the cell retains several mitigation 

processes to limit the degree of ROS influence in cellular activity14. ROS is naturally 

produced with enhanced ETC flux as electrons “leak” from the system15. This transient 

superoxide increase is followed by an activation of ROS-sequestering events, including 

transcriptional activation of ROS-eliminating enzymes. 

 

For stem cell differentiation, energy dynamics and ROS levels are important factors in 

lineage specificity. As stem cells differentiate, they shift from primarily glycolysis to 

oxidative phosphorylation for energy production16. High levels of ROS have been 

demonstrated to direct stem cells away from osteocytes and towards an adipocyte 

lineage17. Osteo- and adipo-genic lineage differentiation exist as opposites to each other, 

requiring inverse factors and transcriptional regulation18. Several groups have shown the 

influence of PBM on osteogenic differentiation, demonstrating an increase in calcium 

production in the irradiated groups11,12. However, the potential effects of light irradiation 

on stem cells undergoing adipogenic differentiation have yet to be fully elucidated. With 
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PBM having been shown to enhance osteogenesis, it is therefore reasonable to presume 

the opposite will be true for adipogenesis. 

 

Adipose cells are the main component of fat tissue in the body. Fat tissue can be 

separated into two main categories: white fat and brown fat. White fat is the main energy 

storage in the body and is the site of many complications due to obesity19. Obesity and 

metabolic disease have situated themselves as one of the largest public health concerns, 

with complications arising from diabetes, cancer, and heart disease20. A regimen of 

regular exercise and a healthy diet exists as a proven treatment for obesity, however 

individuals continue to seek out other methods for fat reduction. Surgical methods such 

as liposuction and gastric band are expensive, invasive procedures requiring days to 

weeks of recovery and potential for complications. Because of this, researchers have 

developed safe and effective methods of non-invasive fat removal. Laser therapy has 

itself been utilized as a method for body contouring and spot fat reduction, offering 

promising reductions in spot fat reduction of the waist, arms, and hips21. However, this 

overview fails to understand the mechanism behind the fat reduction and whether the 

complications of obesity are mitigated. However, the mechanisms behind the fat reduction 

remain elusive. 

 

Inherent in obesity is a dysfunction in adipocyte physiology, categorized as cell number 

increase (hyperplasia) and cell size increase (hypertrophy)22. As lipid levels increase, 

adipocytes swell to contain the material. Several downstream effects of obesity (insulin 

resistance, inflammation, etc.) can be ascribed to the dysfunctional size and operations 
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of hypertrophic adipocytes23. Enlarged, dysregulated adipocytes promote inflammatory 

cytokines, release damaging free fatty acids, and increase levels of intracellular ROS24. 

Additionally, hypertrophic adipocytes have been shown to promote hypoxia and can lead 

to a reduction in insulin sensitivity, the main progression toward diabetes25.  

 

Photobiomodulation, as described here, may be a benefit to hypertrophic adipocytes by 

reducing lipid content and inflammation. As described before, PBM can help reduce 

overall lipid content, potentially leading to a reduction in adipocyte hypertrophy. PBM has 

also been used to enhance healing in models of diabetic-related wounds26. However, little 

research has been performed on the adipocytes themselves. Mechanistically, the 

influence of NIR PBM on stem cells differentiating toward adipocytes, as well as on a 

hypertrophic obesity model, has yet to be elucidated. Additionally, how this novel physical 

factor impacts, either directly or indirectly, the physiology of the stem cell nucleus is of 

specific interest. 

 

To this end, a research strategy has been developed to modulate stem cell differentiation 

through novel physical methods and investigate the influence of these methods on 

nuclear mechanics and lipid physiology. To determine these processes, three aims was 

developed and experiments were designed. Among these aims were individual sub-aims 

developed to focus the research and complete all stated goals. 

 

Aim 1: To quantify the Alterations in Nuclear Morphology of MSCs during Adipogenic 

Differentiation 
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o 1(A): To chemically induce MSCs toward the adipocyte lineage, track their 

maturation using fluorescent microscopy, and generate an automated algorithm to 

process fluorescent nuclei images and provide quantitative analyses of nuclear 

morphology over time 

o 1(B): To determine the interplay of nuclear lamina protein lamin a/c and 

cytoskeletal actin organization on nuclear shape 

o 1(C): To validate a simulation model of nuclear remodeling that can reproduce and 

predict the observed changes during adipogenic differentiation 

Aim 2: To determine the Influence of 1064nm NIR Laser Light on MSC Differentiation, as 

well as its Effect on Nuclear Morphology and Production of ATP and ROS 

o 2(A): To characterize the effect of 1064 nm photobiomodulation on stem cell 

differentiation to adipocytes 

o 2(B): To determine the influence of ROS and ATP generation from PBM on stem 

cell differentiation 

o 2(C): To examine PBM effect on nuclear reorganization during differentiation 

Aim 3: To utilize NIR Laser Light to Restore Form and Function of Hypertrophic 

Adipocytes in an in vitro Obesity Model 

o 3(A): To generate and characterize and in vitro obesity model using stem cells 

differentiated to adipocytes and induced to hypertrophy 

o 3(B): To quantify the effect of NIR irradiation on lipid levels and droplet size of 

hypertrophic adipocytes 
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o 3(C): To determine the potential restorative function of NIR light through 

conformational (cell/nuclear shape) and functional (protein levels/cell metabolism) 

states 
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Abstract 

Stem cells undergo drastic morphological alterations during differentiation. While 

extensive studies have been performed to examine the cytoskeletal remodeling, there is 

a growing interest to determine the morphological, structural and functional changes of 

the nucleus. The current study is therefore aimed at quantifying the extent of remodeling 

of the nuclear morphology of human mesenchymal stem cells during biochemically-

induced adipogenic differentiation. Results show the size of nuclei decreased 

exponentially over time as the lipid accumulation is up-regulated. Increases in the lipid 

accumulation appear to lag the nuclear reorganization, suggesting the nuclear 

deformation is a prerequisite to adipocyte maturation. Furthermore, the lamin A/C 

expression was increased and redistributed to the nuclear periphery along with a 

subsequent increase in the nuclear aspect ratio. To further assess the role of the 

nucleus, a nuclear morphology with a high aspect ratio was achieved using 

microcontact-printed substrate. The cells with an elongated nuclear shape did not 

efficiently undergo adipogenesis, suggesting the cellular and nuclear processes 

associated with stem cell differentiation at the early stage of adipogenesis cause a 

change in the nuclear morphology and cannot be abrogated by the morphological cues. 

In addition, a novel computational biomechanical model was generated to simulate the 

nuclear shape change during differentiation and predict the forces acting upon the 

nucleus. This effort led to the development of computational scaling approach to 

simulate the experimentally observed adipogenic processes over 15 days in less than 

1.5 hours.  
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Introduction 

Adult mesenchymal stem cells (MSCs) are of great interest in tissue engineering 

and in clinical applications due to their capability to differentiate into multiple lineages 

including bone, adipose, and cartilage.1 This differentiation potential is unique in stem 

cells and highly sought after as a method of regenerating the damaged or lost tissue. 

Typically, MSC differentiation is induced by the lineage-specific chemical stimuli, with the 

ratio of growth factors optimized for the desired tissue.2 In addition, multiple laboratories 

have investigated the influence of cellular morphology and substrate mechanical 

properties on MSC differentiation.3-6 

While important strides have been made in elucidating the influence of the 

cytoskeletal mechanical properties on MSC differentiation, few have examined the effects 

of the nucleus. The nucleus is the stiffest organelle in the cell and is also responsible for 

cell mechanics.7 Additionally, the nucleus houses the cell’s genetic code in the form of 

mobile chromatin structures, which shift as cell morphology changes. For example, it has 

been previously shown that DNA is wound into chromatin territories, with specific areas 

corresponding to specific genes.8-10 The localization of genes within the nucleus is not 

random and have been demonstrated to be related to gene activation,11,12 suggesting the 

reorganization of the nucleus is a prerequisite to initiate the reprogramming to a different 

cell lineage.13 

Nuclear mechanical characteristics can be classified as viscoelastic, with two main 

contributors: DNA wound into chromatin, and the nuclear envelope proteins lamin A and 

C (LMNA).14 LMNA is the major structural protein in the nuclear envelope and is thought 

to be responsible for nuclear shape and chromosome positioning.15 Defects in the LMNA 

gene have been associated with various human diseases known as laminopathies with 
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several symptoms including progeria, muscular dystrophy, and cardiomyopathy.16 

Several laminopathies primarily affect mesenchymal tissues, including mesenchymal 

stromal cells, and can result in enhanced cellular senescence and altered differentiation 

potential.17,18 

Several strides have been made in revealing the effect of nuclear shape change 

and lamin reorganization during cellular differentiation, including the influence of lamin 

A/C. For example, Verstraeten et al. demonstrated the changes in the nuclear lamin 

network during adipogenesis of mouse 3T3-L1 pre-adipocytes.19 LMNA was shown to 

move from internuclear structures to the nuclear rim as adipogenesis continued. 

Interestingly, it was discovered that the fraction of cells expressing lamin increased during 

differentiation, a phenomenon also seen in human embryonic stem cells where B-type 

lamins are dominant in an undifferentiated state with eventual lamin A/C activation 

occurring during differentiation.20 Furthermore, a point mutation in LMNA resulting in a 

common laminopathy disorder (p. R482W) has been shown to inhibit adipogenesis by de-

regulating anti-adipogenic gene enhancers through an epigenetic mechanism.21 LMNA 

has additionally been shown to be influenced by the mechanical properties of the 

substrate, with soft matrices reducing overall lamin levels.22 Together, these bring a focus 

to the role of LMNA in adipogenic differentiation and its influence on controlling the 

underlying chromatin structure. 

Potentially, repositioning of the chromatin structure necessary for lineage 

specificity of stem cells occurs via LMNA reorganization during stem cell differentiation, 

resulting in specific gene activation for lineage-directed differentiation. It is reasonable to 

postulate that DNA could be morphologically manipulated for such genetic activation. This 
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morphology change, therefore, would be driven by LMNA and result in nuclear shape 

change. In this paper we monitored and quantified several morphological features of 

human MSC nuclei over time along with the expression of LMNA and correlated them 

with adipogenic differentiation markers. We also constructed a 2D numerical simulation 

model to elucidate the mechanical coupling of F-actins to the nucleus that appears to 

regulate changes in the shape and size of the nucleus. The high-speed simulation was 

made possible through a multiscale approach that significantly reduced the computational 

cost (< 1.5 hrs) while probing the nuclear membrane properties such as its stiffness. 

Experimental measurements of such nuclear biomechanics with certainty remain yet to 

be established.   

Results 

MSCs were seeded onto glass coverslips and induced to differentiate to 

adipocytes using previously described factors contained in the Adipogenic Differentiation 

(AD) medium. The extent of adipogenic differentiation was monitored and imaged using 

LipidTOX staining to visualize the accumulated lipids. Stem cells undergoing adipogenic 

differentiation at day 1 showed essentially no detectable accumulation of lipids (Fig. 1A). 

Lipid accumulation became increasingly visible at day 5 (Fig. 1B) and at day 9 (Fig. 1C). 

By day 15, the stem cells incubated with the AD medium demonstrated a high level of 

LipidTOX staining (Fig. 1D). The nuclei were also stained and imaged using DAPI. It is 

interesting to note that there still is a fraction of cells that showed no lipid accumulation 

even at day 15. To better visualize adipogenesis, images were acquired using a higher 

magnification microscope objective (90x) at day 1 (Fig. 1E) and day 7 (Fig. 1F). A few 

interesting observations should be noted. First, the lipid droplets were shown to be non-

uniform. Second, the varying size and shape of nuclei were visible at day 7. There 
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appears to be a correlation between the nuclear morphology and the level of lipid 

accumulation.  

Figure 2. 1. Adipogenic differentiation over 15 days. MSCs underwent 
differentiation toward adipocytes in AD medium. Fluorescent markers 
observed are DAPI (blue) and LipidTOX (green). Images shown depict days 
1 (A), 5 (B), 9 (C), and 15 (D). Scale bar = 50 µm (A through D). In addition, 
high magnification (90x) images of the nuclei and lipid droplets in hMSC 
during adipogenic differentiation acquired at 1 (E) and 7 (F) days. Scale bar 
= 10 µm (E and F). 
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To further examine and determine such a correlation between the nuclear 

morphology and the extent of adipogenesis, we developed a custom-built code to rapidly 

and accurately analyze a large number of stem cells undergoing adipogenesis. Following 

image acquisition, fluorescent images were processed using code written in Python for 

the nuclei morphology, lipid production, and lamin A/C (LMNA) intensity. To increase 

statistical significance, a 20x microscope objective was used to capture between 75 and 

100 cells in a single field of view.  For example, one set of images taken at day 9 was 

further processed and analyzed (Fig. 2). Nuclei were segmented via the unsupervised 

learning algorithm K-means clustering, a method commonly utilized for cell 

segmentation.23 Three-color fluorescent images were first merged (Fig. 2A), and signal 

from DAPI staining and background were separated, clustered nuclei were delineated, 

and finally morphological characteristics were ascertained (Fig. 2B). Additionally, lipid 

accumulation via LipidTOX fluorescence and LMNA expression were also separated and 

analyzed by utilizing masks of the different fluorescent channels (Fig. 2C and 2D, 

respectively). 
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The images processed by the custom-build code allowed for easy but more 

accurate quantification of the nuclear morphological parameters such as the nuclear size, 

aspect ratio and roundness. A significant decrease (~ 70%) in the nucleus size (pixels2) 

was observed within the first 5 days of adipogenesis (Fig. 3). The subsequent and further 

Figure 2. 2. Python-generated images depicting masks for computer-assisted analysis of morphological 
and fluorescent data. (A) Original composite 3-color fluorescent microscope image- nuclei (blue), lipid 
(green), and LMNA (red). (B) Nuclei segmented and the size and shape determined after K-means 
clustering.  Lipid droplets (C) and LNMA expression (D) segmented and separated from the original image. 
Images were taken from the same location after 9 days of differentiation using a 20X microscope objective. 
Scale bars = 50 µm 
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reduction in the nucleus size was not as pronounced in the next 10 days of adipogenesis. 

The accumulation of lipid droplets was monitored at the same time and fluorescently 

measured to assess the extent of adipogenesis. The buildup of lipid droplets over 15 days 

appeared to have increased exponentially. However, unlike the changes we observed in 

the nuclear size, the lipid production was substantially increased after 9 days of 

adipogenic differentiation and appeared to lag behind the remodeling of nuclei. More than 

80% of lipid deposition occurred following the most significant decrease in the nuclear 

area at day 5. The implication here may be that the nuclear remodeling and morphological 

modulation precede adipogenesis and therefore could be a prerequisite for the intended 

differentiation.  
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Since changes in the nuclei are likely mediated by reorganization of the 

cytoskeleton,24-26 two different methods were applied to influence the cytoskeleton and 

thereby alter the size and shape of the nucleus. First, the cells were treated with a 

pharmacological agent (jasplakinolde) to stabilize the actin structure that presumably 

resisted changes in the nucleus. Second, the cells were seeded onto a fibronectin-coated 

and microcontact-printed substrate to suppress adipogenesis. Fluorescent images at day 

7 of adipogenesis show that both the jasplakinolde treatment and forced elongated cell 

seeding led to suppression or delay of the intended differentiation (Fig. 4A to 4C). 

Figure 2. 3. Correlation between the nucleus size and lipid deposition. Nuclei area, as assessed by 
the DAPI fluorescence, decreased over time, and the lipid production increased exponentially. A 
reduction in the nucleus size was evident by day 5, while lipid increased most significantly after day 9. 
Data presented as mean ± SEM from 10 independent experiments averaging over 600 cells per each 
experiment. 
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Quantitative analysis of the nuclear morphology following the two treatments revealed 

that adipogenesis can be hindered by either keeping the nuclear size artificially large (Fig. 

4D; jasplakinolde treatment) or by increasing the nuclear aspect ratio (Fig. 4E; elongated 

cell seeding). To better visualize the effect of actin cytoskeleton, images were acquired 

using a 90x magnification objective following the jasplakinolde treatment (Fig. 4F at day 

1 and Fig. 4G at day 7). The results are consistent that the artificially stabilized actin 

cytoskeleton hindered the intended differentiation. Moreover, to address potential impact 

of altered cell proliferation among treated and control groups, an MTT assay was 

performed. After seven days of differentiation, no significant differences were observed 

between groups (data available but not shown). 
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Figure 2. 4. Comparison of adipogenic differentiation of hMSCs plated on glass (A, control), Jasplakinolide-treated (B) and seeded on micro-contact 
printed surface (C). Cells treated with the actin polymerizing agent demonstrated significantly larger nuclear area vs. control (D). Cells attached to 
the patterned substrates showed similar nuclear area, but with an increased aspect ratio (E). Nuclei in blue color and lipid expression in green color. 
Data represent mean ± SEM of 3 independent experiments. Scale bars = 50 µm. In addition, (F) and (G) show high magnification (90x) images of 
treated cells with jasplakinolide at day 1 and 7 of differentiation, respectively. In the jasplakinolide-treated cells, the size of nuclei was larger with a 
much diminished lipid accumulation. Scale bars = 10 µm. 
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To further probe the influence of nuclear morphology on adipogenic differentiation, 

we monitored and quantified the intensity and distribution of a major nuclear envelope 

protein, LMNA. Using fluorescently conjugated antibody, the LMNA expression was 

shown to increase during differentiation as the nuclear remodeling occurred (Fig. 5A). 

The LMNA was observed to redistribute over time and became more prevalent along the 

periphery of the nuclei along with a reduction in punctate structures of the nuclear interior. 

As another measure of the nuclear morphology, the roundness was monitored and 

measured. The nuclear roundness, which is inverse of the aspect ratio, was linearly 

decreased over the 15 days of differentiation (Fig. 5B). Conversely, the LMNA 

fluorescence intensity sharply increased from day 3 to day 7 and then remained relatively 

unchanged. To probe the gene expression of LMNA during adipogenesis, total RNA was 

extracted at day 5 of differentiation, which corresponds to the day of the most significant 

decrease in nuclear area (see Fig. 3). The adipose gene peroxisome proliferator-

activated receptor gamma (PPARγ) was used as a positive control due to its recognized 

upregulation (~ 35-fold) during adipogenesis27. Notably, LMNA mRNA production 

increased more than 4-fold compared to control (Fig. 5C). Taken together, the LMNA is 

up-regulated and also spatially redistributed to the nuclear membrane over time.  
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Numerical simulation was next utilized to further understand the dynamics of 

nuclear remodeling. Because experimental measurements of the nuclear biomechanics 

with certainty are lacking during adipogenesis, the results from numerical simulation can 

provide important and quantitative mechanical environment in the nucleus. For simplicity 

and to significantly reduce computational time, the nucleus is assumed to be filled with 

beads that represent the nuclear components such as chromosomes and other 

structures. To model the cytoskeletal forces and their change, the actin filaments are 

Figure 2. 5. LMNA expression and distribution. (A) Fluorescent images of LMNA at different days of 
adipogenic differentiation. Images recorded using a 60X magnification objective. Scale bar = 5 µm. (B) The 
LMNA expression increases early during differentiation, while nuclear morphology (roundness) is reduced. 
(C) Relative fold change of adipocyte maturation gene PPARγ and nuclear envelope gene LMNA. Data 
represent mean ± SEM of 3 independent experiments. 
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attached to the nuclear membrane and allowed to dissociate from it over time (Fig. 6A). 

It is reasonable to assume that actin stress fibers keep the nucleus membrane under 

tension28-30. As differentiation proceeds and actins are rearranged, this tension is 

released, and therefore the nucleus undergoes morphological changes. After actin is 

depolymerized, the lipid droplets are formed that exert additional force on the nucleus. 

Several frame stills of the simulation were captured and shown to depict the actin tension 

over time as the actin tension was reduced while the lipid droplets accumulated (Fig. 6B).  

To validate the model, at least 5 simulations were carried out and the results were 

compared to the experimental data (Fig. 7A). The simulation model was able to faithfully 

reproduce the experimental data, demonstrating a good agreement. Using the model, the 

forces acting on the nucleus as a function of time may be simulated and predicted (Fig. 

7B). For example, the initial nuclear membrane tension is found to be ~ 20 nN and 

decreases rapidly to zero as the actin cytoskeleton is reorganized during the first 7 days 

of differentiation. The membrane tension is then observed to rise to ~ 8 nN, because of 

the interaction between internal and external forces acting on the nuclear membrane. The 
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external forces are caused by lipid accumulation, which squeeze the nucleus causing 

contraction. The internal forces are caused by resistance to compaction by the protein 

and chromosome structures within the nucleus. 

Figure 2. 6. (A) Schematic of nucleus with actin filaments, membrane, 
cytoplasm, and nuclear components. (B) Frame stills from modeling simulation 
of nuclear shape during differentiation. The initial number of actin springs 
represented by the red lines is assumed to be 16. The cytoskeletal tension is 
released during maturation, allowing elastic LMNA to conform to a more 
compact shape. Interior beads represent repositioning of the nuclear 
components while extended red lines represent actin filaments dissociating 
from the nucleus over time. Axes indicate nuclear dimension in µm. 



27 
 

 

 

Figure 2. 7. (A) Model-generated results of nuclear size demonstrating consistency with 
experimental data (blue curve with error bars) over 5 separate simulations. (B) 
Mathematical calculation of changes in the nuclear membrane tension (nN) as actin 
filaments reorganize and disappear. Results from 5 separate simulations are shown. 
Simulations are a result of increasing n from Equation 1. It was found that n = 4 (shown in 
yellow) most closely followed experimental data. 
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Discussion 

As stem cells progress to fully differentiated lineages, they undergo several 

morphological changes. These changes occur both in the cytoskeleton as well as the 

nucleus. Several previous researchers have examined the actin remodeling that takes 

place during adipogenesis. Titushkin et al., described the rearranging of actin filaments 

to the cell perimeter and eventual depolymerization as maturation continued.31 Others 

include the influence of substrate stiffness and its response to actin organization on 

differentiation potential. Indeed, a modified substrate enhances the differentiation 

efficiency of MSCs to specific cell types.3-5 However, studies on remodeling of the nucleus 

are scarce. 

The nucleus contributes to the overall mechanical properties of the cell by being 

one of the largest and stiffest organelles.7 The nucleus is also the repository for the cell’s 

genetic code, which must be manipulated for gene activation. As demonstrated in Figure 

3, the nucleus decreases in size over time during differentiation to mature adipocytes. 

Interestingly, the nuclear size reduction occurs mostly by day 5, with 70% of reduction 

occurring by this time point. The nuclear shrinkage precedes the exponential growth of 

fat deposition – a marker of mature adipocytes – suggesting the nuclear reorganization 

must occur prior to activation of the intricate machinery that promotes mature adipocytes. 

This is consistent with the findings that hMSC adipogenic differentiation occurs in two 

distinct parts; (1) lineage direction into pre-adipocytes and (2) adipocyte maturation.32-35 

Moreover, along with a reduction in nuclear size, we also observe a change in overall 

morphology of nucleus as adipogenesis continues. Differentiation brings about an 

increase in the aspect ratio (e.g., reciprocal decrease in roundness) of the nucleus. We 

compared the timing of the nuclear shape change with that of the expression of the 
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nuclear structural protein lamin A/C and found an inverse relationship. The LMNA protein 

expression appeared to increase as the nuclear morphology was altered to an increased 

aspect ratio (Fig. 5). Additionally, RT-qPCR experiments demonstrated a larger than 4-

fold increase in production of LMNA mRNA when compared to control. LMNA exists as a 

network of intermediate filaments to provide structure and support for the nuclear 

envelope.36 As a major driver of nuclear configuration, it stands to reason that an 

upregulation of LMNA may actively manipulate the nuclear shape. Indeed, LMNA 

structures have been shown to directly control chromosome positioning,37 which in turn 

result in gene activation.38 Fluorescent images of LMNA suggest a redistribution, as well 

as upregulation, of LMNA as adipogenesis continues. LMNA reorients along the nuclear 

periphery accompanied by a reduction in internuclear punctuates. This redistribution 

follows in line with published results which demonstrated a reorganization of the lamin 

network from internuclear structures during early differentiation to localization along the 

nuclear rim.19 However, similar groups investigating nuclear structural rearrangement 

show an inverse phenomenon in expression levels of LMNA. Here, we demonstrate 

LMNA levels redistribute and increase in expression, while several researchers describe 

an overexpression of lamin as inhibiting adipocyte differentiation and lipid synthesis.20,21 

Verstraeten et al., also described an overall loss of lamin proteins after 18 days of 

adipocyte differentiation when compared to non-differentiated preadipocytes.19 One 

potential explanation to this observation is the length of differentiation performed in 

regards to cell type. Several examples explained above made use of the commonly 

studied mouse 3T3-L1 preadipocyte cell line, which can attain a fully differentiated state 

in as little as 10 days.39 Human mesenchymal stem cells derived from bone marrow are 
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however not primed for adipocyte differentiation and may therefore require longer 

differentiation times to observe the full effect. Indeed, we did observe a change in 

expression and localization of LMNA similar to that of early differentiation, with potential 

to continue over several weeks. 

The size and shape alterations of the nucleus during differentiation are quantifiable 

and can be used as inputs to develop a model of nuclear morphology over time. A 

multibody model depicting forces generated on the nucleus was developed. The model 

took into account the actin filaments reorganizing and dissociating from the nucleus 

during adipogenic differentiation. This cytoskeletal rearrangement is theorized to reduce 

tension on the nuclear membrane, allowing the nucleus to reduce in size. Over several 

simulations, the model demonstrated similar area reduction and accurately predicted the 

experimental data (see Fig. 7A). Since the mechanical properties of actin filaments are 

known, the model can also be used to predict the membrane tension. As a result of 

nucleus becoming smaller, the nuclear components (represented by spherical particles 

in Fig. 6) must be reorganized to better fit the contracting nucleus. Such nuclear 

reorganization may induce potential chromosome rearrangement. Chromosome 

territories have been described as the compartmentalization of DNA in the nucleus, and 

evidence suggests these high-order arrangements influence gene expression.40,41 As 

MSCs reprogram toward a specified lineage, corresponding gene regulation must occur 

to enhance the physiology of the lineage-specific cell. It is noteworthy to point out Kuroda 

et al. measured the positioning of two chromosomes (12 and 16) during adipogenic 

differentiation as a non-random event, indicating a directed influence on gene 

expression.42 The stiffness of the stem cell nucleus membrane cannot be found in 
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literature with any certainty. However, the static and dynamic balance of forces in the 

simulation can be used to calculate the membrane stiffness. In the simulation, the initial 

configuration of the nucleus is generated randomly. The model is given time to settle and 

achieve a static force balance. Because the stiffness of the actin filaments is known in 

literature, 𝐾𝑎𝑐𝑡𝑖𝑛 =  0.0437 𝑁/𝑚43, we can use it to find the nuclear membrane stiffness. 

Using multiple nucleus configurations, this stiffness was found to be 𝐾𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒  ≈

 0.0055 ± 0.0005 𝑁/𝑚, which is approximately an order of magnitude smaller than 𝐾𝑎𝑐𝑡𝑖𝑛. 

The value calculated for the presented simulation is 𝐾𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒  =  0.0051 𝑁/𝑚. 

Depolymerization of actin filaments’ effect on the nucleus is hypothesized to 

function as a reduction of stiffness over time with the formula: 

 𝐾𝐷𝑒𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛  =  𝐾𝐴𝑐𝑡𝑖𝑛 × (1 −
𝑡

𝑡𝐷𝑒𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛
)𝑛 (1) 

where KDepolymerization is the equivalent stiffness of the actin filament during 

depolymerization process, 𝑡 is time elapsed from the start of the depolymerization 

process, 𝑡𝐷𝑒𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = 4 𝑑𝑎𝑦𝑠 denotes the total depolymerization process time, and 

n determines the rate of depolymerization. Larger values of n indicate a more rapid 

depolymerization at the start of process. It was found that n = 4 yielded the best match to 

the experimental observations, suggesting a very rapid dissociation at the start and 

slowing down over time. 

To further investigate changes in the nuclear shape as a prerequisite for 

adipogenesis, we utilized microcontact printing of fibronectin to pattern hMSC nuclei into 

high aspect ratios at the time of cell seeding. This protocol achieved the cell morphology 

similar to that of microchannels, in which the stretched cell morphology squeezed the 

nucleus, reducing its roundness (see Fig. 4). As differentiation proceeded on the 
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patterned surfaces, adipogenesis was hindered when compared to that on glass 

substrate. One possible explanation of the observed results is that the initial overall cell 

shape and microfilament network is integral to the differentiation potential of MSCs. 

Alternatively, when the actin polymerizing is stabilized by jasplakinolide, an enhancement 

of microfilament organization also reduced adipogenesis. Our findings suggest that the 

mechanical cues modulate the intended differentiation, and the specific cell shapes lend 

themselves to downstream terminally differentiated cell types (e.g., spindle shape of 

fibroblast).44 The influence of several growth factors on gene regulation has also been 

described,45,46 as well as that of substrate mechanical properties.47,48 This chemical and 

physical direction of genetic regulation may therefore guide the nuclear shape. In this 

case, the nuclear shape is a result of – rather than a requirement for – gene regulation, 

and therefore cannot be forced to encourage differentiation. Forcing the nuclei into a 

confined shape may prove deleterious to the processes of nuclear remodeling, which 

should be completed step-wise. The differentiation of MSCs into fully mature adipocytes 

appear to occur in stages, and stem cells cannot leap previous stages to reach the end 

more quickly.  

In conclusion, we provide evidence for the nuclear reorganization of human MSCs 

during adipogenic differentiation. We described a significant reduction in the nuclear area 

along with an increase in the aspect ratio over time. Lamin A/C, the major structural 

network in the nucleus, is reorganized and upregulated along with this change in shape, 

suggesting a direct relationship between the LMNA and nuclear morphology. To further 

elucidate the influence of nuclear shape on differentiation, MSCs with high nuclear aspect 

ratios were differentiated on microcontact printed patterns. The patterns failed to enhance 
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differentiation, providing evidence for the directed genetic reorganization of stem cells as 

differentiation continues into distinct, terminally differentiated cell types. Finally, numerical 

simulations were successfully developed to predict dynamical changes of the nuclei as 

hMSCs are directed to differentiate to adipocytes. 

Methods 

Cell Culture 

MSCs were purchased from Lonza and expanded on tissue culture plates in 

growth medium (PT-3001, Lonza) until confluence. Once confluent, stem cells were 

detached from culture plates with 0.5% Trypsin-EDTA and seeded onto glass coverslips 

at a density of 2.5×104 cells/cm2. 

Adipogenic Differentiation 

To induce differentiation toward adipocytes, cells were grown in adipogenic 

differentiation (AD) medium as described previously10. AD medium consisted of: High-

Glucose Dulbecco’s Modified Eagle Medium (DMEM), 10% fetal bovine serum (FBS), 1% 

penicillin-streptomycin, 1 µM dexamethasone, 200 µM indomethacin, 10 µg/mL insulin, 

and 0.5 mM 3-isobutyl-1-methylxanthine (IBMX). 

MSCs underwent differentiation for 15 days, with samples being removed for 

analysis every other day. Samples were fixed in 4 paraformaldehyde for 20 minutes and 

stained for fluorescence microscopy. Cells were then mounted on to microscope slides 

and analyzed for nuclei morphology and lipid production. 

To examine the influence of actin reorganization on nuclear properties, the actin 

polymerizing drug jasplakinolide (Santa Cruz Biotech) was used as previously 

described49. MSCs undergoing differentiation were treated with 0.01 µM Jasplakinolide 

in the AD medium, similarly replenished every other day for 15 days. 
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To confirm any differences in nuclear shape or lipid production are a result of 

treatment and not cell proliferation dependent, an MTT assay was performed (Sigma). 

MSCs were seeded on 96-well plates at the density described previously. Cell 

proliferation of treated cells and control cells were examined following days 1 and 7 of 

differentiation. Similarly, to prevent cell cycle dependency on differentiating cells of both 

control and treated groups, cycle synchronization was performed and examined. Cell 

cycles were synchronized in the G1/G0 phase using the starvation method as previously 

described50. Briefly, after seeding cells onto coverslips and before differentiation media 

was added, cells were supplied with growth medium without serum or growth factors for 

20h. Following this incubation period, cells were supplied adipogenic medium as specified 

by treatment group. 

Microcontact-printed Surface Preparation 

To probe whether nuclei shape before differentiation influences the speed and 

efficiency of maturation, a microcontact-printing technique was performed. Stamping 

patterns were designed in AutoCAD (Autodesk, San Rafael, CA) and embedded onto a 

silicon wafer by MuWells (San Diego, CA). Linear patterns were fabricated with a width 

of 20 µm and a depth of 5 µm. Polydimethylsiloxane (PDMS) molds were generated with 

raised design features by mixing 10:1 (w/w) elastomer: crosslinker and pouring onto the 

silicon wafer. Molds were cured overnight at 60◦until hardened. Stamping of fibronectin 

patterns was performed as described by established protocol51. Briefly, PDMS molds 

were cleaned thoroughly with ethanol, dried with compressed air, and the surfaces 

containing the stamp features were treated with plasma to promote protein attachment. 

50 µg/mL of rhodamine-conjugated fibronectin (Cytoskeleton, Denver, CO) was added to 

the surface of the molds and allowed to bind for 30 minutes. Following binding, the molds 
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were washed with PBS three times and deionized water once. Quickly after washing, the 

molds were flipped onto 35 mm cell culture dishes and the protein monolayer was allowed 

to transfer for 5 minutes. After transfer, PDMS molds were carefully peeled off and the 

dishes were washed with PBS and blocked with 1% F-127 for 30 minutes to prevent cell 

attachment to the non-stamped surfaces. Excess F-127 was removed with additional 

washing with PBS and the dishes were incubated overnight in PBS. 

Fluorescence Microscopy 

Fluorescent microscopy images were taken on a Nikon Eclipse E800 (Melville, NY) 

at time points of every other day during differentiation. Fluorescent detection included 

staining for chromatin (NucBlue R37605, Thermofisher) for 15 minutes and lipid 

deposition (LipidTOX Green H34475, Thermofisher) for 30 minutes. Additionally, 

immunostaining was performed to observe the nuclear envelope protein, lamin A/C 

(LMNA). Briefly, cells were fixed in 4 paraformaldehyde for 20 minutes, permeabilized in 

0.2% Triton X-100 (Sigma) for 15 minutes and blocked with 3 bovine serum albumin for 

30 minutes. Cells were incubated with Alexa-Fluo 594-conjugated anti-LMNA antibodies 

produced in rabbit (ab215324, Abcam) for 1 h. LMNA antibodies and LipidTOX were 

diluted in phosphate buffered saline (PBS) at ratios of 1:500 and 1:200, respectively. 

RNA Extraction and reverse transcription-quantitative polymerase chain reaction (RT-

qPCR) 

Gene profiling after 5 days of adipogenesis in experimental (AD) and control (AC) 

mediums was performed by reverse transcription-quantitative polymerase chain reaction 

(RT-qPCR). Briefly, RNA was extracted from cells following the protocol from the Quick 

RNA mini prep kit (Zymo Research, Irvine, CA). Isolated RNA was transcribed to cDNA 

using the AzuraQuant cDNA synthesis kit (Azura Genomics, Raynham, MA) according to 
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the manufacturer’s protocol. Quantitative PCR was performed on a 7500 Fast Real-Time 

PCR System (Applied Biosystems, Foster City, CA) using AzuraQuant Green Fast qPCR 

Master Mix HiRox. Primers were purchased from Real Time Primers (Elkins Park, PA) 

and included adipose maturation gene Human peroxisome proliferator-activated receptor 

gamma (PPARγ) and nuclear membrane protein Human Lamin A/C (LMNA). GAPDH 

served as the internal reference to normalize the level of gene expression across all 

samples. Forward and reverse sequence information is recorded in Table 2.1. Fold 

changes in gene expression for experimental groups were analyzed relative to untreated 

controls using the double-delta cycle threshold (2-ΔΔCT) method52. 

Target Gene Forward Primer Reverse Primer 

PPARγ 5'- GTG CGT GAG GAG TTT AAG GA -3' 5'- GTG CGT GAG GAG TTT AAG GA -3' 

LMNA 5'- GTG CGT GAG GAG TTT AAG GA -3' 5'- GTG CGT GAG GAG TTT AAG GA -3' 

GAPDH 5’- GAG TCA ACG GAT TTG GTC GT -3’ 5’- TTG ATT TTG GAG GGA TCT CG -3’ 
Table 2. 1. Forward and reverse primers used for RT-qPCR gene analysis. 

Imaging and Statistical Analysis 

Image analysis was done through the fully automated pipeline to compute three 

major properties: lipid intensity, lamin intensity, and nuclei area. As a preprocessing step 

all images were normalized by subtraction of the average from all and division by the 

standard deviation. 

Nuclei were segmented by K-means clustering which is an unsupervised learning 

algorithm popularly used for cell segmentation23. There are two classes considered for 

this step: 1) nuclei, 2) background. After segmentation, the morphology operation is 

implemented to separate the attached nuclei and removing any remainder of background 

noise, afterwards detected segments are labeled individually. Labeling the segmented 

particles gives the number of detected nuclei and makes it possible to extract 
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morphological properties of each particle (nucleus), for this study the area of each 

nucleus is the focus. 

To get the lipid and lamin intensities from the fluorescent images, it’s necessary to 

remove the background noise. For this purpose, images are filtered by the Gaussian 

kernel leading to a Gaussian blurred image. A fraction of the Gaussian blurred image is 

subtracted from the original image as background noise. For background removal there 

are two parameters that can be modified as needed, the coefficient for Gaussian blurred 

image and the sigma for the Gaussian filter. All non-zero pixels after background removal 

are considered as fat or lamin, respectively. To make sure the intensity measure for 

images from different runs are unified, all the images are normalized by dividing by the 

maximum pixel value and multiplying with 255, basically they are converted into 8bit 

images. Then the intensity per cell is computed by total intensity divided, summation of 

all pixel values, by the number of cells for each image. 

The image analysis pipeline is written in Python 3.5 and open source image 

analysis libraries OpenCV, Scikit-learn and Scikit-Image has been used. Nuclear 

morphological characteristics were also determined using ImageJ software for 

comparison purpose. Statistical analysis was performed in Excel (Microsoft, Redmond, 

WA). Comparison between groups was performed using ANOVA (single factor) with a 

significance threshold of p < 0.05. 

Dynamic Model and Simulation 

To further elucidate the mechanical forces experienced by the nuclei during 

adipogenesis, we developed a two-dimensional model of forces acting upon the nucleus 

as differentiation continues. A model of the nucleus was simulated in MATLAB2018a 

(MathWorks, Natick, MA). The simulation was generated with the following assumptions: 
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1) actin filaments keep the nucleus membrane under tension, and 2) this tension 

dissipates over time due to actin depolymerization and rearrangement, and 

rearrangement of nucleus’ contents during differentiation. Subsequently, the production 

of lipids inside the cell drives the later compaction of the nucleus. 

The system was modeled as one stem cell nucleus in two dimensions, as shown 

in Figure 6. The nucleus membrane is modeled as one continuous spring under tension. 

All of the nuclear components are modeled as rigid spherical particles. Nucleoplasm is 

modeled as a liquid exerting drag forces on the rigid particles, effectively damping the 

particles’ movement. The cytoskeletal forces are represented by actin filaments attached 

to the nuclear membrane. The actin filaments are modeled as springs keeping the 

membrane under tension. The number of attached actins (i.e., 16) is modeled to be equal 

to the number of beads in the periphery of nucleus as shown in Figure 6B. The effects of 

rearrangement and depolymerization of the cytoskeletal structure are modeled as the 

reduction in actin filaments stiffness over time. The rate is governed by the Equation 1. 

The actin stiffness reaches the value of zero after the 5th day. The nucleus is disconnected 

from the cytoskeleton at this point. The effect of lipid accumulation is modeled as external 

forces acting on the nucleus. 

Given the known values of actin filament stiffness and nucleus area we can 

estimate the stiffness of the nucleus membrane. This is based on the static and dynamic 

balance of forces between the membrane and actin filaments before differentiation. 

Additionally, observing the change in membrane area versus nuclear membrane tension, 

we can determine the rate of actin rearrangement and depolymerization. Finally we can 
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estimate the amount of force lipid accumulation exerts on the nucleus based on the 

change in the nucleus area in the later stages. 

The dynamic model consists of 250 rigid spherical particles inside the nucleus 

representing the chromosomes and proteins. Using the nucleus density and allowing for 

the mass of the nucleoplasm, the mass of each particle is calculated to be 𝑚 =

21.8672 ×  10−18𝑘𝑔 =  21.8672 𝑓𝑔 with a radius of 𝑟 = 123.1 𝑛𝑚. A total of six forces act 

on the particles. Contact, viscous damping, and the random forces associated with 

Brownian motion act on all particles, while the actin, membrane and external forces act 

only on the particles in the periphery of the nucleus. Applying Newton’s second law to a 

representative particle yields, 

 𝑚 �̈�  +  𝛽 �̇�  =  ∑ 𝑭 (2) 

where 𝒙  contains the generalized coordinates, and 𝒙 ̈ and �̇� are generalized acceleration 

and velocity. The mass of one particle is m. The term 𝛽 =  1.39 ×  10−8 𝑘𝑔/𝑠 is the 

coefficient of viscous friction for nucleoplasm. The sum of all other forces is ∑ 𝑭 which 

includes contact forces, random forces associated with Brownian motion, membrane 

tension forces, Actin forces, and external forces resulting from lipid accumulation. 

The simulation of nucleus contraction using Equation 2 in molecular dynamics 

simulations is prohibitively expensive computationally. The forces involved are many 

orders of magnitude larger than the masses. That will cause large accelerations that 

drastically increase computational time. This is a common issue with all molecular 

dynamics simulations. For Equation 2, it will take one minute of CPU time to model one 

nanosecond of real time. Because the contraction of the nucleus was observed over 15 
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days, it is infeasible to obtain a simulation by simply applying standard numerical 

integration techniques to Equation 2, as in molecular dynamics simulation. 

In this work, a scaling approach is used, which is based on the method of multiple 

scales (MMS)53. The premise is that large accelerations produce high frequency 

vibrations, on the order of 1/picoseconds, which have diminishing effects on the long term 

system behavior, on the order of days and weeks. Thus, the model can be scaled to 

remove the high frequency component of the motion when it is desired to observe the 

system behavior over longer time periods. The MMS uses an asymptotic expansion to 

decompose Equation 1 into different time scales, 𝑇𝑖, based on 𝑇𝑖 = 𝑒𝑖  𝑡,  where 𝑒 is a 

small number obtained from the model characteristics. Examination of the 𝑒0 term, the 

zero order perturbation54, suggests a cancellation of the generalized active forces in the 

model. These cancelled forces can be removed from the dynamic model by scaling the 

generalized active forces. In this case, two scaling factors are needed because of the 

imbalances between viscous damping and the remaining forces. These dimensionless 

scaling factors are 𝑎2 ≈  𝑂(𝛽 𝐾𝑎𝑐𝑡𝑖𝑛⁄ ) and 𝑏2 ≈  𝑂(𝑚 𝛽⁄ ).  

The resulting scaled dynamic model has the form:  

   𝑚 �̈�  + 𝑎2 𝛽 �̇�  = (𝑎2𝑏2) ∑ 𝑭 (3) 

where the dimensionless scaling factors are 𝑎2 = 3.2 × 10−10, and 𝑏2 = 1.6 × 10−12. The 

unit system is, time in 103𝑠 =  1 𝑘𝑠, mass in 10−18𝑘𝑔 =  1 𝑓𝑔, and length in  1 µ𝑚. All of 

the terms in Equation 3 are in proportion in the selected unit system. Therefore, the 

system can be simulated in exceptionally fast time. Total CPU time is  4738.3 𝑠 ≈

 1.5 ℎ𝑜𝑢𝑟𝑠 for 15 days of observation. This represents a computation time reduction on 

the order of 1014; the computational time for a standard numerical integration would be 
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beyond hundreds of years. This drastic reduction in computational time allows an 

exploration of the physical properties of the nucleus such as the membrane stiffness and 

the actin depolymerization rate described in Equation 1. The value of the parameters used 

in the simulation are included in Table 2.2. Details of the computer simulation are more 

thoroughly discussed elsewhere55. 

 

Parameter Definition Value Change 

ρ Nuclear density 1400 𝑘𝑔. 𝑚−3 56 constant 

η nucleoplasm viscosity 6 × 10−3 𝑘𝑔. 𝑚−1. 𝑠−1 57 constant 

kB Boltzmann constant 1.380 × 10−23𝐽. 𝐾−1 constant 

T temperature 310.15 𝐾 constant 

ka actin stiffness 0.0437 𝑘𝑔. 𝑠−2 43 Changes with the 
eqn. 1 

Table 2. 2. Additional parameters in computer simulation.
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Abstract 

Background and Objective: Photobiomodulation (PBM) describes the influence of light 

irradiation on biological tissues. Laser light in the near infrared spectrum (NIR) has been 

shown to mitigate pain, reduce inflammation, and promote wound healing. The cellular 

mechanism that mediates PBM’s effects is generally accepted to be at the site of the 

mitochondria, leading to an increased flux through the electron transport chain and ATP 

production. Moreover, PBM has been demonstrated to reduce oxidative stress through 

an increased production of reactive oxygen species (ROS)-sequestering enzymes. The 

aim of the study is to determine whether these PBM-induced effects expedite or interfere 

with intended stem cell differentiation to the adipogenic lineage.  

Materials and Methods: To determine the effects of 1064 nm laser light on human 

mesenchymal stem cells undergoing adipogenic differentiation, ATP and ROS levels, lipid 

content, and adipogenic gene production were quantified. Cells were irradiated with three 

different fluences (8.8, 17.6 and 26.4 J/cm2) over the course of the experiments. 

Results: At a low fluence (8.8 J/cm2) the ATP increase was essentially negligible, 

whereas a higher fluence induced a significant increase. In the laser-stimulated cells, 

PBM over time decreased the ROS level compared to the non-treated control group and 

significantly reduced the extent of adipogenesis. A reduction in the ROS level was 

correlated with a diminished lipid accumulation, reduced production of adipose-specific 

genetic markers and delayed the chemically intended adipogenesis.  

Conclusion: In summary, we characterized the use of NIR light exposure to modulate 

hMSC differentiation. Both the ATP and ROS levels in hMSCs responded to different 

energy densities. The current study is expected to contribute significantly to the growing 
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field of PBM as well as stem cell tissue engineering by demonstrating the wavelength-

dependent responses of hMSC differentiation.  
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Introduction 

Adult mesenchymal stem cells (MSCs) are of interest to bioengineering due to their 

unique capability of differentiation to multiple cell types including bone, adipose, and 

cartilage.1 Historically, MSC differentiation is induced by chemical means – that is growth 

factors and other stimuli are added to culture media in an effort to provide an environment 

conducive to the desired cell type.2 More recently, orthogonal cues other than chemical 

factors have been elucidated to regulate the lineage commitment. For example, the cell 

shape, cellular mechanics, and substrate stiffness have been found to play a role in 

determining the fate of MSCs.3-6 

 

In addition to mechanical properties, additional cues have been brought forward which 

demonstrate an influence in the MSC fate. One such factor is photo-stimulation by laser 

irradiance.7 Photobiomodulation (PBM), as it has come to be known, includes the 

influence of low-level laser therapy in the form of near-infrared light on biological tissues.8 

Infrared light occupies the electromagnetic wavelength band from 700 nm to 1 mm, with 

near infrared (NIR) existing between 780 – 2500 nm.9,10 The NIR wavelength is of 

particular interest to the medical field due to its absorbance by proteins containing heme 

groups such as hemoglobin and the cytochrome c oxidase (CCO).11-13 NIR light has been 

already used in the medical field for pain attenuation, promotion of wound healing, and 

tracking cerebral blood flow.14-16  

 

The generally accepted mechanism of PBM has been described to be at the site of the 

mitochondria. The copper- and heme-containing cores of cytochrome c oxidase, the 

terminal protein of the electron transport chain, accept a photon leading to the dissociation 
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of inhibitory nitric oxide (NO).8,11 With the removal of NO, flux through the electron 

transport chain is enhanced and several downstream effects are produced such as 

increased ATP production, enhanced ROS signaling, and NO-induced anti-inflammatory 

events.17 CCO activity is directly tied to flux through the electron transport chain.18 

Increasing flux through the electron transport chain provides an increase in ATP 

generation as well as a transient increase in reactive oxygen species (ROS) production 

as electrons “leak” from the system.19,20 This ROS increase is followed by activation of 

several ROS sequestering mechanisms including transcriptional activation of ROS-

mitigating enzymes, leading to an overall reduction in oxidative stress over time.21-23  

 

In stem cell differentiation, energy dynamics have been shown to play a role in lineage 

direction. As stem cells differentiate, they shift in energy production from predominantly 

glycolysis to oxidative phosphorylation.24-25 In addition, high levels of ROS have been 

implicated in directing differentiation towards adipocytes.26 Therefore, high oxidative 

phosphorylation and low ROS brought about by laser irradiation potentially inhibit 

differentiation of MSCs toward an adipocyte lineage and, conversely, may enhance 

osteogenic differentiation and bone formation. Indeed adipo- and osteo-genic 

differentiations exist as opposites to one another, with specific factors requiring inverse 

regulations for the different lineages.27 In regard to bone formation, several groups have 

shown the influence of laser light on osteogenic differentiation. For example, Tani et al. 

demonstrated the use of 635 and 808 nm light on calcium deposition of MSCs undergoing 

osteogenic differentiation.28 Wang et al., displayed similar trends in calcium production 

while using 420 and 540 nm wavelengths.29 Although the influence of laser light on bone 
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formation has been described in some details, potential effects on MSCs undergoing 

adipogenic differentiation remain to be further elucidated and confirmed. 

 

Previous studies with PBM and stem cells focus on shorter wavelengths of light (650 – 

900 nm) to influence differentiation. At longer wavelengths NIR may offer insights into the 

mechanisms that are wavelength-dependent. At shorter wavelengths, PBM influences the 

CCO protein more directly, due to its optimal absorption spectra between 620 and 820 

nm.13 As wavelength increases, the absorption coefficient of water increases, leading to 

the potential for a rise in temperature. Temperature change has been implicated in 

several cellular processes and is even suggested as a method of action for PBM to direct 

calcium signaling within the cell.30 While 1064 nm specifically has been utilized in diabetic 

wound healing applications,31 transcranial clinical trials,32 and esthetic dentistry,33 its 

influence on adult mesenchymal stem cells and the potential to influence adipogenic 

differentiation remain to be determined. Because the current literature on stem cell 

differentiation in response to longer wavelength light is scarce, we utilized a 1064 nm 

laser to determine the potential modulation of adipogenesis by quantitatively measuring 

the adipogenic markers, morphological nuclear reorganization, and postulated a working 

model. Our results suggest the 1064 nm PBM does not completely inhibit the intended 

adipogenesis but rather significantly diminishes the extent of adipogenic differentiation. 
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Materials and Methods 

Cell Culture 

Human MSCs were commercially purchased (PT-2501, Lonza, MD) and expanded on 

tissue culture plates in growth medium (PT-3001, Lonza) until confluence. Human MSCs 

were harvested from the bone marrow of a female patient of 25 years old. Once confluent, 

stem cells were detached from culture plates with 0.5% Trypsin-EDTA and seeded onto 

glass coverslips in 35 mm culture dishes at a density of 2.5 x 104 cells/cm2. The media 

was changed every other day and the samples were visually inspected for media 

contamination.  

 

Laser Setup 

A collimated laser (Cell Gen Therapeutics, Dallas, TX; model CG-5000) was used to 

expose hMSCs to 1064 nm IR light. In order to ensure all exposure was consistent, the 

laser was calibrated using a power meter (ThorLabs, Newton, NJ; model D10MM). For 

laser stimulation, cells were removed from the incubator and placed on a stage 5 cm 

directly under the laser aperture. The entire glass coverslip on which hMSCs were seeded 

was exposed to laser light at different intensities for 2 minutes and immediately returned 

to the incubator. Laser fluence was calculated as follows: 

𝐹𝑙𝑢𝑒𝑛𝑐𝑒 (𝐽 𝑐𝑚2⁄ ) =
𝑊 × 𝑡

𝐴
 

 

Where W is the laser intensity, t is exposure time in seconds, and A is the beam size 

(13.6 cm2). Exposure intensities were 1, 2, and 3 W for 2 minutes, which correspond to 

the fluence of 8.8, 17.6, and 26.4 J/cm2, respectively. Following each PBM treatment, the 
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cells were allowed to rest for 24 hours prior to image recording and other measurements. 

The 2 min laser exposure time was chosen based on the published data that typically 2 

to 12 min laser exposure times have been used for in vivo.16,29,34-37 Since in vitro 

experiments are not hindered by laser power attenuation and tissue penetration limitation, 

the 2 min exposure per day was maintained throughout this study and also to minimize 

potential thermal effects. It is therefore important to determine changes in temperature 

during laser exposure. The water absorption spectrum indicates a relatively high 

absorption coefficient at 1064 nm. An equal volume of the culture media (1.5 mL) was 

added to 35 mm culture dishes and exposed to laser light at various intensities. 

Temperature change was measured by an OMEGA digital thermistor (Spectris, Egham, 

UK; model HH42A).  

 

Stem Cell Differentiation 

To induce differentiation toward adipocytes, cells were grown in adipogenic differentiation 

(AD) medium as described previously.38 The medium consisted of: High-Glucose 

Dulbecco’s Modified Eagle Medium (DMEM), 15% fetal bovine serum (FBS), 1% 

penicillin-streptomycin (PS), 1 µM dexamethasone, 200 µM indomethacin, 10 µg/mL 

insulin, and 0.5 mM 3-isobutyl-1-methylxanthine (IBMX).  

 

Fluorescence Microscopy 

Human MSCs underwent differentiation for up to 15 days, with samples being removed 

for analysis every other day. Samples were fixed in 4% paraformaldehyde for 20 minutes, 

permeabilized with 0.2% Triton X-100 (Sigma Aldrich, St.Louis, MO) and stained for 
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adipocyte lineage markers and features. Briefly, cells treated with AD medium were 

stained for lipid production using LipidTOX Green (Thermofisher, Waltham, MA). In 

addition, differentiating hMSCs were stained for nuclear morphology using NucBlue 

chromatin stain (Thermofisher). Differentiation efficiency was determined using 

fluorescence microscopy, including production of lipid droplets and gene expressions as 

adipogenic lineage-specific markers. Multichannel images were taken using a Nikon 

Eclipse E800 microscope (Melville, NY).  Fluorescent images were analyzed as 

previously described utilizing a proprietary pipeline built in Python to automatically 

analyze fluorescent images, including production of lipid droplets and nuclear size and 

morphology changes.39 Briefly, lipid images were filtered by Gaussian kernel, and a 

portion of the Gaussian-blurred image is removed from the original as background. After 

background removal, all foreground pixels after background removal are considered as 

lipid. To ensure unified intensity from separate runs, all images are normalized. For nuclei 

images, the nuclei were segmented by K-means clustering, an unsupervised learning 

algorithm commonly used for cell segmentation.40 Finally, lipid intensity per cell was 

determined by dividing intensity values by number of nuclei.  

 

ATP Quantification 

To determine the effect on cell energy dynamics, ATP levels were quantified via CellTiter-

Glo Assay (Promega). Undifferentiated MSCs were seeded onto 96-well plates at 8000 

cells/well. Cells were irradiated with increasing fluence levels (0, 8.8, and 26.4 J/cm2), 

incubated for 15 minutes, and ATP levels were quantified via luminescence using a 

microplate reader. 
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ROS Production 

To quantify the effect of laser stimulation on production of reactive oxygen species, live-

cell fluorescent microscopy was carried out. At several timepoints during differentiation, 

samples were removed from differentiation media and stained for mitochondrial 

superoxide levels. Briefly, cells were washed 3X in PBS and stained using MitoSOX Red 

mitochondrial superoxide indicator (Thermofisher) diluted in PBS. ROS levels were 

evaluated using fluorescence intensity. 

 

Catalase Enzyme Blocking by 3-AT 

To confirm the method of action of PBM treatment in regard to mitochondrial superoxide 

levels, the experiment was repeated in the presence of catalase enzyme inhibitor 3-

Amino-1,2,4-triazole (3-AT). 3-AT acts as a competitive inhibitor of catalase by covalently 

bonding to the active center, preventing the enzyme’s mechanism of action of converting 

hydrogen peroxide (H2O2) to water and oxygen.41 Briefly, cells were exposed to 3-AT 

added to AD media at a concentration of 2 mM. Human MSCs were differentiated in the 

presence of 3-AT for 9 days with and observed for lipid production.  

 

Triglyceride Assay 

Triglyceride levels in stem cell-conditioned media were analyzed for potential lipid 

leakage across the adipocyte membrane using a fluorometric Triglyceride Assay Kit 

(Abcam) following manufacturer’s instructions. Briefly, at scheduled media changes 

during differentiation, culture media was removed and stored at -20 °C. 50 µL of sample 
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was loaded in triplicate to 96-well plates, to which 2 µL Lipase was added. Samples were 

mixed for 20 minutes while a reaction mix of Assay Buffer, Triglyceride Probe, and 

Enzyme Mix was prepared using volumes of 47.6 µL, 0.4 µL, and 2 µL, respectively. 50 

µL reaction mix was added to sample wells and incubated at room temperature for 60 

minutes. Fluorescence was measured using 535/587 nm (ex/em). 

 

RNA Extraction and Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 

Gene profiling of adipogenesis in experimental (AD) and control media was performed by 

reverse transcription polymerase chain reaction (RT-PCR). Briefly, RNA was extracted 

from cells following the protocol from the Quick RNA mini prep kit (Zymo Research, Irvine, 

CA). Isolated RNA was transcribed to cDNA using the AzuraQuant cDNA synthesis kit 

(Azura Genomics, Raynham, MA) according to the manufacturer’s protocol. Quantitative 

PCR was performed on a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster 

City, CA) using AzuraQuant Green Fast qPCR Master Mix HiRox. Primers were 

purchased from Real Time Primers (Elkins Park, PA) and included adipose maturation 

gene Human peroxisome proliferator-activated receptor gamma (PPARγ) and free radical 

sequestering enzyme superoxide dismutase 2 (SOD2). GAPDH served as the internal 

reference to normalize the level of gene expression across all samples. Fold changes in 

gene expression for experimental groups were analyzed relative to untreated controls 

using the double-delta cycle threshold (2-ΔΔCT) method.42 

 

Statistical Analysis 
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Data are presented as mean ± SEM and compared using a two-factor ANOVA followed 

by Tukey’s test for post hoc analysis. p < 0.05 or > 0.05 were indicated with a single (*) 

or double asterisks (**), respectively. 

 

Results 

Temperature Rise 

Changes in temperature were determined to rule out possible thermal effects. A 

thermistor was used to measure temperature rise in the differentiation media. Media 

temperature was recorded before a laser irradiation and then following preselected 
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Figure 3. 1. Average temperature rise of adipogenic differentiation media in 35 mm petri dish during 
exposure to 1064 nm laser at varying laser powers. Temperature was recorded at one minute 
intervals using an Omega HH42A thermistor. Data represent mean ± SEM of 3 independent 
experiments. Since the laser beam size was fixed at 13.6 cm2, the 1 W exposure corresponds to 
0.074 W/cm2. The red line indicates a threshold temperature increase of 1° C. 
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exposure conditions such as varying laser intensity and exposure duration. Temperature 

rise was then continuously monitored under different PBM exposure conditions (Fig. 1). 

This important experiment provided guidance of the range of PBM parameters chosen for 

this current study.  At the exposure duration of 2 min, applying the 1064 nm laser in the 

range of 1 to 3 W changed the temperature no more than 1 °C, well below the threshold 

required to influence stem cell differentiation.43,44 As expected, higher laser powers (e.g., 

5 W) did induce appreciable changes of > 1 oC, which suggests potential thermal effects 

may not be readily neglected at higher laser powers. All experiments were performed 

using 2 min exposure. 

 

Fluorescence Microscopy and Imaging Analysis 

Human MSCs were seeded onto glass coverslips and directed towards the adipogenic 

lineage using an adipogenic cocktail as described in the Method section. Cells were then 

exposed to 1064 nm laser light and examined for modulated stem cell differentiation. The 

extent of differentiation efficiency was determined by production of lipid droplets. As a 

positive control experiment, stem cells undergoing adipogenesis using the adipogenic 

cocktail demonstratively exhibited an abundance of lipid expression (Fig. 2A). Following 

a 2 min/day laser irradiation for 7 consecutive days, all fluence values tested (8.8, 17.6, 

and 26.4 J/cm2) demonstrated a lower lipid production compared to control. Quantitative 

analysis showed that the lipid droplet production was significantly reduced by the laser 

exposure, and that the highest fluence we applied (26.4 J/cm2) caused ~ 50% reduction 

in the lipid droplets (Fig. 2B). 
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We have recently reported that the extent of adipogenic differentiation was regulated by 

the nuclear size and shape. In fact, an inverse relationship was established between the 

nuclear size and adipogenesis.39 These morphological features were also monitored in 

response to PBM. As shown in Figure 3A, at day 7 the normally differentiating hMSCs 

showed the nuclei that are smaller in size in comparison to those treated with PBM (17.6 

and 26.4 J/cm2; Fig. 3B). Quantitative analysis indeed confirmed the visual observation 

that, while a lower fluence did not alter the nuclear size, higher fluences caused the cells 

to retain a larger nuclear area (Fig. 3C). The inverse relationship we reported previously 

appears to be applicable in response to selected PBM. This result also provided a clear 

rationale that the subsequent experiments should be performed using a fluence of either 

17.6 or 26.4 J/cm2, as these fluences demonstrated a robust reduction in lipid droplets as 

well as large nuclear size, both of which serve to indicate diminished adipogenesis. These 
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Figure 3. 2. Multi-channel fluorescence image demonstrating lipid production (green) and nuclear size (blue). 
Image were recorded after 9 days of differentiation using a 40x microscope objective. (A) Fluorescence intensity 
of lipid detection dye LipidTOX Green at increasing fluence of 1064 nm PBM for 2 min/day after 7 days of 
adipogenic differentiation. (B) Data presented as mean ± SEM, n=5. Bar = 25 µm. * indicates p < 0.05, ** p > 
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two fluences have also been shown to minimize unwanted effects such as temperature 

rise (see Fig. 1).  

 

Time-dependent lipid production was recorded over the course of differentiation up to 9 

days between control and PBM-exposed stem cells. Human MSCs exposed to PBM did 

not show an immediate increase in the lipid droplet level. However, by day 7 of the PBM 

treatment (17.6 J/cm2), the hindered adipogenesis was evident (Fig. 4A). The time-

dependent changes in the nucleus size was also monitored and correlated. It is interesting 

to note that the PBM-treated hMSCs maintained a relatively constant nuclear size over 
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Figure 3. 3. Example images of change in nuclear shape from MSCs unexposed to adipogenic induction 
medium or laser irradiation (A), seven days after adipogenic induction (B), and 26.4 J/cm2 laser exposure 
2 min/day after 7 days of differentiation (C). Average nuclei area of control and laser-irradiated groups with 
increasing fluence. Samples taken after 7 days of adipogenic differentiation (D). Scale bar = 15 µm. Data 
presented as mean ± SEM, n=3. * p < 0.05, ** p > 0.05. 
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the observation period of 9 days. In contrast, the control cells not exposed to PBM 

exhibited rapid changes by day 5 (Fig. 4B).  
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Figure 3. 4. Comparison of lipid production determined by LipidTOX fluorescence 
intensity during adipogenic differentiation (A). Nuclear area in pixels of PBM and control 
groups (B). Laser-irradiated (PBM) group was exposed to a fluence of 17.6 J/cm2 2 
min/day for 9 days. Data presented as mean ± SEM, n=3. 
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These results indicate that there is (1) an inverse relationship between the extent of 

adipogenesis and the nuclear remodeling, and (2) PBM inhibits such nuclear remodeling 

that is required for and likely precedes adipogenesis. Lack of an upregulation of the lipid 

droplets in response to PBM could be attributed to the lipids potentially leaking out of the 

cells. We therefore performed negative control experiments in which the supernatants 

were collected and the level of triglyceride in the stem cell conditioned media was 

measured (Fig. 5). PBM treatment did not alter the triglyceride measurements over 15 

days of adipogenesis, confirming the lipid droplet production was indeed decreased in 

response to PBM. 

0

10000

20000

30000

40000

50000

60000

1 3 5 7 9 11 13 15

R
FU

 (
EX

/E
M

 5
3

5
/5

8
7

)

DAY

No PBM

PBM

Figure 3. 5. Triglyceride fluorescence intensity determined by Triglyceride Assay Kit (Abcam) in 

stem cell conditioned media through 15 days of adipogenic differentiation. Fluence = 17.6 J/cm2. 

Data presented as mean ± SEM, n=3. No statistically significant differences were observed.  
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2.3 RT-PCR 

RT-PCR was used to determine the genetic profiles of the influence of PBM (1064 nm 

laser) while undergoing adipogenic differentiation. Interestingly, after 10 days of 

adipogenic differentiation, the major adipogenic markers such as PPARγ were 

significantly reduced in hMSCs exposed to 17.6 J/cm2 (Fig. 6). Additionally, the 

expression of a ROS-associated enzyme gene (SOD2) was also examined. The SOD2 

gene was upregulated ~ 20-fold, which suggests an increase in ROS-sequestering 

transcription. 
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2.4 ATP and ROS Quantification 

Since it is presumed that PBM targets CCO in mitochondria, ATP levels were quantified 

using luciferase luminescence. Each sample was prepared with the same cell density, 

and the levels of ATP were detected following PBM treatment. As shown in Figure 7, at 

the lowest fluence tested (8.8 J/cm2), no significant difference was observed, which is 

consistent with the lack of adipogenesis. However, a higher fluence induced statistically 

significant difference in the ATP level.  
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Production of reactive oxygen species (ROS) was next observed during adipogenesis of 

both control and laser-irradiated groups. ROS levels have been previously determined to 

assist in adipogenesis of MSCs with levels increasing over time.45 Mitochondrial 

superoxide levels were quantified using a specific fluorophore, MitoSOX. Fluorescent 

images show the superoxide level increased during normal adipogenesis, as expected 

(Fig. 8A to 8C). Conversely, in laser-irradiated treatment groups, the superoxide levels 

did not increase during adipogenic differentiation. Rather, the levels remained stable 

throughout the differentiation process (Fig. 8D to 8F), despite demonstrating a higher 

level initially in the early stage of adipogenesis when compared to the non-irradiated 

group (Fig. 8G). The superoxide level remained relatively unchanged over 9 days in 

response to PBM, but increased in normal adipogenesis as expected.46 

 

2.5 Catalase Blocking 

In order to confirm the effect of PBM on the overall levels of ROS, adipogenic 

differentiation of hMSCs was proceeded with the addition of the catalase enzyme-inhibitor 

3-AT (2 mM). As 3-AT acts to reverse the effect of PBM by inhibiting the ROS-

sequestering enzyme catalase to perform its function. The hypothesis was that addition 

of 3-AT would return adipogenesis to normal levels in PBM-treated hMSCs. Using the 

17.6 J/cm2 fluence, the production of lipid droplets was monitored as a function of time 

over 9 days (Fig. 9). The PBM- and 3-AT treated hMSCs were found to express the lipid 

droplets that are comparable to the control cells (e.g., no PBM treatment). There was no 

statistically significance difference, suggesting that PBM is indeed interfering with ROS-

sequestering enzymes.  
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Discussion 

Obesity has rapidly emerged as one of the most important public health concerns with 

consequences ranging from diabetes, cardiovascular disease, and neoplasia. While diet 

and exercise are proven strategies for combating obesity, individuals still seek out other 

methods of fat removal. Methods such as liposuction and gastric band are expensive and 

invasive procedures requiring anesthesia and several days for recovery. Therefore, due 

to the cost and risks involved with surgery and recovery, great strides have recently been 

developed in the field of non-invasive fat-reducing techniques.  
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Photobiomodulation has previously been utilized as a method for fat reduction and body 

contouring, with several devices currently on the market. In one study, researchers 

exposed participant’s waistlines with 635-680 nm laser light several times over the course 

of 4 weeks and found a significant reduction in waist girth.47 Other studies have 

demonstrated fat reduction in hips, thighs, and arms due to treatment with PBM.48-50 While 

the use of PBM to reduce fat and possibly mitigate the trend toward obesity has been 

documented, the mechanics behind PBM’s effectiveness is less well understood. 

Originally, the fat-reducing capabilities of PBM was attributed to the formation of 

micropores on the adipocyte membrane, allowing the release of intracellular lipids.51 

However, this finding has been challenged by other studies that have failed to replicate 

the results.52 Similarly, we demonstrated that hMSC-differentiated adipocytes exposed to 

PBM show no difference in the extracellular triglyceride levels compared to non-irradiated 

groups (see Fig. 5), suggesting the release of intracellular lipids may not be involved. 

Instead, we put forward a separate model for how light can influence fat production. This 

proposed model enhances activation of the mitochondria and its subsequent modulatory 

effects.  

 

From the initial discovery of the multi-lineage potential of adult stem cells, modulation of 

their differentiation has taken many forms. What began as observing the effects of 

chemical induction quickly transformed into probing the influence of physical stimuli. 

Substrate properties, dynamic stretching, and 3-dimensional cell culture have all been 

examined regarding the differentiation of stem cells. Recently, a novel physical 

stimulation – that of the effect of light on biological tissues, or photobiomodulation – has 
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come into focus. PBM has been used previously in medicine demonstrating a variety of 

anti-inflammatory and wound healing effects.14,15 In terms of stem cell differentiation, the 

coupling mechanisms of PBM may lead directly into the lineage potential of MSCs. 

Cytochrome c oxidase (CCO), the terminal enzyme of the electron transport chain, acts 

as the main contributor to the effect of PBM. In acting as a photo-acceptor, inhibitory nitric 

oxide (NO) dissociates from CCO, ultimately resulting in an enhanced flux through the 

electron transport chain. This mechanism provides three main outcomes; (1) an increase 

in ATP production; (2) a temporary increase in ROS; and (3) the downstream effects of 

NO release. Taken together these would likely affect the differentiation potential and 

lineage commitment of MSCs. While several groups have examined shorter wavelengths 

of NIR light on osteogenic differentiation,28,29 we have yet to find confirmation of the 

effects of 1064 nm laser light on adipogenic differentiation. It should be noted here there 

emerged an alternate physical mechanism that was proposed by few research groups.53 

Their findings suggest localized heating of mitochondria or other organelles is possible, 

and that thermally-induced activation of mitochondria or temperature-sensitive ion 

channels should not readily be neglected.30 Our laboratory is currently exploring high-

resolution thermal imaging techniques to verify the thermal mechanism. 

 

The first of the three effects of PBM – an increase in ATP production – follows the increase 

in mitochondrial respiration. Several groups have investigated the influence of light on 

ATP production, and have come to the similar conclusion of an overall increase in 

response to laser exposure.54,55 Indeed, as determined and reported here, hMSCs also 

respond to light with increasing ATP levels in an energy-dependent manner. Interestingly, 
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a significant rise in ATP can be found as early as 15 min following PBM (see Fig. 7). A 

rise in mitochondrial activity and ATP levels may lead to a host of downstream effects. 

ATP is the primary energy source for cellular functions and its modulation opens the door 

for the activation of cellular processes. PBM has been shown to influence several cellular 

mechanisms including migration, proliferation, and wound healing, all implicated as ATP-

dependent processes.56-58 In stem cells, levels of ATP can influence and direct the cell’s 

differentiation capability.59 As cell metabolism and oxygen demands in undifferentiated 

MSCs are low, ATP levels are comparatively low as well.60 As MSCs differentiate, their 

energy demands change and, depending on the cell type, switch from primarily glycolysis 

to oxidative phosphorylation.61 It has been shown that preventing this switch retains the 

cell’s stem-ness, while activating oxidative phosphorylation may inhibit the cell’s ability to 

differentiate.62  

 

Interestingly, PBM also was demonstrated to influence the nuclear size during 

differentiation. As previously described, the nucleus is remodeled over the course of 

lineage maturation into chemically-driven adipocytes. It became consistently smaller and 

more elongated in shape.39 In contrast, PBM inhibited such changes of nuclei. Instead, 

the size of nuclei remained essentially constant over time (Fig. 4B). It is plausible then 

that PBM may have prevented or inhibited the morphologically-induced upregulation of 

adipogenic genes necessary for differentiation. As chromatin is organized within the 

nucleus, deliberate modifications of nuclear shape have been shown to modulate the 

subsequent activation or deactivation of relevant genes.63,64 In adipogenesis, our previous 

work has demonstrated that such modification is brought about by dissociation of F-actins 
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from the nuclear membrane, as well as modulation of the structural nuclear envelope 

protein lamin A/C (LMNA).65,66 Cytoskeletal involvement in the PBM-treated cells is 

evidenced by Houreld et al,67 who showed the genetic regulation of several cell adhesion 

and cytoskeletal molecules are influenced by exposure to laser light. Future experiments 

identifying the effect of PBM on the cytoskeletal structure over differentiation into multiple 

different lineages would further advance the current understanding of PBM. 

 

A natural byproduct of enhanced mitochondrial respiration is the production of 

mitochondrial superoxides.68 These highly-charged molecules are detrimental to cell 

survival and can generate DNA damage and influence cell survival.69 Because of its 

destructive potential, the cell retains several processes to sequester and eliminate ROS 

before irreversible cellular damage can be induced. Enzymes such as superoxide 

dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) work together to 

limit the damage caused by high levels of ROS. More specifically, SOD and CAT work in 

tandem as part of a chain to reduce mitochondrial superoxide to the final product of 

oxygen and water.70 When PBM is applied to hMSCs, we observed an immediate 

increase in ROS formation, shown by increased fluorescence of the mitochondrial 

superoxide indicator, MitoSOX. It can be inferred that this early increase, as well as that 

of ATP, is transient as the aforementioned enzymes work to reduce the levels of ROS to 

normal levels. Over the course of repeated daily PBM exposure, the cell begins to adapt 

by modulating levels of the superoxide-sequestering enzymes SOD and CAT. As shown 

in Figure 8, fluorescently-visualized superoxide levels change during PBM-exposed 

differentiation compared to control. Initially the levels of ROS are higher in the laser-
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irradiated groups, but over time as the cell’s strategy for combating ROS levels is 

implemented and the ROS levels remain relatively constant throughout the adipogenic 

differentiation.  

 

ROS levels have also been shown to influence stem cell differentiation. As others have 

described in more detail, superoxide formation is an important factor in adipogenesis of 

MSCs.26 As adipogenesis continues, ROS levels increase accordingly. The converse 

appears to be just as effective in that exogenous ROS has been utilized to enhance 

differentiation toward adipocytes and away from osteo- or chondro-genic lineages.71,72 

Therefore, it can be inferred that the continued irradiation from PBM over time – and the 

subsequent modulation of ROS-sequestering enzymes that arises as a result – causes 

an overall reduction in ROS levels. The reduction of superoxide levels is thought to hinder 

and slow the progression and differentiation efficiency.73,74 In order to fully examine the 

mechanistic influence of PBM on superoxide levels, we attempted to disrupt the chain of 

reactions reducing superoxide to oxygen and water by blocking the activity of catalase 

(CAT). If the activity of SOD and CAT is modulated by PBM as suggested, blocking CAT 

should then serve to “rescue” adipogenesis to normal levels. This hypothesis was 

validated by the treatment of hMSCs with a competitive inhibitor of CAT (3-AT), which 

restored the lipid levels similar to that observed in normally differentiation stem cells 

without PBM. If the proposed mechanism of PBM is through a reduction in ROS levels 

during adipogenesis, PBM should serve to stimulate osteogenic differentiation. Indeed, 

this has been described by several groups examining the influence of PBM on 

osteogenesis.29,75-76  
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One of the goals of undertaking the current study was to examine the potential wavelength 

and lineage-dependency of the ability of PBM to affect stem cell differentiation. For 

example, several researchers have used shorter wavelengths of red and near-infrared 

light to direct osteogenic and chondrogenic differentiation. The shorter wavelength is 

beneficial in its specificity to the absorption spectrum of the CCO protein.13 Similar to what 

has been examined here, researchers have implicated CCO activity, ATP increase, and 

ROS signaling as drivers of the altered differentiation capability brought about by the 

influence of laser light. In addition, these groups have implicated several signaling 

cascades which are modulated in response to the above changes. NF-кB,77 Wnt/β-

catenin,78 and altered calcium signaling79 have all been associated as contributors to the 

overall reaction of differentiating stem cells to PBM. Regarding adipogenesis specifically, 

few groups have examined the effect of PBM on differentiation capacity. In support of our 

findings here, Zhang et al., have also shown a reduction in adipogenic differentiation on 

stem cells exposed to laser light, potentially attributed to an alteration in ANT/Wnt/β-

catenin signaling.80It has been suggested that longer wavelengths (> 900 nm) relies on 

activation of heat-gated ion channels brought on by heating of intracellular water.81 Here, 

we attempted to mitigate the influence of heat by limiting bulk temperature change to 1 

°C or less. However, further studies are warranted to investigate the cell-level resolution 

of temperature changes during application of PBM. Nevertheless, it appears that PBM 

could be selectively chosen to either hinder or facilitate the intended stem cell 

differentiation. Selection of the PBM parameters includes the wavelength, fluence, and 

also the lineage of intended stem cell differentiation. Much more work is warranted as the 
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coupling mechanisms of PBM may not be uniformly applicable but would have to tuned 

to the intracellular machineries that appear to interpret the PBM stimulation in divergent 

ways.  
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Conclusion 

Here we have described a novel method to influence stem cell adipogenic differentiation 

using 1064 nm laser light. While the mechanisms behind PBM remain to be fully 

elucidated, we presented evidence of the influence of ATP generation and ROS 

modulation on the stem cell commitment to adipogenic lineage. Repeated irradiation by 

near-infrared laser light increases the mitochondrial activity, and as a result ATP and ROS 

levels are transiently increased. ATP levels directly influence several cellular processes 

including differentiation. As high ROS levels can damage cellular components, the cell’s 

ROS-sequestering enzymes are modified, resulting in a better management of 

superoxide and an overall reduction in quantity. A reduction in ROS levels has previously 

been shown to reduce adipogenic differentiation as determined by lipid production. 

Furthermore, in an effort to demonstrate the influence of PBM on ROS levels, we blocked 

the mechanism of the superoxide-reducing agent catalase. Blocking CAT indeed restored 

the lipid levels to within the margin of error in comparison to the control group, suggesting 

no significant differences between the two. We postulate a multi-process mechanism of 

the PBM influence on stem cell differentiation that involves the cellular regulation of ATP 

and reactive oxygen species over time. It is not difficult to envision that both ATP and 

ROS are likely to impact the nuclear interactions. It is interesting to contemplate and 

perhaps speculate the potential PBM-induced signaling pathways that can modulate the 

nucleus’ structure and function.  
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Abstract 
 

Adipocyte hypertrophy, caused by the swelling of cells due to increased lipid volume, has 

been implicated in the progression of obesity-induced complications. Hypertrophic 

adipocytes cause release of free fatty acids and inflammatory cytokines, promote hypoxia 

and fibrosis, and limit insulin sensitivity. Photobiomodulation (PBM), or the influence of 

light on biological tissues, has previously been demonstrated to reduce lipid quantity in 

stem cells undergoing adipogenesis. Here, we characterize the effect of PBM on an in 

vitro hypertrophic obesity model and its influence on reduction of lipids and restoration of 

normal adipocyte function. Adipose-derived stem cells (ADSCs) were induced to 

hypertrophic adipocytes with the addition of palmitic acid (PA). Hypertrophy was 

confirmed with fluorescent imaging of lipid content, and functional changes were 

assessed using the fluorescent glucose analog 2-NBDG. Glucose transport into the cell 

was diminished and expression of glucose transporter GLUT4 was downregulated. The 

irradiated group was exposed to 1064 nm columnated laser at a fluence of 17.6 J/cm2 

every day for 7 days following addition of PA. When exposed to irradiation, lipid levels in 

hypertrophic adipocytes were decreased and levels of GLUT4 protein was restored. 

Functionally, irradiated adipocytes showed enhanced glucose transport compared to non-

irradiated cells. 

 

Key Terms: Adipose tissue, Diabetes, Fluorescent microscopy, Functional restoration, 

GLUT4, 2-NBDG, Reactive oxygen species (ROS), Mitochondria, Electron transport 

chain 
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Introduction 
 

Obesity and metabolic disease have asserted themselves as a major concern for public 

health with complications resulting from heart disease to diabetes21. While a general 

treatment of diet and exercise exists for most, several individuals with genetic or 

additional complications still seek out other methods of fat removal. Surgical methods 

such as gastric band or liposuction are invasive and expensive procedures with the 

potential for additional complications. Consequently, great strides have been made in 

developing fat-reducing techniques that do not require invasive procedures. 

 

Obesity carries with it a dysfunction in adipocyte physiology, characterized by hyperplasia 

(cell number increase) and hypertrophy (cell size increase)18. Several of the downstream 

effects of obesity – inflammation, insulin resistance, etc. – can be attributed to the 

abnormal cell size and function of hypertrophic adipocytes31. These dysregulated 

adipocytes cause the release of free fatty acids (FFAs) and pro-inflammatory cytokines, 

promote hypoxia, and reduce insulin sensitivity36. Additionally, it has been shown that 

hypertrophic adipocytes result in an increase in the level of reactive oxygen species 

(ROS)8. ROS are short-lived, volatile molecules with the potential to damage DNA and 

disrupt intracellular signaling4. 

 

One of the major functions of adipocyte is energy storage. To achieve this, glucose 

sequestration from the blood is initiated by insulin release, where it is then transformed 

into lipid, a more stable energy molecule. Although fatty tissue is not responsible for most 

of the body’s insulin-stimulated glucose removal, its disfunction has been shown to lead 
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to whole body insulin resistance and progression to type 2 diabetes (DM2)2, 6. GLUT4 is 

the primary protein responsible for glucose transport in adipocytes and has been shown 

to be deteriorated in an oxidative and inflammatory microenvironment12. In obesity and 

type 2 diabetes, adipose levels of the transporter GLUT4 are diminished while expression 

in skeletal muscle remains stable22. Additionally, the ability for cells to take up glucose is 

inhibited due to an acquired resistance to insulin, brought about by dysregulation in 

GLUT4 trafficking20. Over time, this resistance increases to the DM2 disease state. 

 

Recently, photobiomodulation (PBM) has been demonstrated to influence a wide range 

of cellular processes19. Commonly believed to be caused by activation of the photon-

acceptor cytochrome c oxidase (CCO), PBM has been shown to increase cellular 

metabolism, enhance calcium signaling, and improve diabetic wound healing1, 34, 39. 

Previously, we have demonstrated the capability of PBM with NIR light to reduce the lipid 

content in mesenchymal stem cells undergoing adipogenic differentiation. This can be 

attributed to the activation of several cellular factors such as increased ATP production, 

and enhanced expression of ROS-sequestering enzymes17.  

 

PBM has been utilized in vivo for fat reduction and body contouring5. However, the 

mechanism behind this process remains to be fully understood. Additionally, the influence 

of PBM on hypertrophic adipocytes has, to our knowledge, not been tested in vitro. Given 

the capabilities of PBM to reduce lipid content, diminish ROS, and lower inflammation, it 

is therefore reasonable to speculate that PBM will improve the condition of hypertrophic 

adipocytes. Here, we attempt to discern the effect of PBM using NIR light on adipose-
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derived stem cells (ADSCs) induced to dysfunctional, hypertrophic adipocytes similar to 

an obese condition.  

Materials and Methods 
 

Cell culture and Differentiation 

Human adipose-derived stem cells (ADSCs) were purchased from Lonza and expanded 

on tissue culture plates in growth medium until 70-80% confluence. Once confluent, 

ADSCs were separated from the culture plates with 0.5% Trypsin-EDTA and seeded onto 

round glass coverslips in 24-well plates at a seeding density of 2.5 x 104 cells/cm2.  

 

24 hours following seeding, adipogenic differentiation of ADSCs was begun following a 

well-established protocol35. Briefly, growth medium was replaced with adipogenic 

differentiation (AD) medium containing: Dulbecco’s Modified Eagle Medium (DMEM), 

15% fetal bovine serum (FBS), 1% antibiotics/antimycotics (penicillin, streptomycin, and 

ampicillin), 1 µM dexamethasone, 200 µM indomethacin, 10 µg/mL insulin, and 0.5 mM 

3-isobutyl-1-methylxanthine (IBMX). AD media was changed every other day throughout 

the course of the differentiation.  

 

Generation of hypertrophic adipocytes 

In order to mimic a chronic obesity environment in vitro, differentiating ADSCs were 

induced to a hypertrophic phenotype. To achieve this, differentiating cells were 

challenged with hypertrophic induction media containing AD media supplemented with 

500 µM palmitic acid (PA) as previously described20. Briefly, palmitate was dissolved in 

pure ethanol and diluted in FFA-free BSA for 10 minutes at 55 °C. Stock BSA-PA was 
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further diluted in AD medium to achieve a final concentration of 500 µM. Differentiating 

ADSCs were challenged with PA following 7 days of normal adipogenic induction, and 

continued to be challenged through 15 days.  

 

Fluorescence Microscopy and Immunohistochemistry 

To confirm and characterize the degree to which addition of palmitic acid induced 

hypertrophy, lipid quantity and droplet size were observed over differentiation. Lipid 

content was observed via fluorescence of LipidTOX Green dye (Thermofisher), and 

quantified using a proprietary code previously described29. Lipid content and droplet size 

were compared between ADSCs undergoing normal differentiation and those challenged 

with PA medium. 

 

In addition to lipid quantity, levels of the glucose transporter GLUT4 were observed using 

immunofluorescence over time during differentiation and induction towards hypertrophy. 

Briefly, cells were fixed in 4% paraformaldehyde, permeabilized using 0.2% Triton X-100, 

and blocked with 3% bovine serum albumin (BSA). Samples were then incubated with 

GLUT4 antibodies produced in mouse overnight at 4 °C. Cells were then washed with 

PBS and incubated with Alexa-Fluo 555-conjugated goat-anti-mouse secondary 

antibodies for 1 hour. Primary and secondary antibodies were diluted in phosphate 

buffered saline (PBS) at ratios of 1:100 and 1:500, respectively. 

 

Glucose Uptake Assay 
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As a marker of insulin resistance, the ability of differentiating adipocytes to take up 

glucose was monitored over differentiation and hypertrophic induction. On several 

specified days during differentiation, ADSCs were rinsed of AD or PA medium using PBS 

and were incubated in growth media containing nuclear stain NucBlue (Thermofisher), 

100 ng insulin, and 10 µM of fluorescent glucose analog 2-(N-(7-Nitrobenz-2-oxa-1,3-

diazol-4-yl)Amino)2-Deoxyglucose (2-NBDG, Thermofisher) for 60 minutes. Following 

incubation, cells were washed with PBS and imaged under fluorescent microscopy.  

 

Laser set up and exposure 

Before laser exposure, cells were induced to adipocyte differentiation in 24-well plates for 

7 days. Following initial differentiation, cells were then induced to hypertrophy with PA 

medium and transferred from 24-well plates to 35 mm culture dishes to better handle 

individual irradiation of samples. The 1064 nm NIR laser (Cell Gen Therapeutics, Dallas, 

TX; model CG-5000) was set up as previously described28. Briefly, 35 mm dishes were 

removed from the incubator and set on a white Styrofoam stage 5 cm directly under the 

laser aperture. The entirety of the glass coverslip containing the cells was exposed to a 

fluence of 17.6 J/cm2 over 2 minutes. Following irradiation, culture dishes were quickly 

returned to the incubator. Laser exposure began after 7 days of differentiation and 

continued every day through 15 days. 

 

Statistical analysis 

All experiments were run in triplicate and data are presented as mean ± SEM. Differences 

between groups were compared using a student’s T-test, with significance indicated as a 
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p-value < 0.05. In experiments with more than two conditions, an analysis of variance 

(ANOVA) was performed with a post-hoc Tukey test to investigate significance among 

groups. All statistical tests were performed in Excel (Microsoft, Redmond, WA).  

Results 
 

Adipocyte Differentiation and Hypertrophic Induction 

Human ADSCs were induced to adipocytes using the adipogenic reagents in AD medium 

described above. Successful adipocyte lineage induction was determined by the 

presence of lipids as observed using LipidTOX fluorescent lipid dye (FIG1). Cells were 

exposed to AD media for 7 days, following which samples were removed and tested as 

baseline values. The remaining samples were then challenged with AD-PA medium to 

generate hypertrophy.  

 

A B 

Figure 4. 1. Adipose-derived stem cells 15 days after being induced toward adipocytes. ADSCs challenged 
with 500 µM Palmitic Acid displayed greater lipid quantity and larger droplets (B) compared to control (A). 
Images taken at 20X. Scale bar = 50 µm. 
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Hypertrophic adipocytes were differentiated from normal adipocytes in terms of lipid 

content and lipid droplet size. Hypertrophic adipocytes displayed larger sized lipid 

droplets (FIG1) as well as significantly greater amounts of total lipid compared to normal 

(FIG2). Together these constitute a successful generation of hypertrophic cells, which 

were further tested for functionality differences. 

 

Figure 4. 2. Lipid content of ADSCs undergoing adipogenic differentiation under normal (ADM) and hypertrophic 

(PA) conditions. ADSCs exposed to palmitic acid demonstrated significantly greater amounts of lipid during later 

differentiation stages. Mean ± SEM, n=3. 

* indicates p value < 0.05 
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To characterize the effect of hypertrophy on adipocyte functionality, the degree to which 

cells uptake glucose was observed via the fluorescent glucose analog, 2-NBDG. While 

similar in trend, cells induced to hypertrophy demonstrated a significant reduction in 2-

NBDG fluorescence, correlating to a reduced amount of glucose uptake (FIG3).  

 

To further investigate this, the expression and distribution of glucose transporter GLUT4 

was quantified. In both normal and hypertrophic conditions, GLUT4 was mostly distributed 

in the cell nucleus throughout differentiation. However, as differentiation continued, 
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Figure 4. 3. Fluorescent quantification of glucose analog 2-NBDG corresponding to levels of glucose 
differentiation ADSCs uptake. Glucose uptake increases during differentiation for both normal and 
hypertrophic groups. However, ADSCs exposed to palmitic acid demonstrate lower glucose uptake at all 
points over differentiation. Mean ± SEM, n=3. 

* Indicates p value < 0.05 
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GLUT4 expression increased in normal differentiation, while instead decreasing in 

adipocytes induced to hypertrophy (FIG4).  

 

Laser set up and exposure 

As we have previously described the influence of PBM on reducing the amount of lipids 

in differentiating adipocytes, here we further investigated the application of 1064 nm laser 

irradiation on hypertrophic cells. Figure 5 shows lipid droplets at day 15 of differentiation 

between ADM, PA, and PA-PBM groups. Total lipid content was diminished in cells 
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Figure 4. 4. Fluorescent quantification of the major adipocyte glucose transporter GLUT4. Normal 

differentiation shows an increase in GLUT4 expression, while cells induced to hypertrophy show a 

decreasing trend. Mean ± SEM, n=3. 

* indicates p value < 0.05 
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exposed to laser light (FIG6). Fluorescence levels of LipidTOX dye increased 12.8X in 

normal ADM between days 7 and 15. In the hypertrophic group, this increase was 

markedly greater at a level of 28.1X. As expected, the hypertrophic cells exposed to PBM 

decreased lipid content, though not as much as non-hypertrophic cells, finishing with a 

relative increase of 16.6X.  
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A B C 

Figure 4. 5. Adipose-derived stem cells 15 days after being induced toward adipocytes (A). ADSCs induced to hypertrophy using 500 µM Palmitic 

Acid (B). ADSCs induced to hypertrophy and exposed to 17.6 J/cm
2
 PBM for 7 days (C). Images taken at 40X. Scale bar = 25 µm. 
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Functional changes in cellular mechanisms were also investigated when exposed to 

PBM. 2-NBDG fluorescence was increased in both ADM and PA groups, though this 

increase was significant less in the hypertrophic cells, with relative increases at day 15 of 

6.6X and 2.6X, respectively. Interestingly, application of PBM significantly restored 

fluorescence levels of 2-NBDG compared to hypertrophic cells alone, with a relative 

increase of 3.6X from baseline (FIG7).  
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Figure 4. 6. Lipid content of ADSCs undergoing adipogenic differentiation. Hypertrophic ADSCs (PA) 

display significantly greater amounts of lipid compared to normal (ADM) and laser irradiated (PA-PBM) 

groups. Hypertrophic cells exposed to laser (PA-PBM) produced slightly more lipid than ADM, and 

significantly less than PA. Mean ± SEM, n=3. 

* Indicates p value < 0.05 
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Further functional changes with PBM were shown with altered levels of glucose 

transporter GLUT4. As before shown before, GLUT4 fluorescence increased 2-fold from 

baseline in normal ADM. In hypertrophic cells, this level decreased to less than half of 

baseline. Hypertrophic cells exposed to PBM however, demonstrated levels of GLUT4 

similar to that of baseline, suggesting a form of functional restoration caused by PBM 

(FIG8).  
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Figure 4. 7. 2-NBDG fluorescence comparing glucose uptake at baseline (BL) through to end-stage (D15) 

adipogenic differentiation. Application of PBM shows an overall trend similar to hypertrophic cells. At the final 

day, glucose fluorescence in PA PBM was significantly greater than PA, although still less than that of normal 

differentiation. Mean ± SEM, n=3. 

* Indicates p value < 0.05. 
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Discussion 
 

Dysfunctional cellular physiology alters not only the tissue in which it is part, but the body 

as a whole. Adipocyte physiology specifically has implications on energy storage and 

glucose management33. In obesity, adipocyte dysregulation comes about in two ways: 

hyperplasia and hypertrophy. Hypertrophic adipocytes are those swollen with excess lipid 
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Figure 4. 8. Fluorescence quantification of GLUT4 levels in ADSCs undergoing adipogenic differentiation. 

Normal adipogenesis (ADM) show an increase in GLUT4 levels over time, while cells induced to 

hypertrophy (PA) show a decrease in protein expression. Hypertrophic cells exposed to laser irradiation 

(PA PBM) show an initial decrease, followed by an increase and return to baseline values. Mean ± SEM, 

n=3. 

* Indicates p value < 0.05. 
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and consequently, these enlarged cells produce several deleterious effects such as 

hypoxia, inflammation, and insulin resistance which together can lead toward the 

progression of metabolic disease and diabetes24. Adult onset diabetes (DM2), is caused 

by a dysregulation in insulin signaling, often exacerbated from complications with 

obesity26. Hypertrophic adipocytes have been shown to be directly correlated to metabolic 

disease and BMI14. At a cellular level, the obesity microenvironment is one of low oxygen 

concentration and high levels reactive oxygen species9. We have previously 

demonstrated the effect of photobiomodulation on reducing lipid content in differentiating 

adipocytes28. Several researchers have also shown PBM as an effective method for 

reducing fat content and body contouring in vivo5. However, it remains to be seen how 

this approach factors to hypertrophic adipocytes at a cellular level. The mechanisms of 

PBM are well situated to oppose the microenvironment induced by enlarged adipocytes. 

Here, we attempt to characterize the degree to which PBM effects adipocytes swollen 

with excess fat and potentially restores normal adipocyte function.  

 

Photobiomodulation has previously been shown to reduce inflammation in vitro through 

a mitochondrial mechanism13. PBM acts primarily by increasing flux through the electron 

transport chain, leading to several downstream effects such as improved cell survival, 

protein synthesis, and cell proliferation7. Researchers investigating PBM have shown a 

reduction in levels of pro-inflammatory cytokines in various inflammatory environments. 

Yamaura et al artificially induced inflammation by addition of exogenous TNFα and 

discovered mRNA levels of inflammatory proteins TNFα, IL-1β, and IL-8 were mitigated 

by application of 810 nm laser light40. Several groups have investigated the response of 
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PBM to a diabetic wound environment and have shown a reduction in TNF and 

macrophage M1 inflammatory factors, as well as improvement in the wound healing 

model16, 30.  

 

In order to investigate the influence of PBM on adipocyte physiology, a functional model 

must first be characterized. To do this, stem cells derived from adipose tissue were 

induced to adipose cells using a well-established chemical method35. Subsequently, 

hypertrophic adipocytes, those which mimic the in vivo obesity environment, were 

generated with the addition of palmitate, a free fatty acid. Upon addition, the cells swelled 

with excess lipid and formed much larger droplets (FIGS1&2). One of the main 

complications that may arise from hypertrophic cells is hypoxia15. In obesity, 

vascularization is low, and adipocytes can swell to up to 100 µm in size, past the limit of 

oxygen diffusion10. This in turn causes an upregulation in inflammatory cytokines and 

ROS3. Oxidative stress has been linked to insulin resistance through activation of several 

stress-induced factors such as c-Jun N-terminal kinase, nuclear factor kappa β (NF-κβ), 

and isoforms of protein kinase C (PKC)27. Conversely, transient increases in ROS are 

produced in response to insulin and play a role in mediating insulin signaling23. PBM’s 

effect on ROS generation has been demonstrated previously by several groups. At the 

time of exposure, a transient burst of ROS is produced as oxidative phosphorylation is 

increased and electrons leak out of the system. This is followed over time with an 

upregulation in antioxidant enzyme gene transcription and an overall lowering of ROS 

load17. 
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Further characterization of adipocyte functionality was examined in ability to take up 

glucose. Glucose transport across the adipocyte membrane is primarily mediated by the 

transport protein GLUT4. The GLUT4 transporter is mostly regulated to adipocytes and 

striated muscle cells (skeletal and cardiac)25. In normal conditions, GLUT4 is located 

intracellularly, in vesicles at or near the cell nucleus. In response to high levels of glucose, 

insulin – released from pancreatic beta-cells – triggers GLUT4 vesicles to fuse with the 

cell membrane, allowing facilitated diffusion of glucose into the cell11. In hypertrophic 

adipocytes, this trafficking of GLUT4 vesicles is inhibited. Kim et al (2015), demonstrate 

that lipid-overloaded adipocytes exhibit defects in GLUT4 shuttling to the plasma 

membrane, resulting in impaired glucose uptake to the cell20. This phenomenon was 

shown to occur regardless of the state of inflammation. Here, we show GLUT4 expression 

is downregulated in hypertrophic cells (FIG4). Taken together, a downregulation along 

with a defect in trafficking sum to a significant reduction in glucose transport into the cell. 

Indeed, shown here we demonstrate enlarged adipocytes show over 2.5-fold less glucose 

transported into the cell via fluorescence measurements of glucose analog 2-NBDG 

(FIG3). 

 

As photobiomodulation has previously been shown to reduce lipid content in stem cells 

undergoing adipogenesis, it stands to reason it may assist in mitigating the complications 

from hypertrophic adipocytes. Visually, lipid droplets appeared smaller, more closely 

resembling that of non-hypertrophic cells (FIG5). Quantified fat content in ADSCs 

exposed to palmitic acid and PBM reduced significantly compared to those without 

irradiation. At the final day of differentiation (D15), PA-PBM showed no statistical 
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difference than normal, non-hypertrophic differentiation (ADM) (FIG6). Lipid levels 

increased 28-fold from baseline in the hypertrophic group, compared to 12.8- and 16.6-

fold in ADM and PBM groups, respectively. This accounts for a significant reduction in 

lipid content and appears to suggest a conformational restoration of hypertrophic 

adipocytes. 

 

Along with this reduction in lipid content we show a slight return to normal glucose 

transport. While glucose uptake in control cells far exceeded both groups exposed to 

palmitic acid, those exposed to PBM show an upregulation from non-treated cells (FIG7). 

Accompanied with this, we see a significant increase in GLUT4 fluorescence in the PBM-

treated group compared to hypertrophic (FIG8). This can potentially be due to an increase 

in cellular metabolism leading to greater protein levels. It has been documented that PBM 

increases protein content in cells during exposure38. Interestingly, this increase follows 

only after an initial decrease, something also seen with the untreated cells, though not 

observed by the control group. This suggests some level of time delay in the mechanism 

of PBM. Most studies with PBM involve bursts of irradiation over time, often spanning 

multiple days or weeks. Possibly, the cellular mechanisms with which PBM is influencing 

requires consistent activation. In our previous research, we demonstrated daily PBM 

increases ROS signaling at the onset of irradiation. However, after successive days of 

treatment, the cells respond by manufacturing greater levels of ROS-sequestering 

enzymes and thus contribute to an overall lower ROS load28. The same pattern appears 

to occur here with GLUT4 – an initial decrease due to induction of hypertrophy, followed 
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by a steady upregulation caused by activation of multiple cellular processes including 

genomic transcription and protein translation. 

 

The main mechanism by which PBM operates is hypothesized to be at the site of the 

mitochondria. As cytochrome c oxidase accepts a photon and removes inhibitory nitric 

oxide, its activity is increased allowing enhanced flux through the electron transport chain. 

In obesity and DM2, mitochondrial function is downregulated showing a marked decrease 

in electron transport chain activity32. As described previously, ATP levels in differentiating 

adipocytes are increased in cells exposed to PBM. Several groups have shown similar 

conclusions in enhancing mitochondrial activity1, 37. For hypertrophic adipocytes, an 

increase in cellular respiration and ATP would counteract the downregulation shown in 

obesity.  

 

There are various limitations to this study, which can be addressed in future experiments. 

Firstly, the model of obesity generated is in two dimensions. While hypoxia and oxygen 

diffusion are important factors in the progression to insulin resistance, the degree of 

impact hypertrophy has on oxygen diffusion in monolayer culture is negligible. PBM works 

through upregulation in oxidative phosphorylation therefore its effectiveness in a hypoxic 

environment requires investigation. Further studies in truly hypoxic environments or three-

dimensional modeling are warranted. Secondly, it would be beneficial to have additional 

protein quantification such as insulin receptors and the proteins activated in response to 

insulin which assist in trafficking GLUT4 to the plasma membrane such as Akt and its 

substrate, AS160. Thirdly, as PBM demonstrates a time-delay characteristic of action, the 
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duration of the experiment may need to be extended to show the full degree of influence. 

Finally, future work in true in vivo mouse models of obesity would be a great benefit to 

show the systemic applicability of PBM on obesity. 

 

In conclusion, we show photobiomodulation demonstrates some degree of success in 

restoring normal cellular activity in dysfunctional hypertrophic adipocytes. Previously, we 

have shown PBM to reduce lipid content in stem cells undergoing adipogenesis through 

mechanisms involving enhanced ATP production and transcription of ROS-eliminating 

enzymes. Here, we postulate the same mechanism applied to hypertrophic adipocytes as 

a method to mitigate the complications of obesity. We show a marked decrease in lipid 

production and droplet size in adipocytes exposed to irradiation. Additionally, glucose and 

GLUT4 levels trend upward after an initial time delay, showing a significant increase in 

both compared to cells not exposed to laser. Continuation of this work involving 3-

dimensional cell culture or in vivo experiments is warranted to further investigate the 

mechanism of laser application for treatment of obesity complications. 
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CHAPTER 5:  

GENERAL CONCLUSIONS 

 

As stem cells undergo differentiation, they progress through several morphological and 

functional changes. These changes occur in both the cytoskeletal structure, as well as in 

the nucleus. In order to bring about these changes, researchers have employed several 

strategies including chemical and physical factors. Initially, stem cells were differentiated 

by a means of specific reagents including growth factors, antioxidants, hormones, and 

other biochemical agents to induce cells to a specific lineage. As research continued, 

however, it was discovered that stem cells directly respond to their physical 

microenvironment which in turn affects differentiation efficiency or lineage potential. Since 

this discovery, several physical factors have been studied including substrate stiffness1, 

dynamic stretching2, cell shape3, and cell-cell contacts4. Even more recently it has been 

a focus of researchers to investigate the role these physical factors play on the nucleus5,6. 

The nucleus contains the cell’s genetic code, which must be manipulated for gene 

activation as distinct lineages require unique cellular mechanisms. 

 

In chapter 2, it was shown that during adipogenic differentiation of stem cells, the nucleus 

undergoes significant reorganization. This is demonstrated as a reduction in nuclear area 

and increase in aspect ratio. Differentiation appeared to occur in stages, with nuclear 

shape change occurring prior to the majority of lipid production (see Fig 2.3). This finding 

is consistent with other researchers which describe adipogenesis as occurring in two 

distinct phases: (1) lineage commitment to pre-adipocytes; and (2) adipocyte maturation7. 

Along with a reduction in nuclear size, we also observe a change in overall morphology 
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of nucleus as adipogenesis continues. Differentiation brings about an increase in the 

aspect ratio (e.g., reciprocal decrease in roundness) of the nucleus. We compared the 

timing of the nuclear shape change with that of the expression of the nuclear structural 

protein lamin A/C and found an inverse relationship. Lamin A/C (LMNA) is the major 

structural component of the nuclear envelope and was also shown to undergo 

reorganization during differentiation8,9. LMNA redistributed to the nuclear periphery and 

increased in fluorescence and mRNA expression. As a director of nuclear shape and 

chromosome positioning, LMNA (and thus nuclear mechanical properties) cannot be 

understated as a factor in stem cell differentiation. Furthermore, chapter 2 also 

investigated the physical confinement of stem cells as a factor in differentiation. Inducing 

shape change in the nucleus was performed by microcontact printing of pattered 

substrates (see Fig 2.4). Upon seeding, undifferentiated stem cells displayed nuclei with 

aspect ratios similar to that of mature adipocytes. However, despite this change 

adipogenesis was impeded compared to normal. Additional experiments with actin 

stabilizing agent jasplakinolide showed similar reduction in adipocyte maturity. Together, 

these findings suggest that the modulation of nuclear morphology comes about as a result 

of genetic regulation induced by the differentiation factors. In other words, it appears the 

nuclear shape is a result of lineage commitment, rather than requirement for adipogenic 

differentiation. 

 

Furthermore, while the stiffness of the stem cell nuclear membrane undergoing 

adipogenesis has not been documented experimentally, it can potentially be calculated 

mathematically. To this end, a two-dimensional model was generated with the 
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assumptions that (1) actin filaments keep the nuclear membrane under tension; and (2) 

these forces generated from the actins are dissipating over time due to the significant 

cytoskeletal rearrangement that occurs during adipogenesis. Using the experimental data 

together with known mechanical forces found in literature, an approximation of nuclear 

membrane stiffness during adipogenesis can be estimated. It was discovered that the 

mechanical properties of the nuclear membrane are in the range of 0.0055 ± 0.0005 N/m, 

or approximately an order of magnitude less than cytoskeletal actin filaments (see Fig 

2.7). Additionally, the rate of actin reorganization during adipogenic differentiation, and its 

effect on nuclear membrane mechanics, can be assessed computationally. It was 

discovered that a fourth-order rate equation most closely followed the experimental 

results, indicating a rapid reorganization of actin filaments in early adipogenesis followed 

by a slowing down over time (see Fig. 2.7). 

 

While the simulation was successful in aligning with experimental data and providing 

insight into alterations of nuclear membrane tension over adipogenesis, it is not without 

its limitations. Firstly, the number of actin elements connecting the cytoplasm to the 

nuclear membrane had to be determined empirically. Although simulation of biological 

systems can lead to complex models, it would require often impractical computational 

times. Numerous techniques such as coarse-graining and scaling have been developed 

to address this challenge and reduce computational time. In coarse-graining, the goal is 

to simplify the model to include only what is necessary to capture the phenomena of 

interest. In this work, it was found that at least 16 actin filaments and 250 bodies 

representing the material inside the nucleus were needed to match the experimental data. 
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While other cellular and nuclear behaviors may be gleaned by increasing these 

parameters, validation by the experimental results was the criteria to optimize the 

computational cost. Secondly, this simulation was modeled in 2-dimensions to be 

consistent with the experimental image analysis also conducted in 2D monolayer culture. 

Future experiments and modeling would benefit from 3D systems which more closely 

relate to in vivo conditions. Providing the internuclear structures (i.e. beads) with a Z-

direction to reorganize into will potentially provide new insights into overall nuclear shape 

over adipogenesis. This however does come with the caveat of increasing modeling 

complexity and reducing computational speed. Future work regarding 3D systems will 

require a balance between revealing biological observations and increasing model 

complexity.  

 

The proteins responsible for joining the actin cytoskeleton to the nucleus are the SUN 

and KASH domains of the Linkers of Nucleoskeleton and Cytoskeleton (LINC) 

complexes. SUN proteins are localized to the inter nuclear membrane which connect to 

the nuclear lamina and chromosomes. KASH proteins span the outer nuclear membrane 

and connect SUN proteins to cytoskeletal elements such as actin10. Conceivably, the next 

iteration of the simulation can incorporate the bi-layered characteristic of the nuclear 

membrane along with the inclusion of LINC complexes each in their appropriate layer. 

The current model demonstrated results of nuclear reorganization consistent with 

experimental data. Perhaps with inclusion of LINC complexes as separate rigid bodies 

and providing a range of connections with actin will further drill down the appropriate 

number of actin binding domains. Future improvements might also include computational 
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techniques to accommodate the position-dependent tension at the nuclear envelope. 

Although the current model does consider the fluctuating nuclear tension, it was averaged 

over the nucleus. This strategy minimized the computational time but still was able to 

capture the restructuring and reorganizing the nuclear biomechanics.  

 

The physical differentiation factors investigated in chapter 2 (cell confinement, nuclear 

shape, and cytoskeletal polymerization) resulted in a lower degree of adipogenic 

differentiation, as determined by less lipid production. Adipose tissue in the body has a 

complicated purpose of energy storage, endocrine signaling, and a mediator of the 

inflammatory response11,12. However, what adipose is most commonly known for is its 

excess in obesity. Obesity has situated itself as one of the most important public health 

concerns with downstream effects including diabetes, heart disease, and neoplasia13. 

Therefore, accruing less lipid by means of physical stimuli is worth investigating. While 

the above examples demonstrate less lipid production, they have been heavily 

investigated and are not practical in vivo. Consequently, researchers have begun to 

examine novel, non-invasive physical factors to influence lipid production and stem cell 

differentiation. One such physical cue is photobiomodulation (PBM), or the influence of 

light irradiation on biological tissues.  

 

Photobiomodulation has already been utilized as a method for fat reduction and body 

contouring, however few have investigated the cellular mechanisms by which fat 

reduction may be acheived14. Chapter 3 examines the effect of PBM on stem cells while 

undergoing adipogenesis, via irradiation with a near infrared laser at 1064 nm. It was 
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demonstrated that PBM increased ATP production and modulated levels of reactive 

oxygen species (ROS) and ROS eliminating enzymes. Levels of ATP have been shown 

to influence a cell’s differentiation capability15. However, the most prominent factor of 

PBM’s effect on adipogenesis appears to be the change in ROS properties. PBM works 

by enhancing mitochondrial respiration and as a result produces a rise in mitochondrial 

superoxides16. Due to the destructive potential of high levels of ROS, the cell employs 

several methods of elimination such as the antioxidant enzymes superoxide dismutase 

(SOD) and catalase (CAT). SOD and CAT work together to reduce mitochondrial 

superoxide to oxygen and water17. In terms of adipogenesis, levels of ROS are an 

important factor in differentiation. ROS levels increase during normal adipogenesis, and 

inhibition of ROS formation subsequently inhibits differentiation18. In PBM-treated cells, 

superoxide levels are transiently higher than control due to the increased mitochondrial 

respiration. However, as time continues, ROS levels in the irradiated group remain stable 

in comparison to normally differentiated cells without laser exposure (see Fig. 3.8). It can 

be inferred that over the course of daily exposure, the cells are likely to adapt to high 

levels of ROS by increasing the levels of antioxidant enzymes. This was further supported 

by SOD mRNA levels significantly increasing in laser-treated stem cells. Furthermore, 

treatment of stem cells with the catalase-blocking agent 3-Amino-1,2,4-triazole (3-AT) 

negated the effect of PBM and restored lipid levels to that of non-irradiated differentiation 

(see Fig. 3.9). Altogether, a potential mechanism for the fat-reducing characteristics of 

the novel physical factor PBM on differentiating adipocytes has been described. As lipid 

levels and pre-adipocyte differentiation have implications in the progression of obesity, 



118 
 

PBM may prove to be a viable method of fat reduction in vivo. Demonstration of such fat 

reduction by PBM using animal models would further establish the proposed mechanism. 

 

While preemptive treatment of obesity with photobiomodulation may prove effective in 

mitigating lipid production, it does little for the individuals already effected by the disease’s 

complications. Obesity is characterized by excess lipids, which carries with it a 

dysfunction in adipocyte physiology in the form of cell number increase (hyperplasia) and 

cell size increase (hypertrophy)19. Chief among these as a mediator in the progression to 

chronic obesity outcomes such as insulin resistance and diabetes, is cellular 

hypertrophy20. The consequences of adipocyte hypertrophy – high lipid volume, oxidative 

stress, and inflammation – have all been directly regulated by the actions of 

photobiomodulation. As PBM has been shown to be an effective method for reducing fat 

content in vivo, as well as the promising in vitro results from chapter 3, a hypertrophic cell 

model was developed using stem cells, and the ability of PBM to restore the morphology 

and function of  dysregulated hypertrophic adipocytes was determined. 

 

In chapter 4, hypertrophic adipocytes were generated from stem cells through adipogenic 

induction followed by addition of palmitic acid. Lipid content significantly increased, and 

cells swelled with large lipid droplets (see Fig. 4.1). Functionally, hypertrophic adipocytes 

demonstrated a significantly reduced expression of the primary insulin-sensitive glucose 

transporter GLUT4 (see Fig. 4.4). GLUT4 has previously shown to be dysfunctional in 

hypertrophic and obese environments, with a diminished expression and altered 

trafficking to the plasma membrane from insulin stimulation21,22. This in turn causes a 
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decrease in glucose uptake to the cells, as quantified by levels of fluorescent glucose 

marker 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)2-Deoxyglucose (2-NBDG) (see 

Fig. 4.3). In order for PBM to prove effective in the treatment of hypertrophic adipocytes, 

it must succeed in restoring the form as well as function of the cells. Hypertrophic cells 

treated with PBM showed significantly less lipid production than those without. At day 15 

of differentiation, there was no significant difference between laser-treated hypertrophic 

cells and normal adipogenesis. Functionally, GLUT4 expression and 2-NBDG 

fluorescence increased compared to hypertrophic controls, however both remained lower 

than cells not induced to hypertrophy. As the main mechanism of action for PBM is 

through enhanced mitochondrial activity, lipid and protein production are subsequently 

altered. In obesity, mitochondrial activity is downregulated as lipids are accumulated23. In 

addition, the processing of proteins is inhibited due to chronic endoplasmic reticulum 

stress from elevated oxidative stress and nutritional excess, leading to a decrease in 

GLUT4 production22. In chapter 3, PBM has been shown to effectively enhance ATP, and 

other groups described an upregulation in mitochondrial activity24,25. The ability of PBM 

to modulate the ROS environment and reduce oxidative stress was demonstrated as well. 

Here, the results indicate an upregulation in GLUT4 protein expression, leading to an 

increased level of glucose uptake. Interestingly, the effects of PBM described in this work 

occur after a time delay. Most studies with PBM utilize bursts of exposure over multiple 

days to weeks. It is possible the cellular mechanisms PBM is coupled to require consistent 

activation. Potentially, the upregulation in GLUT4 only occurs following an upregulation 

of antioxidant enzymes, which as described in chapter 3, does not occur immediately. 
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In conclusion, this work set out to investigate modulating stem cell adipogenesis through 

novel physical methods and to examine the influence of these methods on the nuclear 

mechanics and lipid physiology. In Aim 1, the alterations in the nuclear morphology of 

stem cells during adipogenesis were quantitatively established. It was determined that 

nuclear organization is significantly modified throughout differentiation, and suggested to 

be driven by alterations in nuclear envelope protein, lamin A/C. Aim 2 determined the 

influence of the novel physical factor photobiomodulation using 1064 nm laser light on 

adipogenic differentiation. Here it was shown that PBM significantly altered adipogenesis 

by reducing lipid content through a mechanism of enhanced mitochondrial processing 

and modulation of ROS enzymes. Finally, Aim 3 further investigated PBM on the major 

disruptor of adipocyte function in obesity: cellular hypertrophy. It was found that PBM had 

some moderate influence on restoration of form and function of hypertrophic adipocytes 

by reducing lipid content and upregulating GLUT4 expression and glucose uptake.  

 

In the future, studies involving PBM should more directly focus on actin arrangement and 

nuclear shape. Chapter 3 begins to describe the influence of PBM on nuclear shape in 

that the reduction of area does not occur to the degree of non-irradiated cells. It was 

described in chapter 2 that this morphological change precedes adipocyte maturation. 

Therefore, inhibition of this change – and therefore adipogenesis – by PBM deserves 

further investigation. Secondly, quantification of additional proteins involved in obesity 

and/or type 2 diabetes would be beneficial to study. Insulin receptors and the proteins 

activated in response to insulin, which assist in GLUT4 trafficking to the plasma 

membrane, are of interest in determining the correct mechanism of action of PBM on 
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hypertrophic adipocytes. Finally, future work involving in vivo animal models of obesity 

would be a great advantage in determining the systemic application of PBM. 
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