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Abstract 

 
The liver is primarily involved in regulating lipid metabolism and adapts 

quickly to changes in dietary fat intake. The type and amount of fat ingested can 

regulate hepatic lipid composition, metabolism, inflammation and gene 

expression. For example, dietary polyunsaturated fatty acids (PUFAs) can 

modulate inflammation and hepatic pathology. Recent studies have identified 

several genetic variants impacting fatty acid desaturase (FADS) activity and 

PUFA content in vivo. Notably, single nucleotide polymorphism (SNP) rs174537 

has been associated with increased FADS1 activity, where individuals 

homozygous with the major allele (i.e. GG) have been shown to be “rapid 

metabolizers” of dihomo-gamma-linolenic acid (DGLA) into arachidonic acid 

(ARA). In addition, allele-specific methylation (ASM) has been demonstrated with 

this SNP and CpG sites located within the FADS2 promoter region, such that 

individuals with the GG genotype have higher levels of DNA methylation. These 

findings together with the increased dietary intake of omega-6 PUFAs in the 

Modern Western Diet (MWD), suggest there may be key gene-PUFA diet 

interactions which play a critical role not only in hepatic function and lipid 

metabolism, but also in downstream inflammatory pathways leading to human 

disease. Currently there are few relevant human liver models. Thus, there is a 

need to develop a new platform which incorporates human-derived cells for the 

advancement of studying gene-diet interactions.   

This research is comprised of three parts which examine the role of 

rs174537 and dietary PUFAs within a novel 3D tissue engineered liver construct 
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and in clinical samples. The first section involves development and validation of a 

new 3D liver tissue construct consisting of patient-derived hepatocytes, including 

genetic effects of rs174537 on LC-PUFA levels and biosynthesis rates. In the 

second part, the viability of using peripheral human samples as markers of 

methylation status within key regulatory areas of the FADS gene cluster is 

assessed. Lastly, to determine how rs174537 and circulating PUFAs would 

impact the acute inflammatory response following a traumatic injury, a 

prospective observational study was performed and enrolled Level-1 trauma 

patients for the evaluation of their circulating PUFAs and inflammation. The 

methods presented herein highlight the importance of using human-derived 

biospecimens to study lipid metabolism.
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Chapter 1: Introduction 

Liver Physiology 

The liver is the largest internal organ of the human body and is remarkably 

vascularized. It is, therefore, not surprising that the liver plays a vital role in 

several physiological functions including: 1) plasma protein synthesis and 

secretion,1-6 2) cholesterol synthesis,2,4-8 3) chemical clearance,2-4,9,10 and 4) 

heavily regulates polyunsaturated fatty acid (PUFA) synthesis and 

metabolism.4,6,8,11,12 The microstructure of the liver is characterized by hepatic 

sinusoids. These hepatic sinusoids are complex vascular spaces that are 

sandwiched between sheets of hepatocytes (i.e. liver cells) (Figure 1). The 

sinusoids are composed of four main cell types: endothelial, Kupffer cells, stellate 

cells, and pit cells. Together, they filter and clear blood of its various toxic 

substances.13  

The hepatic sinusoidal endothelium is highly permeable and fenestrated to 

allow for the movement of plasma solutes, chylomicrons and VLDL particles. The 

movement of these solutes and particles is often bidirectional. Kupffer cells, also 

known as liver myeloid or phagocytic cells, have been described as the resident 

liver macrophages and adhere to blood vessel endothelial cells. This enables 

them to be the first macrophage population to encounter bacteria from the 

gastrointestinal tract, transported into the liver tissue via the portal vein. 

Consequently, Kupffer cells are largely responsible for clearance of endotoxin 

from portal blood and are the first line of host defense and immunity in the 

liver.6,9,14 The pit cells are another group of immune effector cells and are 
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responsible for killing tumor cells. Stellate cells have four main functions within 

the liver, First they produce extracellular matrix (ECM) proteins,15,16 and when 

stimulated transform into myofibroblasts that synthesize collagen I, III and IV, 

fibronectin, laminin, dermatan sulfate, chondroitin sulfate, and tenascin.17 

Second, they play a role in hepatic regeneration by secreting hepatic growth 

factors. Third, because they span the circumference of the sinusoid, stellate cells 

control vascular tone and consequently blood perfusion into the sinusoid.6 

Finally, stellate cells store vitamin A.6,16 

 

Figure 1. Illustration of liver lobule and liver sinusoid, obtained from Du, et. al.18  Kupffer, 
stellate and endothelial cells work together with hepatocytes to maintain homeostasis, 
clear toxins from the bloodstream, and synthesize and metabolize various molecules. 

 

Next, the liver endothelial cells separate the hepatocytes from the lumen 

of the sinusoid and scavenge molecules from the bloodstream and transport 

them to the hepatocytes, enabling direct access of blood-borne molecules to the 

hepatocytes.6 Finally, hepatocytes are ~80% of total liver mass4,5,19 and are 

bathed in plasma, largely derived from venous blood returning from the small 
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intestine.6 Hepatocytes are heavily involved in de novo fatty acid metabolism, 

detoxification and protein synthesis.1-3,6,13   

Key Hepatic Functions 

Given the liver is a highly metabolic organ, it generates a substantial 

amount of albumin and urea. Albumin is the major blood plasma protein, 

maintains oncotic pressure, and transports hydrophobic molecules, including 

fatty acids.4,20 Secreted albumin levels decrease when hepatocytes are exposed 

to environmental, nutritional or toxic stress, and thus decreasing albumin levels 

have been used to quantitatively describe reduced hepatic functionality.3,10,21 

Similarly, urea levels are also used to quantify hepatic tissue functionality. Urea 

is primarily produced in the liver, is the major end product of protein catabolism in 

animals, and is a primary vehicle for toxic ammonia removal from the body. In 

periportal hepatocytes, urea is produced from two ammonia molecules and a 

CO2 through the urea cycle, and is secreted into the bloodstream before 

secretion via the kidneys.22 Diminished urea production has also been associated 

with decreased liver function, or liver failure.5,22 For these reasons, albumin and 

urea secretion have been used as markers of healthy hepatic functionality and 

viability for in vitro models.19,23-28  

Additionally, hepatocytes are involved in cholesterol synthesis and 

secretion, producing more than 20% of circulating cholesterols into the 

bloodstream.6,29-31 The secreted cholesterol is transported through the body via 

lipoproteins (i.e. chylomicrons, high density lipoprotein (HDL), low density 

lipoproteins (LDL) and very low density lipoproteins (VLDL)). Hepatocytes 
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assemble cholesterol into VLDL particles for secretion, or into nascent HDL 

particles by ATP binding cassette protein A1 (ABCA1).32 LDL and VLDL transport 

triglyceride (TG) and cholesterol from liver to other parts of the body, where they 

can be used as energy sources.29 Apolipoprotein A-1 (ApoA-1) is first secreted 

into the blood stream from primarily hepatocytes, and to a lesser extent from the 

intestine, where it interacts with the transmembrane protein ABCA1 (Figure 2). 

This protein then transports cellular free cholesterol (FC) and phospholipids (PL) 

across the plasma membrane to ApoA-1, forming nascent HDL particles.32 HDL 

can then mediate reverse cholesterol transport, where excess serum cholesterol 

is removed from the blood, primarily from arterial macrophage foam cells, and 

then transports it to the liver for secretion via bile or feces.29,30,32  

 
 
Figure 2. Secretion, lipid acquisition, and maturation of HDL particles. Image from Lewis and 
Rader.30 
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PUFA Biosynthesis and Metabolism  

There are several pathways that allow for the uptake of dietary and 

circulating lipids into cells. Most commonly, cells obtain fatty acids either from 

lipoprotein lipase (LPL) mediated hydrolysis of TG or from unesterified free fatty 

acids (FFA) associated with albumin.33 Hepatocytes, in particular, take up fatty 

acids mostly in the form of TG31 after dietary fat enters the blood stream in 

chylomicron-triacylglycerols (TAG) released from the small intestine.34 

Macrophages and endothelial cells lining capillaries of adipose tissue and cardiac 

and skeletal muscle express LPL and endothelial lipase, which hydrolyze TAG 

and phospholipids (PL) in the blood stream. In general, LPL preferentially 

hydrolyses TAG and endothelial lipase preferentially hydrolyzes PL. Hepatocytes 

typically release fatty acids which have been re-esterified in the endoplasmic 

reticulum and released as VLDL.34 Hepatocytes can also take up non-esterified 

fatty acids (NEFAs) from the blood stream in proportion to their concentration 

and subsequently secrete VLDL or store them as TG.35 NEFAs are usually long-

chain fatty acids and are released as product of lipolysis of TG during times of 

high energy demands that cannot be met by glucose alone.  

Once obtained from the diet, PUFAs are metabolized in the liver, through 

a highly complex pathway which involves several key enzymes to convert 

essential dietary fatty acids, linoleic acid (LA) and alpha-linolenic acid (ALA) 

through desaturation and elongation steps into long chain (LC-) PUFAs. LA and 

ALA are considered “essential” because humans lack the Δ12 and Δ15 

desaturases to synthesize these fatty acids, so they must be obtained solely from 

the diet.36,37 PUFAs are an essential energy source and are vital for organ health,  
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particularly the brain.8,39-41 An illustration of the PUFA biosynthetic pathway is 

provided in Figure 3. Broadly, there are two competing PUFA pathways: omega-

6 (ω-6 or n-6) and omega-3 (ω-3 or n-3) pathways, which begin with LA and 

ALA, respectively.37 The two main enzyme families involved in the PUFA 

biosynthetic pathway are fatty acid desaturase (FADS) and elongase (ELOVL), 

 

Figure 3. Illustration of PUFA biosynthetic pathway from Chilton, et al.38  
 Abbreviations:  FADS1/2, fatty acid desaturase 1/2; ELOVL 2/5, fatty acid elongase 2/5; 
ALA, α-linolenic acid; SDA, stearidonic acid; EtSA, eicosatetraenoic acid; EPA, 
eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid; LA, 
linoleic acid; GLA, γ-linolenic acid; DGLA, dihomo-γ-linolenic acid; ARA, arachidonic acid; 
ADA, adrenic acid; PG, prostaglandin; TX, thromboxane; LT, leukotriene; HEPE, 
hydroxyeicosapentaenoic acid; HETrE, hydroxyeicosatrienoic acid, HETE, 
hydroxyeicosatetraenoic acid; DiHETE, dihydroxyeicosatetraenoic acid; EET, 
epoxyeicosatetraenoic acid; 2AG, 2-arachidonoylglycerol; AEA, arachidonoyl 
ethanolamide/anandamide. 
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which are regulated by their respective genes. The two desaturation steps (i.e. 

Δ5 and Δ6) are considered to be the main rate limiting steps in PUFA metabolic 

conversion.11,36,42  

These PUFAs metabolized in hepatocytes can then be packaged into 

cholesterol or other lipoproteins for transport to other organs, where they can 

influence cell membrane fluidity, the function and structure of membrane-

associated proteins, signal transduction, and lipid-derived molecule synthesis, 

including binding nuclear receptors that modulate gene transcription.12,13,31,36,43 

For example, peroxisome proliferator-activated receptor α (PPARα), which is 

highly expressed in the liver and brain, can be activated by lowering lipid levels.44 

Previous studies have shown that PPARα is more sensitive to changes in 

saturated fatty acid levels, than PUFAs,45 and has been shown to elevate HDL 

and lower TG by inducing ApoA1 expression and LPL.43 

ω-3 LC-PUFAs such as eicosapentaenoic acid (EPA, 20:5ω-3) and 

docosahexaenoic acid (DHA, 22:6ω-3) and their derived metabolites have been 

shown to exhibit anti-inflammatory effects in numerous pathophysiological 

conditions,31,46-48 such as asthma49,50 and cardiovascular disease.47,51 

Conversely, the ω-6 LC-PUFA arachidonic acid (ARA, 20:4ω-6) and its derived 

metabolites are generally associated with pro-inflammatory and pro-coagulant 

responses, as well as triggering downstream cell-signaling 

pathways.36,37,41,42,50,52-59 These downstream pathways are also illustrated in 

Figure 3, and will be discussed in more detail later.  
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Genetic and Epigenetic Contributions to PUFA Biosynthesis and 
Metabolism 

For years, the conversion of LC-PUFAs along the biosynthetic pathway 

(Figure 3) was believed to be uniform for all individuals. However, genome-wide 

association studies (GWAS) and other targeted genomic studies, have revealed 

that individuals can metabolize fatty acids at different rates.38 As a result, several 

single nucleotide polymorphisms (SNPs) and subsequent haplotypes (i.e. blocks 

of genes inherited from a single parent) have been identified that strongly 

suggest LC-PUFA metabolism and biosynthesis is variable. These include ethnic 

and geographical differences in LC-PUFA metabolic rates across various human 

populations. These findings have significantly impacted the field of PUFA 

biosynthesis and metabolism, such that genetic contributions can no longer be 

ignored.  

Recent studies have demonstrated LC-PUFA metabolism is heavily 

genetically regulated by the FADS gene cluster on chromosome 11 (Figure 

4).38,41,60-63 Encoded at this region are the three genes, FADS1, FADS2 and 

FADS3. These genes regulate the production and activity of desaturases, which 

are the rate limiting enzymes mediating the biosynthetic levels of LC-PUFAs 

incorporated into cells and flowing in systemic circulation.11,64 Genetic analysis 

has shown multiple SNPs near and in the FADS cluster can lead to differences in 

PUFA metabolism. SNPs can alter gene regulation and transcribed messenger 

ribonucleic acid (mRNA) splicing, which ultimately influences protein function and 

concentration.65 Specifically, SNP rs174537, located ~15kb downstream of the 

FADS1 gene (and those in linkage disequilibrium (LD) with this SNP), has shown 
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a particularly robust relationship (p<10-40) to levels of ARA and the subsequent 

ω-6 LC-PUFA product to precursor ratios ratio (e.g. ARA/dihomo-γ-linolenic acid 

(DGLA, 20:3ω-6)) in both whole blood and tissue samples.37,42,43,61,66 The 

ARA/DGLA ratio is often used as a surrogate for the enzymatic activity of the Δ5 

desaturase enzyme encoded within FADS1.41 Individuals homozygous with the 

major allele (i.e. GG) generally exhibit significantly higher levels of ARA, mostly 

attributed to increased LC-PUFA biosynthetic capacity when compared to 

individuals with the homozygous minor allele (i.e. TT). Interestingly, the allele 

frequency for this SNP is significantly different based on ancestry, where African 

Ancestry is ~80% GG vs. European Ancestry is 45% GG.36,37 While SNP 

rs174537 is not the functional genetic variant explaining FADS activity, it has 

been strongly associated with metabolic conversion capacity and demonstrates 

allele-specific methylation (ASM) with CpG sites located between FADS1 and 

FADS2, which will be discussed in more detail in Chapter 4.  

 
 
Figure 4. Several SNPs along the FADS gene cluster on chromosome 11 have 
been associated with tissue and fatty acid levels. Image from Howard and 
Rahbar.60,67 
 

Although genetics can largely influence PUFA biosynthesis and 

metabolism in the liver and ultimately impact circulating and tissue levels of LC-

PUFAs, epigenetic factors can also contribute to the variability in LC-PUFA levels 

in humans. Various environmental factors like geography and diet have been 
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shown to induce epigenetic modifications; most often due to changes in 

chromatin structure.68,69 Two very common forms of epigenetic modifications are 

histone modifications and DNA methylation, summarized in Figure 5. Because 

these epigenetic modifications are influenced by external factors, it is believed 

they can be potentially manipulated or controlled to obtain a desired phenotype 

or outcome.  

DNA in chromatin is packaged around histone proteins, each of which 

have several tails which can be modified through chemical interactions. These 

modifications can either “loosen” the spacing between histones, enabling 

transcription of the gene of interest or “tighten” the chromatin. For examine, 

histones modified with acetyl-lysine (also known as lysine acetylation) “open” the 

 

Figure 5. Illustration of common epigenetic modifications.  
Epigenetic modifications, such as DNA methylation or histone acetylation influence the 
accessibility of the gene of interest, and can either promote or hinder transcription, 
ultimately influencing gene expression levels. Generally, increased methylation is 
associated with decreased gene expression, whereas increased acetylation is 
associated with increased gene expression.68,70 Image from Brown, et. al.70 

 



32 
 

chromatin, enabling transcription factors to reach the gene of interest, and 

subsequently increase gene expression through transcription methods.68  

On the other hand, DNA methylation involves the covalent attachment of a 

methyl (CH3-) group on the DNA strand between a cytosine and guanine 

nucleobases (otherwise referred to as CpG sequences) in the DNA sequence.68 

DNA methylation is known to alter gene expression, especially when located in 

regulatory regions, such as a promoter or enhancer.69,71 Generally, when the 

cytosine residue is methylated, it silences gene transcription at that particular 

DNA sequence, although it could activate gene transcription if it limits expression 

of transcriptional repressors.68 One mechanism in which methylation decreases 

gene expression is by directly blocking DNA recognition and subsequent binding 

of transcription factors. Additionally, DNA methylation could attract other factors, 

which in turn block transcription access (e.g. methyl CpG binding protein 2 

(MeCP2) recruits histone deacetylases (HDAC), promoting chromatin 

condensation which suppresses transcription). It is important to note that 

although DNA methylation patterns cannot be passed down to offspring, DNA 

methylation patterns of non-genetic traits can be passed from cell to cell (i.e. 

mother to daughter cells).68  

Epigenetic changes during dietary studies have been well characterized 

for some CpG sites. For example, Hoile et al. observed significant changes in 

DNA methylation in the FADS cluster and ELOVL genes when human subjects 

were exposed to varying PUFA-rich diets.72 These studies have opened the field 

of PUFA biosynthesis and metabolism implying a potential need for precision-



33 
 

based nutrition studies. Despite these findings, the exact molecular mechanisms 

by which FADS genetic variants affect LC-PUFA biosynthesis and overall LC-

PUFA levels remain unclear. Expression quantitative trait loci (eQTL) mapping 

has identified several SNPs that are associated with FADS gene expression 

levels.60,66 However, changes in FADS gene expression levels could occur in 

several ways, such as altering the regulatory landscape (e.g., promoter or 

enhancer) of a gene, alternative RNA splicing, transcript degradation, or 

transcription of non-coding RNA. Therefore, it is necessary to study both genetic 

and epigenetic factors in determining how they regulate FADS and ELOVL 

enzymatic activity during PUFA metabolism. Figure 6 illustrates gene-

environment effects on lipid homeostasis and its implications in health and 

disease. 

 

Figure 6. Image from Wang, et. al.11 illustrating a role of FADS1 in lipid homeostasis and 
downstream effects on health and disease. The upper panel illustrates general molecular 
mechanims underlying the genotype-phenotype association. The genetic effect on phenotypes 
decrease with increased distance from DNA, while environmental, and potential epigenetic 
effects increase. The lower panel lists current dogma regarding SNPs and downstream effects 
on metabolic phenotypes, specifically with FADS1 SNPs in mind. The genetic effect of these 
polymorphisms on FADS1 mRNA expression and enzyme function is conserved in both central 
(liver) and peripheral tissues/organs (breast, blood, etc.) in humans, which together composes 
the complete role of the FADS1 biology in metabolic perturbations.  



34 
 

Gene-Diet Interactions and Potential Downstream Inflammation Effects of 
the Modern Western Diet (MWD) 

Because diet and other environmental factors can influence FADS gene 

expression and ultimately LC-PUFA levels, understanding these gene-diet 

interactions is of great interest. This relationship is also relevant because rapid 

changes in the MWD has resulted in an increased overall dietary intake of ω-6 

PUFAs through ingestion of vegetable oil products (e.g. margarine and oils 

including soybean, corn, and canola). LA ingestion increased 3-4 fold over the 

past few decades and is ultimately ~6-8% of total energy consumed, such that 

>90% of total PUFAs in a typical MWD is LA.36-38,41,42 Subsequently, the MWD is 

currently associated with a >10:1 ω-6/ω-3 PUFA ratio.38 This rapid change in 

ingested PUFAs in developed countries coincides with increased rates of 

cardiovascular disease, diabetes mellitus, inflammatory bowel disease,73 and 

obesity.8,38,50 Some of these rapid changes have been a result of technological 

changes in food production and processing. However, the American Heart 

Association may have also contributed to this shift of higher PUFA intake by 

recommending diets rich in LA in the early 1980s.37,38 In fact, hepatic de novo 

synthesis of fatty acids is often overshadowed in individuals who follow the 

MWD.29 

Role of PUFA-derived Metabolites in Inflammation 

PUFAs play a role in modulating inflammation through the production of 

bioactive molecules and eicosanoids. Eicosanoids (i.e. prostaglandins (PGs), 

thromboxanes (TXs), and leukotrienes (LTs)) are produced from the oxidation of 
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ARA and play a critical role in the initial inflammatory response.74 Interactions 

between PGs, LTs and pro-inflammatory cytokines amplify the inflammation and 

can cause substantial damage if not treated appropriately.  

Eicosanoids have been associated with a strong immune response, and 

play a part in regulating inflammation and immunity. To create eicosanoids, 

PUFAs must be released from the cellular membrane phospholipids (typically via 

phospholipase A2).42,75 For example, 4-series LTs, which are derived from ARA 

via the 5-lipoxygenase (5-LOX) pathway (Figure 3), have been associated with 

increased vasoconstriction, vascular permeability, and inflammatory cytokines 

(e.g. tumor necrosis factor (TNF), interleukin (IL)-1 and IL-6), and natural killer 

cell production.50,75 Additionally, PG-E2s, also produced from ARA via the COX 

pathway (Figure 3), are associated with decreased vasoconstriction, vascular 

permeability, TNF, IL-1 and IL-6 production and natural killer cell production.50,75 

Subsequently, the concentration of these ARA mediators will dictate the overall 

physiological effect.  

Alternatively, ω-3 derived metabolites are often considered to exert anti-

inflammatory effects. In particular, specialized pro-resolving mediators, 

commonly referred to as SPMs, include lipoxins (LXs), resolvins (Rvs), 

protectins, and maresins, which have been shown to attenuate various 

inflammatory processes.76 It is for these reasons that increasing the dietary 

intake of fish oil, which contains high levels of ω-3 EPA and DHA, has been 

suggested as a key modulator of inflammation. Several have shown that 

increased intake of fish oil results in decreased phospholipid ARA levels.8,75 
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Conversely, feeding a diet high in LA, leads to higher ARA levels in the cellular 

membrane.8,75 

Potential Therapeutic Applications of PUFAs Following Severe Trauma 

Prolonged inflammation is particularly relevant in chronic diseases, 

including cancer, cardiovascular disease, inflammatory bowel disease, and 

obesity, but should also be considered in the context of severe trauma in which 

the body is in a state of high inflammation. Trauma is the leading cause of death 

and disability in individuals under 45 years of age.77 Most of these deaths are a 

result of exsanguination or traumatic brain injury (TBI). TBI is characterized by its 

hallmark primary and secondary injury profiles. Primary injury refers to the initial 

damage of brain tissue by the blunt or penetrating mechanical force from impact 

to the head,78 and secondary injury is the subsequent damage sustained to the 

brain in the hours to days following the initial impact. This secondary injury profile 

is characterized by a cascade of molecular and signaling events including 

inflammation, coagulation, altered blood flow, changes in intracranial pressures, 

vascular injury, hypoxia, and changes in glucose and lipid metabolism, which can 

ultimately lead to neuronal cell death (Figure 7).52-54,56,57,78-80 While much is 

known about changes in glucose metabolism after TBI, less is known about the 

changes in lipid metabolism post-TBI.  
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Figure 7. Cross-talk between physiologic and molecular mechanisms during the secondary 
injury profile following TBI. 
 

Most TBI treatments on the prevention of the deleterious secondary injury 

profile,81,82 and typically consist of administrating neuroprotective drugs and 

therapies, while maintaining cerebral perfusion. However, there are very few 

effective pharmacologic therapies that target neuroprotection, inflammation and 

brain tissue repair following TBI. Some have proposed adjuvant treatment with 

dietary ω-3 PUFAs, such as EPA and DHA due to their neuroprotective and anti-

inflammatory properties to alleviate the detrimental effects of TBI.52,53,56,57,83 The  

use of these dietary fatty acids may seem obtuse in the context of TBI, however 

the human brain is composed of ~60% lipids (% of dry weight), which are highly 

enriched in complex LC-PUFAs such as DHA, EPA, and ARA.84 It has been long 

recognized these LC-PUFAs are an integral part of membrane phospholipids of 

neurons; synapses are particularly enriched in DHA. It is in this structural role 
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that DHA participates in processes linked to learning and memory, especially 

during early development.40,52,55,79,84,85 Again, because ω-3 LC-PUFAs are 

associated with anti-inflammatory properties and ω-6 LC-PUFAs are precursors 

to several pro-coagulant and pro-inflammatory responses, ω-3 and ω-6 LC-

PUFAs must be delicately balanced to maintain homeostatic cell, tissue, and 

organ function. 

While several in vivo TBI animal models are supportive of dietary ω-3 LC-

PUFA (e.g. DHA and EPA) supplementation post-TBI and demonstrate 

improvements in neuronal plasticity and function, the results of ω-3 LC-PUFA 

supplementation in humans are far less conclusive.55,56,86,87 This is in part due to 

the heterogeneity of study designs, disparate patient populations, uncertainties in 

the optimal timing and dosing of ω-3 LC-PUFA supplements following injury, and 

challenges in understanding the competing biosynthesis pathways of ω-3 and ω-

6 PUFAs, and their subsequent downstream effects of PUFA-derived bioactive 

metabolites. Further, there are limited studies that have attempted to study the 

combined effects of TBI treatments while adjusting for PUFA dietary intake and 

even fewer that have investigated the impact of genetic variants. Thus, there is a 

need to study the effects of PUFAs and associated genetic variants in the context 

of trauma and the potential implications on the inflammatory milieu following 

injury. 

Traditional Models for Studying PUFA Metabolism 

Traditional methods of studying PUFA metabolism often rely on two-

dimensional (2D) cell culture methods or animal (mostly murine) studies. Animal 
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models, particularly rodent models, have successfully been exploited to study 

various aspects of PUFA metabolism and biosynthesis in vivo. Some notable 

studies include the examination of lipogenesis and endoplasmic reticulum 

phospholipid composition in an obesity model,88 and the impact of diets rich in ω-

3 LC-PUFAs to modulate inflammatory processes.57,80,89 However, often the 

results from these animal models are not directly translatable to humans.25,29 

This may be due to the few similarities between murine and human hepatic 

physiology, as evidenced by several drugs ultimately failing and being removed 

from the market due to human toxicity, which were otherwise nontoxic in initial 

rodent animals. Further, the lack of similar cytochrome P450 isoforms between 

rodents and humans has been attributed to these disparate results.3,14,25,90,91  

The most common 2D cell culture method employed for the study of PUFA 

metabolism includes the use of flat, plastic surface cell culture wells where 

animal or human derived cells are directly seeded onto the well surface or on 

some type of ECM coating (e.g. collagen I). Other studies manipulate PUFA 

biosynthesis in vivo, then remove the liver, and isolate the hepatocytes before 

seeding them on tissue culture plates.35,92-94 Both of these methods have been 

successful in studying molecular pathways and phospholipid compositions in 

response to PUFA exposure, but have inherent limitations.95,96  

For example, Fujiyama-Fujiwara examined the differing metabolism of 

several fatty acids between freshly harvested rat hepatocytes and an 

immortalized human hepatic cancer cell line, HepG2.96 They observed significant 

differences in hepatocyte response to PUFA supplementation not only with 
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exposure time, but also between species (Figure 8). Human HepG2 cells 

exhibited significantly higher levels of DGLA to ARA, denoted as 20:3/20:4 ratio 

in figure 8, particularly when supplemented with γ-linolenic acid (GLA, 18:3ω-6) 

or DGLA (Figure 8).  

 

Figure 8. Metabolic conversion of DGLA/ARA in rat and human HepG2 hepatocytes. Cells 
supplemented with GLA (denoted as γ18:3) and DGLA (labeled as 20:3) exhibited the highest 
metabolic conversion capacity, particularly human HepG2 cells. Image taken from Fujiyama-
Fujiwara, et al.96  
 

Unsurprisingly, GLA supplementation significantly increased the 

downstream PUFAs and the DGLA/ARA ratio in both species, but significantly 

more in the human HepG2 carcinoma cells, thus implicating differential metabolic 

conversion capacities of PUFAs based on species and potentially disease state. 

This data supports the notion that responses to diet are different between murine 

models and humans, and therefore human-derived sources are needed to study 

human PUFA biosynthesis and metabolism.  

Another limitation of traditional 2D cell culture models is their viability. 

While these traditional 2D cell culture methods have been useful in the study of 
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acute PUFA metabolism and other kinetic fatty acid studies, they generally 

exhibit poor morphology and viability, making them less than ideal candidates to 

study long-term effects of PUFA supplementation. Primary hepatocytes cultured 

in 2D on collagen-coated wells exhibit a flat and squamous morphology, whereas 

the same cells in three-dimensional (3D) Matrigel® demonstrate spherical, 

clustered morphology (Figure 9).  

  

Figure 9. Hepatocytes grown in 2D have substrate-specific morphology. Left: 
primary hepatocytes grown in 2D, collagen 1 coated plate demonstrates a flat 
and squamous morphology. Right: Primary hepatocytes grown in a 3D 
Matrigel® matrix demonstrate spherical, clustered morphology. Images 
obtained from Corning®. 

 

It is speculated that these morphological differences between hepatocytes 

cultuered in 2D vs. 3D could be a result of the flat, plastic surface of tissue 

culture plates, lack of essential ECM components, or missing cell-to-cell 

interactions which would normally be present in vivo.2,3,24,25,28,97,98  Specifically, 

the lack of ECM proteins in 2D is believed to be the main contributor to poor 

hepatic morphology, which consequently impacts their function and viability. In 

most published reports, 2D models using hepatocytes are only viable for a few 

hours to days following culture, whereas 3D liver spheroids and organoids have 

been successfully maintained for up to 30 days post-seeding.3,14,28 It is clear 

further development of such organoids or tissue constructs could allow for the 
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study of chronic gene-diet interactions in humans, shedding light on potential 

new mechanistic pathways regulating PUFA metabolism in humans. 

3D Tissue Engineered Cell Culture Models  

To address the concerns of studying human gene-diet interactions of 

PUFAs with traditional 2D cell culture models, we propose to develop 3D tissue 

engineered platforms for the liver. Building upon existing 3D tissue models which 

incorporate individual or multiple human cell lines (i.e. co-culture) with ECM 

proteins in a 3D scaffold, we aim to create a liver specific model. These models 

have already been shown to demonstrate closer approximations of the in vivo 

phenotypes, and provide the opportunity to explore disease mechanisms and 

subsequently develop new treatment strategies in a human-relevant method. 

Currently, liver spheroids have been extensively used to study drug-induced liver 

injury, steatosis and insulin resistance, chemical clearance, and chemotherapy 

toxicity.3,14,24,99,100 Liver spheroids have been shown to support hepatic function 

for at least one month as measured by albumin and urea production, in part due 

to increased cell-to-cell interactions. In fact, hepatic spheroids have been shown 

to develop polarity and functional bile ducts.3,10,100 These papers again support 

the notion culture method has a direct influence on hepatic function, including 

fatty acid biosynthesis and subsequent phospholipid composition of the 

hepatocytes.  

Initial 3D cell culture models can be described as modified 2D systems; 

cells were seeded onto traditional culture plates, then covered with an ECM 

protein (e.g. collagen), creating a “sandwich” culture. These models were used 
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extensively in early studies because this system was able to provide more 

structural support to the cells, as well as expose the cell membrane to ECM 

proteins.28,101 However, these sandwich models still did not fully recapitulate the 

tissue structure and cell-to-cell interactions. Subsequently, engineers continue to 

search and design scaffolds that are: 1) easy to apply in cell culture methods, 2) 

provides mechanical stability similar to native tissue, and 3) provides some 

exposure to ECM proteins, which will increase cell-to-cell interactions and 

ultimately viability and functionality of the cells. 

More recently, investigators have exploited primary human hepatocytes 

and human induced pluripotent stem cells (iPSCs) in 3D cell culture systems to 

generate healthy liver organoids.2,10 By harnessing their differentiation potential, 

one is able to generate liver organoids consisting of multiple cell types. Although 

the use of iPSCs results in the differentiation of multiple cell types that are 

present in native liver tissue, these procedures are still very technically 

challenging, expensive, and not always reproducible. Some reports have shown 

that liver organoids developed from iPSCs may result in fetal-like phenotypes 

and thus need to be further optimized to study more mature liver behavior.2 

Finally, by using commercially available cell lines, these systems fail to recreate 

genetic diversity and responses seen in the general population. 

Liver ECM 

The tissue engineered scaffold for these 3D platforms aims to mimic the 

liver’s ECM both biologically and mechanically. It is well known that collagen IV 

works with laminin and entactin-nidogen to form the basement membrane along 
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the sinusoidal wall which directly supports endothelial cells and hepatocytes 

(Figure 10).15,19,102 Other glycoproteins which constitute a major part of the liver’s 

ECM include fibronectin and tenascin. In addition, the liver ECM is rich in 

glycosaminoglycans (GAGs, e.g. hyaluronic acid (HA), heparan sulfate and 

chondroitin sulfate). Given that the main functions of the ECM are biological and 

mechanical stability, it is important to engineer materials that can mimic both of 

these properties.  

 

Figure 10. Illustration of liver extracellular matrix. The liver ECM is composed of several 
components, including collagens, glycoproteins (e.g. laminin and fibronectin), elastins, GAGs 
(e.g. HA) and proteoglycans which work in concert to support hepatic functionality. Image from 
Ye, et al.19 

Hydrogels for Tissue Engineering Constructs 

Hydrogels provide appropriate viscoelastic properties to mimic the 

extracellular environment and are comprised of biocompatible materials, such as 

collagen, HA, or gelatin.19,103-105 These 3D hydrogel networks consist of 

hydrophilic homopolymers, copolymers or macromers crosslinked to form 

insoluble polymer matrices. The polymers are generally used above their glass 

transition temperatures and are considered to be soft and maintain elasticity.103 

These gels can then be easily manipulated to include proteins, such as 

fibronectin or laminin, to mimic the organ’s natural ECM.19,103,104 Additionally, 
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hydrogel characteristics can be manipulated to enhance cellular attachment, 

biodegradability, or physical properties, such as structural integrity and solute 

transport. The physical structure of the hydrogel are reliant on the starting 

monomers and macromers, synthesis method, solvent conditions and 

mechanical loading history.103 

Corning® also has a commercially available product, Matrigel®, which is a 

solubilized basement membrane preparation extracted from the Engelbreth-

Holm-Swarm mouse sarcoma. This extract is rich in ECM proteins including 

laminin, collagen IV, heparan sulfate, entactin and nidogen and other growth 

factors. This formulation has been used successfully to culture normal human 

liver ductal cells (Figure 9, right)97 and 3D liver organoids.98 However, Matrigel® 

heavily relies on animal proteins and each batch varies in composition.  

An alternative to Matrigel® is commercially available HyStem®, which is a 

synthetically-derived HA-based hydrogel. Given its synthetic production, there is 

consistency between lots, but this hydrogel alone is not sufficient to mimic the 

liver ECM. Figure 11 illustrates the major components of commercially available 

HyStem®-HP gels. Thiol-modified HA is the main component in HyStem® gels. 

HA is the simplest glycosaminoglycan, is negatively charged, linear, and a non-

sulfated polysaccharide, and has been implicated in several biological functions, 

including tissue organization, wound healing, inflammation and cellular 

proliferation, differentiation, migration and adhesion.106 The next major 

component in HyStem® gels is thiol-modified denatured collagen fibrils (i.e. 

gelatin). Collagen is the most abundant protein within interstitial ECM and impact 
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the structural integrity. Collagens provide tensile strength, regulate cell adhesion, 

and support chemotaxis and migration.107,108 Finally, the polyethylene glycol 

diacrylate (PEGDA) crosslinker is used to initiate the gelation process; this 

system uses this thiol reactive crosslinker to chemically crosslink the hydrogel 

components together and form a clear, transparent solution. Due to the simplicity 

of the hydrogel components and ease of implementation, modifications to the 

HyStem® system have been proposed for improved 3D human liver organoids to 

provide both biological and mechanical support specifically for hepatocytes to 

function.  

 
  
Figure 11. Schematic of the biochemical structure of HyStem®-HP. Image obtained from Sigma 
Aldrich. https://www.sigmaaldrich.com/technical-documents/articles/biology/hystem-3d-
hydrogels.html#ref  

 

These previously developed 3D liver organoids, in our lab and others, 

have been well characterized for toxin/chemical clearance and drug metabolism 

applications.3,10,14,24,28,91,98 However, none to our knowledge have been used to 

study gene-diet interactions on PUFA or lipid metabolism. In addition, these liver 

organoids are often developed using the HepG2 cell line, which are largely 

relevant for the study of hepatic cancers, but not necessarily reflective of normal 

hepatic function.101 Therefore, utilizing models which use healthy hepatocytes 
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(e.g. primary hepatocytes) to create a more healthy and physiologic in vivo 

phenotype is preferable.  

Chapter Summaries 

This research is comprised of three parts which examine the role of 

rs174537 and dietary PUFAs within a novel 3D tissue engineered liver construct 

and in clinical samples. The first section (i.e. Chapters 2-3) involves development 

and validation of a new 3D liver tissue construct composed of patient-derived 

hepatocytes and testing the feasibility of this platform for lipid metabolism 

studies. This includes application of this novel 3D tissue engineered liver 

construct for the study of dietary PUFAs on lipid function/metabolism and genetic 

effects (i.e. Chapter 3). We also tested the system with known genotypic effects 

on LC-PUFA levels and biosynthesis rates. In the second part (i.e. Chapter 4), 

we assess the viability of using peripheral human (i.e. whole blood and/or saliva) 

samples as markers of methylation status within key regulatory areas of the 

FADS gene cluster and compare it to previous data from liver biopsies. Lastly, 

chapter 5 examines how rs174537 and circulating PUFAs impact the acute 

inflammatory response following a traumatic injury, by performing a prospective 

observational study recruiting critically injured patients. The methods presented 

in this dissertation highlight the importance of using human-derived samples to 

study lipid metabolism and the impact of dietary PUFAs on gene regulation. The 

findings of this research are beneficial to not only the liver tissue engineering 

scientific community, but also PUFA and lipid scientists with the goal to identify 

key gene-diet interactions regulating hepatic function and attenuating 
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inflammation. This new platform may potentially help to determine who will 

respond best to PUFA supplementation for the modulation of certain 

inflammatory pathways, translating to improved patient outcomes.  
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Abstract 

The liver is a vital organ responsible for the clearance of toxic substances 

from the circulation, metabolism of many drugs, as well as lipid and 

polyunsaturated fatty acid (PUFA) metabolism. Recent advances in tissue 

engineering have demonstrated the superior functionality of three dimensional 

(3D) liver tissue constructs within the context of chemical clearance and drug 

toxicity studies compared to two dimensional (2D) cultures. However, there are 

no studies, to our knowledge, that have characterized the performance of 3D 

liver constructs for the study of general lipid metabolism. Herein, we developed 

3D liver tissue constructs using primary human hepatocytes from single donors 

and characterized their lipid metabolic behavior. We hypothesized 3D liver tissue 

constructs would be superior to traditional 2D hepatocyte cultures with respect to 

cholesterol and fatty acid secretion, cellular polarity, and intercellular tight 

junction formation. 

Hepatocytes from three individual donors were cultured on 2D collagen-

coated slides and in 3D hydrogels for up to one week. Hepatocytes were 

exposed to radiolabeled media for lipid metabolism studies. Serial sampling of 

media and cells, as well as imaging methods were used to characterize the 

performance of both culture methods. The 3D constructs demonstrated 
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significantly better viability at 7 days (88% vs. 54%, p=0.0334) relative to 2D 

cultures. Media albumin accumulation was similar for both culture systems.  

3D hepatocytes radiolabeled with 3H-cholesterol secreted cholesteryl 

esters, similar to previously published 2D cultures, suggesting functional 

hepatocyte cholesterol esterification and secretion. 3D hepatocytes radiolabeled 

with 3H-oleic acid appeared to have less cellular radiolabeled triglyceride relative 

to 2D hepatocytes (10.0% vs. 3.4%, p=0.36). Additionally, 3D hepatocytes had 

more detectable instances of intercellular tight junctions (e.g. connexin-32). Thus, 

3D constructs appear to more closely resemble in vivo phenotype with respect to 

cell-to-cell interactions. Neither culture method demonstrated hepatocyte polarity 

development. This study highlights the benefits of 3D liver constructs for studying 

lipid metabolism for up to one week. Further refinements in 3D culture are 

needed to truly recapitulate the in vivo lipid metabolism function.  

Impact Statement 

This paper adds to the growing literature supporting better viability of 3D 

hepatic constructs compared to traditional 2D cultures. Importantly, our study 

reports novel lipid metabolism data using primary human hepatocytes from single 

donors cultured in 3D. This is one of the first studies that successfully 

demonstrates the use of patient-specific primary human hepatocytes for lipid 

metabolism studies.  

 
Keywords: lipid metabolism, hydrogel, 3D liver construct, primary human 

hepatocytes 
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Introduction 

The liver is a vital organ responsible for clearance of drugs and toxic 

substances from the blood and for regulation of lipid metabolism. It is the primary 

site of de novo bile, cholesterol, and fatty acid synthesis and secretion.1-4 

Hepatocytes metabolize and synthesize fatty acids and package them into 

lipoproteins for secretion into plasma, where they are transported via the 

circulation to other tissues for use as an energy source.5 Traditional methods of 

studying lipid metabolism have heavily relied on two-dimensional (2D) cell culture 

and/or murine models. The use of animal- or human-derived hepatocytes (often 

immortalized HepG2 hepatoma cells) have dominated the field. These cells are 

often directly seeded onto flat, plastic culture plates with or without a type of 

extracellular matrix (ECM) protein coating (e.g. collagen I).6 While these methods 

have been useful in the study of acute and rapid lipid metabolism (<24 hrs),7,8 

and cholesterol and phospholipid homeostasis (e.g. ATP-binding cassette 

transporter A1 (ABCA1) activity),9,10 they do not fully recapitulate the in vivo liver 

organ. Notably, primary hepatocytes grown using these culture methods often 

suffer from significantly decreased biological functionality (i.e. reduced 

cytochrome P450 expression and metabolism) compared to hepatocytes in 

vivo.11,12 In addition, low viability is another major limitation of 2D cell culture 

models. In most published reports, 2D models using both human and murine 

primary hepatocytes are only viable for a few hours to days in vitro, do not 

replicate, and rapidly lose their hepatocyte-specific biological functions.6,11-13 

These attributes render them unsuitable for the study of long-term or chronic lipid 

metabolism. Notably, the limited viability and poor functionality of 2D culture 
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models are often attributed to the lack of essential ECM components, which has 

been shown to impact cell function and results in absent or poor cell-to-cell 

interactions.3,12-17   

Three-dimensional (3D) tissue engineered platforms that include various 

ECM proteins and specialized biomaterials that enhance cell functionality have 

shown tremendous promise. These models mimic the liver’s ECM by including 

key glycosaminoglycans (GAGs, e.g. hyaluronic acid (HA), and heparan sulfate) 

as well as other glycoproteins, such as fibronectin. Together, these 3D platforms 

create a more physiologically relevant architecture that mimics essential in vivo 

features, and ultimately fosters improved cell-cell interactions.13-16 In fact, several 

studies have demonstrated superior cell morphology, function, and greater 

viability in 3D liver organoids and constructs compared to existing 2D cell culture 

models in several studies.6,13,15,18-20 

These previously developed 3D liver constructs, in our lab and others, are 

well characterized for toxin and chemical clearance, as well as drug metabolism. 

These models use hydrogels that provide viscoelastic properties that mimic the 

liver ECM environment, and are comprised of biocompatible 

materials.11,13,16,17,21,22 However, to our knowledge, no previous studies have 

focused on lipid metabolism using primary human hepatocytes from single 

donors using this novel 3D liver platform. Herein, we aimed to develop and 

characterize 3D liver constructs for the study of lipid metabolism. Using primary 

human hepatocytes from individual donors in both 2D and 3D cell cultures, we 

compared general lipid metabolism via quantification of cholesterol and fatty acid 
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secretion, and examined general hepatic metabolic function by quantifying 

albumin accumulation in the media, cellular polarity, and intercellular hepatocyte 

tight junction formation. We hypothesized 3D liver constructs would be superior 

to traditional 2D hepatocyte cultures with respect to cholesterol and fatty acid 

secretion, cellular polarity, and intercellular tight junction formation. 

Materials and Methods 

Hepatocyte Procurement 

Healthy primary human hepatocytes from individual Caucasian donors 

were obtained from Gibco through Wake Forest’s Comprehensive Cancer Center 

Tumor Tissue and Pathology Shared Resource. Because race and ethnicity have 

been previously shown to influence lipid biosynthesis and metabolic conversion 

capacities,23,24 this study was limited to Caucasian donors only. Hepatocyte 

donor demographics and information were provided by the vendor and are 

summarized in Table 1. Donors experienced traumatic deaths, but were 

considered to be otherwise healthy. Cells were counted using a hemocytometer 

and 0.04% Trypan Blue Stain (Cat#15250061). All media, materials, and 

supplements were obtained from ThermoFisher Scientific (Waltham, MA), unless 

otherwise noted. Primary human hepatocytes were thawed using the vendor’s 

recommendations and resuspended in Williams-E media (Cat#12551032) 

supplemented with the Primary Hepatocyte Thawing and Plating Supplements 

(Cat#CM3000). Media was changed daily; conditioned media was stored in 250 

µl aliquots at -80°C until analysis. 

  



67 
 

 
Table 1. Hepatocyte donor demographics. All donors were Caucasian. 
Gibco Sample ID Gender Age BMI Pathology 

HU8289 Male 22 23 Traumatic brain injury following 
motor vehicle accident 

HU8132 Female 57 29 Intracerebral 
hemorrhage/Cardiovascular attack 

HU8116 Female 23 23 Anoxia 
 

2D Cell Culture 

Type 1 rat tail collagen (3.5 mg/ml, Corning Inc., Cat#354236, Corning, 

NY) was diluted to 1 mg/ml in Dulbecco’s Phosphate Buffered Saline (D-PBS) 

without calcium or magnesium (Lonza, Cat#17-515F, Basel, Switzerland) and 

adjusted to a pH of 7.0 by 1N NaOH. Gels were formed by mixing the prepared 

collagen solution with William’s E Media (with phenol red, no glutamine) 1:1 by 

volume. The bottom of chamber slides (Cat#154453) was coated with 220 µl of 

collagen, exposed to ultraviolet light in the biosafety cabinet for 5 minutes to 

ensure sterility, and allowed to further crosslink at 37°C for 30 minutes. 

Hepatocytes were seeded using the vendor’s recommendation of 0.5x106 

cells/ml (~125,000 cells/chamber) and placed in an incubator at 37°C with 5% 

CO2 for up to one week. 

3D Liver Construct Development  

Hepatocytes were seeded at 20x106 cells/ml (~200,000 cells/construct) in 

a modified ECM-mimicking HA/gelatin-based hydrogel. The hydrogel selected 

(HyStem®-HP) is a commercially available hydrogel with a polyethylene glycol 

diacrylate (PEGDA) crosslinker (ESI-BIO, Alameda, CA), and was prepared as 

previously described.13,15,22 This hydrogel was modified to include thiolated 
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fibronectin, an ECM protein known to promote cell adherence and function.25 

Briefly, thiol-modified HA with heparin pendant chains (Heprasil) was dissolved in 

sterile water containing 0.5% (w/v) of the photoinitiator 2-hydroxy-4’-(2-

hydroxyethoxy)-2-methylpropiophenone (Millipore Sigma, Cat#410896-50G, 

Burlington, MA), creating a 1% (w/v) solution. Thiolated gelatin (Gelin-S) and the 

PEGDA crosslinker (Extralink) were dissolved in 0.5% (w/v) of the same 

photoinitator, creating a 2% (w/v) solution. MilliporeTM ChemiconTM Human 

Plasma Fibronectin (Cat#FC01010mg) was thiolated using a commercially 

available kit and manufacturer’s protocol (Novus BiologicalsTM, Cat#419-0002, 

Littleton, CO), creating a 1 mg/ml solution. Heprasil, Gelin-S, Extralink, and the 

thiolated fibronectin were then mixed in a 2:1:1:1 ratio by volume, respectively. 

Figure 12 illustrates the method for creating these novel ECM-mimicking 

3D scaffolds, including the hydrogel components, crosslinking, and a photo of a 

10 µl liver construct in 48 well polydimethylsiloxane (PDMS)-coated plate. 

Solutions formed a transparent solution when mixed together and were used to 

resuspend primary hepatocytes. After resuspension of the hepatocytes in the 

hydrogel, ultra-violet light (UVGL-58 Handheld UV Lamp, 254 nm, 6 W, UVP, 

Upland, CA) was used for 15 seconds to initiate the near instantaneous 

secondary crosslinking mechanism26 which stabilized the construct and 

increased material stiffness. Liver constructs were submerged in 250 µl Williams-

E media prepared as described above, and placed in an incubator at 37°C with 

5% CO2 for up to one week. 
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Measurement of Cell Viability  

Hepatocytes were cultured for up to 7 days. Viability was qualitatively 

examined using LIVE/DEAD® Viability/Cytotoxicity Kit assays (Invitrogen, 

Cat#L3224, Carlsbad, CA) and quantitatively analyzed using ImageJ software to 

count the number of live cells (green) and compared to the number of dead cells 

(red). Briefly, all cell cultures (both 2D and 3D) were exposed to 2.0 µM calcein 

AM and 4.0 µM ethidium homodimer in D-PBS:Williams E media (1:1 v/v) and 

allowed to incubate for 20 minutes at 37°C. Imaging of the 3D liver constructs 

was performed using a macro-confocal microscope (Leica TCS LSI, Leica, 

Wetzlar, Germany), and for 2D cell culture, an inverted fluorescent microscope 

was used (Leica DMi8).  
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Figure 12. H
ydrogel com

ponents and crosslinking used to create 3D
 hum

an hepatocyte cultures. (A) The gel com
ponents consist of thiolated 

hyaluronic acid (H
A), thiolated gelatin and a polyethylene glycol diacrylate (PEG

D
A) crosslinker, all of w

hich have been reconstituted in Irgacure 
2959, a photoinitator. These com

ponents are m
ixed w

ith thiolated fibronectin and prim
ary hum

an hepatocytes before 10 µl of t he solution is placed 
in a 48-w

ell plate, previously coated w
ith polydim

ethylsiloxane (PD
M

S). (B) After photoinitation, the thiolated com
ponents have been crosslinked 

together. (C
) A cartoon schem

atic of the hydrogel netw
ork that supports the hepatocytes. (D

) An im
age of four 10 µl liver con struct in a 48-w

ell 
plate. The red arrow

 points to an organoid (surrounded by a red circle) w
ithin the w

ell. 
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Immunocytochemistry (ICC) Staining 

Cells cultured in 2D were prepared for ICC analysis over 7 days following 

initial hepatocyte seeding and prepared for staining for connexin-32 (Cx32, 

Invitrogen Cat#14-9759-82: Mouse IgG1 monoclonal antibody, 1:100), organic 

solute transporter-alpha (OST-α, Invitrogen Cat#PA5-58664: Rabbit polyclonal 

antibody, 1:50), and phalloidin (Invitrogen, Cat#A22287, 1:50). Cx32 is the major 

connexin protein found in adult human hepatocyte to hepatocyte junctions,3,27 

OST-α plays a central role in the transport of bile acids,28 and phalloidin marks 

the actin cytoskeletal lining of the hepatocytes. Cells were washed twice with D-

PBS (HyCloneTM, Cat#SH3002802) before immersion in 4% paraformaldehyde 

(Electron Microscopy Sciences, Hatfield, PA) for 20 minutes at room temperature 

followed by additional two rinses with and storage in D-PBS. Cultures were 

stored at 4°C in D-PBS prior to staining. All samples were then permeabilized 

with 0.1% Triton X-100 (TX-100) in D-PBS. Cells were washed twice to remove 

remaining TX-100. Hepatocytes were incubated in 100 μl of Dako Antibody 

Protein Block, Serum-Free (Carpinteria, CA, Cat#X0909) for 30 minutes at room 

temperature. Following blocking, the primary antibodies were prepared in Dako 

Antibody Diluent with background reduction (Cat#003118) and added to each 

well and allowed to incubate at 4°C overnight. Samples were washed three times 

for 5 minutes in D-PBS followed by application of the secondary antibody (1:200) 

and Alexa Fluor 647-conjugated phalloidin. Secondary antibodies used were 

Fluorescein Horse anti-mouse IgG, (Vector Laboratories, Burlingame, CA, 

Cat#FI-2000) and Alexa Fluor 594, Goat anti-rabbit IgG (Cat#A-11072) for Cx32 
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and OST-α, respectively. Samples were incubated with the secondary antibody 

for 1 hour at room temperature. Cells were washed three more times with D-PBS 

before the addition of DAPI (1:300), which was allowed to incubate at room 

temperature for 15 minutes. Following an additional three 5 minute washes with 

D-PBS, samples were stored in D-PBS and viewed at 40X magnification (Leica 

DMi8).  

Histological and Immunohistochemistry (IHC) Staining 

The 3D liver constructs were harvested for IHC analysis over 7 days 

following initial hepatocyte seeding. Constructs were washed twice with D-PBS 

before immersion in 4% paraformaldehyde for 2 hours, and then were rinsed 

twice with D-PBS, and stored in 70% ethanol. Liver constructs were then 

dehydrated with graded ethanol washes followed by xylene before embedding in 

paraffin. Sections (5 µm) were created from paraffin-embedded constructs and 

deparaffinized for staining. IHC was performed after antigen retrieval to examine 

levels of Cx32, OST-α, and phalloidin using the same antibodies described 

above. Samples were viewed at 40X magnification (Leica DMi8). Additionally, 

hematoxylin and eosin (H&E) stains were obtained to determine morphology in 

the 3D system. 40X H&E images were obtained using an Olympus BX63 

motorized upright microscope (Shinjuku, Tokyo, Japan). 

Albumin Quantification 

Conditioned media was extracted from wells of each group daily, 

transferred to microcentrifuge tubes, and stored at -80°C until the end of the 

study. Similar to other studies, secreted levels of albumin were used to assess 
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cell function29 and were quantified using an enzyme-linked immunosorbent assay 

(ELISA) kit (Human ELISA kit, abcam, Cat#ab108788) using the manufacturer’s 

protocol. Absorbance was measured at 570 nm and subtracted from 

measurements obtained at 450 nm to correct for optical imperfections using a 

Synergy H1 microplate reader (BioTek Instruments, Inc., Winooski, VT). Data 

were normalized to total DNA.  

In vitro Determination of Fatty Acid Incorporation into Esterified Lipids 

Rates of lipogenesis were determined using a protocol adapted from Key, 

et al.9 Cells cultured in 2D or 3D were compared for their ability to take up and 

process radiolabeled 3H-oleate at 1, 4 and 7 days in culture. Briefly, cultures 

were allowed to establish overnight before beginning a 4-hour serum-free 

starvation period in Williams E medium containing antibiotics. Cultures were 

washed twice with warm PBS before being radiolabeled 0-4 hours with 5 μCi/ml 

of [9,10-3H(N)]-oleic acid (PerkinElmer, Cat#NET289005MC, Waltham, MA). 

Media aliquots (50 µl) were collected 0.5, 1, 2 and 4 hours after initial labeling. 

After 4 hours, cultures were washed twice with warm PBS and lipids extracted 

overnight using hexane:isopropanol (3:2, v/v) before dissolving the cellular 

residue with 0.1 N NaOH for 48 hours. To determine conversion of free fatty 

acids (FFA) into other lipid species (e.g. phospholipids [PL], triglycerides [TG]), 

lipid classes from 50 µl media aliquots at each time point and cell lipid extracts 

were isolated using the acidified Bligh-Dyer method30 and separated by thin layer 

chromatography (TLC) using Silica Gel 60 plates (Millipore Sigma, Cat#105721) 

and a solvent system containing hexane:diethyl ether:acetic acid (80:20:2, v/v/v). 
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Lipids were visualized by exposure to iodine vapor, bands were scraped and 

counted using a scintillation counter (disintegrations per minute, DPM) with a 

Beckman Coulter LS6500 system (Brea, CA). 

In vitro Cholesterol Efflux from Primary Hepatocytes Cultured in 3D 

Hepatocytes assemble cholesterol into very low density lipoprotein (VLDL) 

particles for secretion or into nascent high density lipoprotein (HDL) particles by 

ABCA1.31 To determine if hepatocytes cultured in 3D were able to secrete 

cholesterol over a week in culture, cholesterol accumulation in media was 

measured as previously described.32,33 2D cultures were not examined for this 

assay due to poor viability at one week in culture. Briefly, 3D cultures were 

allowed to incubate in normal media overnight. Liver constructs were first washed 

twice with warm PBS. Radiolabeling medium was then added consisting of 

William-E media containing 1% fetal bovine serum (FBS) and 2 µCi/ml 3H-

cholesterol (Perkin Elmer, Cat#NET139250UC) for 24 hours. After the 

radiolabeling period, liver constructs were washed twice with warm PBS and 

incubated in medium containing 0.2% (w/v) bovine serum albumin (BSA) 

overnight. Cholesterol efflux was initiated by adding media containing 0.2% BSA 

or 2% human plasma (v/v). Four hours later, medium was harvested and a 100 

uL aliquot was directly counted using a scintillation counter to determine 

radiolabel in medium. Liver constructs were also harvested and dried by placing 

in a 37°C oven for 30 minutes before lipid extraction (overnight) using 500 µl of 

3:2 hexane:isopropanol. The solvent was removed and evaporated under 

nitrogen before lipids were resuspended in 500 µl of hexane:isopropanol. A 100 
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µl aliquot was taken, dried under nitrogen and prepared for scintillation counting 

to determine radiolabel remaining in cells. Cholesterol efflux was calculated as 

[(3H DPM in media)/(3H DPM in media+3H DPM in cell extract)]x100.  

To determine cholesteryl ester (CE) and free cholesterol (FC) distribution 

in media at completion of the efflux study, 50 uL of media from each sample was 

subjected to lipid extraction using the Bligh-Dyer method.30 Lipid extracts were 

subsequently separated by TLC. Lipids were visualized by exposure to iodine 

vapor, and bands corresponding to FC and CE were scraped and counted using 

a scintillation counter.  

To analyze distribution of 3H-radiolabel across lipoprotein species after 

completion of the efflux study as previously described,34 200 uL of pooled media 

from each group was applied to a Superose 6 Increase 10/300 GL gel filtration 

column (GE Healthcare; 29-0915-96). The samples were eluted at a flow rate of 

0.4 mL/min in standard Tris buffer (10 mM Tris, 0.15 M NaCl, 1mM EDTA, 0.2% 

NaN3) and eluate was collected as one fraction per minute. Each fraction was 

subsequently transferred to liquid scintillation vials for counting.34  

Statistical Analysis 

Hepatocytes from three donors were cultured in both 2D and 3D. The data 

presented are mean ± standard error of the mean (SEM). All media experiments 

were performed in duplicate. Radiolabeled fatty acid uptake and secretion 

experiments were conducted in singlet for all three donors. Scintillation counts 

(disintegrations per minute, DPM) were normalized to DNA (ng) extracted from 

the protein extract, following lipid extraction and cellular digestion using 0.1 N 
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NaOH. Box-Cox power transformations (e.g. natural logarithm) were used to 

transform variables as needed to meet distributional assumptions. Paired t-tests 

were used to analyze viability and cholesterol efflux, between 2D and 3D 

cultures. Repeated measures analysis of variance (ANOVA) was used to 

determine effects of time and culture method on lipid species. All statistical 

analyses were conducted using SAS (9.4, Cary, NC) or GraphPad Prism (v7) 

with a significance level of 0.05.   

Results 

Hepatocytes Cultured in 3D Displayed Extended Viability up to One Week 

Hepatocyte viability was analyzed using LIVE/DEAD® stain, as previously 

described.17,29,35 Figure 13 illustrates three representative images of both 2D and 

3D cultures over the week of study. Some hepatocytes cultured in 2D exhibited 

classic stressed morphology and developed filapodia by day 4 of culture (Figure 

13). We observed, on average, 58% viability in the 2D collagen culture versus 

87% viability in the 3D modified HyStem®-HP culture over one week (p=0.0009, 

Figure 14). In addition, the hepatocytes cultured in 3D were well dispersed 

throughout the construct, as visualized using standard H&E staining (Figure 15). 

H&E staining also illustrated double nuclei in some cells, which is common in 

cultured hepatocytes, and revealed no apparent histological changes over time. 
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Figure 14. Percent viability of human hepatocytes cultured in 2D or 3D. 
Viability was quantified using ImageJ software. Cell viability was 
determined by LIVE/DEAD® staining as shown in Figure 13. Mean ± 
standard error of the mean (SEM) is displayed. 3D cultures on day 1 
and day 7 had significantly more viable cells compared to 2D, on 
average 87% compared to 58%, respectively, p=0.0009. n=3 for each 
time point and culture method. 
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Figure 15. Representative images of hematoxylin and eosin (H&E) stained 3D human hepatocytes 
cultured for 1-7 days. H&E stain of representative 3D cultured hepatocytes illustrate cells are dispersed 
evenly throughout the hydrogel. Nuclei are stained dark purple and the hydrogel is gray.  Scale bar = 100 
µm, 20X. Scale bar= 25 µm, 40X. 
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Hepatocytes Formed More Tight Junctions When Cultured in 3D 

Hepatocyte polarity was examined using antibodies for Cx32, OST-α, and 

actin filaments as shown in Figure 16. In the 3D culture (Figure 16, bottom row), 

frequent instances of Cx32 formation were observed, denoted by light gray 

triangle arrows. However, only very rare occurrences of Cx32 formation were 

observed in 2D cultures (Figure 16, top row). OST-α was not detected in either 

culture method, and nuclear staining by DAPI was more successful in the 2D 

than in 3D samples. However, phalloidin staining of the actin filament revealed 

both culture methods had round hepatic morphology. Not surprisingly, we 

observed higher density of cells in the 3D cultures compared to 2D, in part, due 

to the higher seeding density of 3D cultures, as well as the processing procedure 

required for construct fixation. During the staining protocol, cells on the 2D 

collagen may have potentially detached from the collagen during rinses with D-

PBS or application and removal of the antibody-containing solutions.  
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points (days 1, 2 and 3). However, these differences failed to meet statistical 

significance, and were statistically consistent over time (Figure 17). We observed 

similar levels of albumin production to other published studies using 3D 

techniques and similar cell density.22,29 In fact, our measured albumin levels 

tended to correspond to the cell viability for each culture method. Importantly, 

there was no human albumin detected in the media alone.  

 

 

Figure 17. Albumin accumulation in media from 2D and 3D cultures. 
Albumin was measured over a 7 day period using an enzyme-linked 
immunosorbent assay (ELISA). Results are mean ± standard error of 
the mean (SEM) and n=3 per group. On average, albumin secretion 
trends higher in 3D cultures compared to 2D cultures, but were not 
statistically different.   
 

Incorporation of 3H-oleic Acid into Esterified Lipids 

The ability of cultured hepatocytes to take up radiolabeled fatty acid and 

incorporate it into various lipid species was evaluated at day 1, 4 and 7 in both 

culture systems. The nature of the radiolabel was determined in both the medium 
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(Figure 18) and with cells (Figure 19). During the radiolabeling time course, 

media samples were collected at 30 minutes, 1, 2 and 4 hours after the addition 

of [9,10-3H(N)]-oleic acid. Lipids were extracted and lipid classes were separated 

by TLC. 3H-oleic acid incorporation into lipid classes was quantified by liquid 

scintillation counting. Media from hepatocytes in 2D culture, in general, had 

higher 3H-oleic acid incorporation into esterified lipid species compared to media 

from the 3D culture (Figure 18). Overall, incorporation of 3H-oleic acid into 

esterified lipid species (i.e. PL, TG, CE) decreased over time in culture (from day 

1 to 7), in part as functionality of the cultures diminished, which supports the 

notion that primary human hepatocytes have finite functionality in culture.11-13 

Both culture methods showed the highest radiolabel content in the FFA fraction, 

likely due to 3H-oleic acid remaining in the radiolabeling media, and not taken up 

by the hepatocytes (data not shown). On the other hand, 3H-radiolabel appearing 

in media as esterified into lipid species (PL, TG, and CE) could only have 

resulted from the uptake of 3H-oleic acid in cells, enzymatic incorporation into 

lipid species, and then returned to the media by secretion.  

Radiolabeled PL in conditioned media on culture day 1 was similar for 2D 

and 3D systems. On day 4 of culture, 2D culture media had higher levels of 

radiolabeled PL compared to 3D (p=1.2E-4). However, on day 7 of culture, 

radiolabeled PL was higher in 3D cultures at 2 and 4 h of incubation (p=0.0054). 

2D cultures showed more radiolabeled TG than 3D on each day examined 

(p=0.026, 6.7E-8 and 0.0068, respectively). However, TG levels significantly 

changed over time only on day 1 of culture (p=9.4E-4). Radiolabeled CE 
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decreased over time on day 1 and day 7 of culture (p=2.5E-7, 9.8E-4, 

respectively). Additionally, conditioned media from 2D cultures on day 4 had 

significantly higher radiolabeled CE (p=0.0082), particularly 1 hour after 

introduction to radiolabeled media.  

Cellular Environment Dictates Cellular Fatty Acid Response 

3H-oleic acid incorporation into cellular esterified lipid fractions was also 

quantified for 2D versus 3D hepatocyte cultures. In general, 3H-oleic acid 

incorporation into cellular esterified lipids diminished with days of culture (Figure 

19, p<0.05). Hepatocytes cultured in 3D had higher levels of 3H-oleic acid 

incorporation into cellular PL on day 7 (p=0.0480) and CE species on day 1 and 

7 of culture (p=0.0395, 0.0190, respectively) compared to hepatocytes cultured in 

2D. Interestingly, 3D hepatocytes consistently had higher levels of non-esterified 

3H-oleic acid (FFA; p<0.01) in the cellular extract. In contrast, 2D cells 

incorporated more 3H-oleic acid into TG at culture day 1, which is consistent with 

other studies using 2D models.9 However, overall the hepatocyte 3H-oleic acid 

incorporation into cellular TG was not significantly different between culture 

methods. 

 
 



85 
 

 

 
Figure 18. Lipid secretion into the media from 2D and 3D cultured hepatocytes. Primary human 
hepatocytes were incubated with 3H-oleic acid and newly synthesized and secreted 
phospholipids (PL), triglycerides (TG) and cholesteryl esters (CE) into media was monitored 
over 4 hours on (A) 1 day, (B) 4 days, and (C) 7 days after culture. N=3 per time point. Results 
are mean ± standard error of the mean (SEM). Hepatocytes cultured for 1, 4, or 7 days in the 
2D or 3D systems were exposed to media containing 3H-oleic acid. Cell-free radiolabeled was 
assessed in media aliquots collected 30 minutes, 1 hour, 2 hours and 4 hours after incubation 
and lipids were extracted. The lipid extracts were separated by thin layer chromatography 
(TLC) and bands corresponding to PL, TG and CE were collected and quantified for 3H 
radioactivity by liquid scintillation counting (disintegrations per minute, DPM). Repeated 
measures ANOVA revealed significant changes over time and culture method (2D vs. 3D). 
Asterisks represent significant differences between 2D and 3D (p<0.05). 
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Figure 19.  Cellular lipid profile of 2D vs. 3D cultured hepatocytes. Hepatocytes cultured for 1, 
4 or 7 days in the 2D or 3D systems were exposed to media containing 3H-oleic acid.  The 
nature of the cell-associated radiolabeled fatty acid in primary hepatocytes was evaluated at 
the 4 hour time point of the radiolabeling time course. Specifically, cellular phospholipids (PL) 
(A), triglycerides (TG) (B), and cholesterol esters (CE) (C) were measured as well as 
unincorporated cellular FFA (D). (n = 3 per group). Results are mean ± standard error of the 
mean (SEM). Hepatocytes in 3D maintained higher levels of radiolabeled oleic acid as a FFA 
over 1 week of culture compared to hepatocytes cultured in 2D. Asterisks denote significant 
differences between 2D and 3D culture methods (p<0.05).   
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Hepatocytes in 3D Culture Successfully Released Radiolabeled Cholesterol  

3D liver constructs were pulse radiolabeled with 3H-cholesterol before 

stimulating its release with 2% plasma. We observed 3D liver constructs at 5 

days of culture secreted significantly more radiolabeled cholesterol in the 

presence of 2% plasma compared to 2% BSA (26.6% vs. 2.03%, respectively, 

p=0.0002, Figure 20A). This trend continued with day 7 liver cultures; we 

observed significantly more radiolabeled efflux from liver constructs stimulated 

with plasma compared to those stimulated with BSA (33.0% vs. 1.87%, 

respectively, p=0.0004). Lipids were extracted and separated using TLC. Of the 

secreted cholesterol species, we observed 56% was cholesteryl ester on day 5 

and 51% on day 7 (Figure 20B). This indicates that a significant portion of the 

cholesterol that was in the media was either being secreted in VLDL particles as 

CE, or was efflux onto HDL particles as FC with subsequent esterification to CE 

by lecithin:cholesterol acyltransferase, and not likely diffusion from the cells into 

the media. Importantly, conditioned media 3H-cholesterol distribution among 

lipoproteins was similar between days 5 and 7 (Figure 20C). Taken together, 

these results suggest that hepatocytes in 3D culture had similar cholesterol 

secretion on days 5 and 7 days in culture.  
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Figure 20. Cholesterol efflux from 3D cultured hepatocytes. Hepatocytes from 3D culture were 
radiolabeled with 3H-cholesterol for 24 hours after 5 and 7 days post culture. Results are mean 
± standard error of the mean (SEM). (n = 3 per group). (A) Hepatocytes were subsequently 
washed and incubated with 2% human plasma or 2% bovine serum albumin (BSA) to initiate 
efflux over a 4 hour time frame. Incubating hepatocytes with media containing 2% plasma 
resulted in significant radiolabeled cholesterol efflux compared to cultures incubated with 2% 
BSA alone. Overall, there were no significant differences between days 5 and 7 with respect to 
cholesterol efflux. (B) The proportion of radiolabeled cholesteryl ester in media was quantified. 
A majority of the cholesterol efflux from the organoids was recovered as cholesteryl ester on 
days 5 and 7. (C) Media from hepatocytes incubated with human plasma was fraction by fast 
protein liquie chromatography to determine 3H-radiolabel lipoprotein distribution. The 
distribution of hepatocyte conditioned media 3H-cholesterol among very low-density lipoprotein 
(VLDL), low-density lipoprotein (LDL), and high-density lipoprotein (HDL) was similar between 
days 5 and 7. 
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Discussion 

The liver is a vital organ regulating lipid biosynthesis and metabolism. 

Although 2D hepatocyte cultures have been traditionally used for lipid 

metabolism studies, they have limited functionality and often experience a 

decline in viability within a few hours or days of culture.12 With recent 

advancements in tissue engineering, 3D liver tissue constructs present the 

opportunity to further study lipid metabolism in a more physiologically relevant 

manner. In this study, we examined hepatic functionality in both 2D and 3D cell 

cultures and quantified (1) cell viability and morphology (Figure 13 and Figure 

14), (2) tight junction formation (Figure 16), (3) albumin production (Figure 17), 

(4) cholesterol efflux (Figure 18 and Figure 20), and (5) lipid esterification (Figure 

19 and Figure 20).  

In preliminary experiments, we observed that primary hepatocytes seeded 

onto a 2D coating of the HyStem®-HP hydrogel were unable to attach effectively 

and thus this method of culture was excluded from further experimentation. 

Similar to other studies,6,13,15,18-20 we demonstrated the superior viability in 3D 

cultures compared to 2D (~90% vs. ~60%, Figure 14).13 Hepatocytes cultured in 

3D were dispersed evenly throughout the entire construct (Figure 15) and were 

able to form more tight junctions, specifically Cx32, in comparison to 2D culture 

(Figure 16). Interestingly, OST-α was undetectable in both culture methods, 

perhaps due to low cell density, or the lack of other types of cells (e.g. stellate) 

present in native hepatic tissue. These findings are consistent with existing 

literature that states 3D cultures are able to improve cellular interactions, and 

subsequently increase viability.17  We also observed hepatocytes in 3D remained 
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spherical whereas some cells cultured in 2D presented the classic stressed flat 

morphology with filapodia (Figure 13). Taken together, the 3D hydrogel system 

displayed improved viability, and increased cell density and tight junction 

formation compared to the 2D collagen platform. Nevertheless, there remains a 

need for further optimization of the 3D hydrogel system to enhance these cell-cell 

interactions to more closely mimic in vivo liver cell organization, which would be 

expected to optimize cell function. 

From a functional standpoint, hepatocytes cultured in 2D and 3D were 

both able to produce albumin (Figure 17). While the 3D system trended towards 

higher albumin levels, we observed no statistically significant differences in 

albumin between culture methods when normalized to total DNA. This implies 

that the hepatocytes were still functional with respect to albumin production, 

regardless of culture method.   

In order to begin to evaluate lipid metabolism, hepatocytes were 

introduced to medium containing radiolabeled oleic acid to assess fatty acid 

uptake and incorporation into complex lipid species. Hepatocytes cultured in 

standard 2D had generally higher scintillation counts (i.e. more detectable fatty 

acids) in the media compared to that for 3D liver constructs. This difference could 

potentially due to the necessity of diffusion of solutes through the hydrogel that is 

present in the 3D system, but absent in the 2D system. In other words, 

hepatocytes cultured in 2D secreted lipoproteins directly into the media, whereas 

hepatocytes cultured in 3D secreted lipoproteins into the hydrogel matrix, 
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followed by slower diffusion and release of secreted lipoproteins into the 

surrounding media. 

Conditioned media from hepatocytes cultured in 2D exposed to 

radiolabeled [9,10-3H(N)]-oleic acid had higher levels of radiolabeled TG 

compared to hepatocytes cultured in 3D (Figure 18). These findings are 

consistent with several other studies which also demonstrate hepatocytes rapidly 

take up FFA and secrete TG.9 However, all of these studies used the standard 

2D culture and did not utilize 3D culture methods. Disparate findings from this 

study again illustrate the cellular environment and supporting structure can 

influence functionality, in this case, with respect to fatty acid lipid species.  

Additionally, although hepatocytes cultured in 2D demonstrated more 

cellular TG, it did not meet statistical significance. Interestingly, we observed 

higher levels of cellular radiolabeled PL, and CE, in 3D compared to 2D on day 7 

of culture (Figure 19). These higher levels suggest hepatocytes are able to take 

up 3H-oleic acid from the media and incorporate it into these lipid species for 

extended culture times in the 3D system compared to the 2D system (Figure 19). 

This suggests hepatocytes maintain functionality with respect to lipid metabolism 

for an increased duration of time when cultured in 3D, particularly with respect to 

esterification of fatty acids into complex lipid species.  

Future applications of this model include addressing polyunsaturated fatty 

acid (PUFA) metabolism and biosynthesis. PUFAs are elongated and 

desaturated from 18 carbon precursor PUFAs to long chain (i.e.≥ 20 carbon) 

PUFAs in hepatocytes, which are the main contributor to PUFA biosynthesis de 
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novo. Understanding 18 carbon PUFA metabolism is becoming increasingly 

important as higher levels of omega-6 PUFAs (i.e., 18:2 or linoleic acid) are 

consumed in the Modern Western Diet and gene-diet interactions in the PUFA 

metabolic pathway are associated with obesity and cardiovascular disease 

risk.36,37 These effects are often challenging to study in humans due to the 

complex physiology of PUFA metabolism in vivo, compounded by the lack of 

appropriate in vitro models to study gene-diet interactions with respect to 18 

carbon PUFA elongation and desaturation. The model presented in this paper 

could be applied to PUFA metabolism and further gene-diet interaction studies. 

As with all in vitro methods, there are limitations in the model we present. 

First, this model only used primary hepatocytes. Future tissue constructs could 

incorporate stellate and Kupffer cells to improve the viability and function of the 

3D liver tissue construct. Although these three cell types work with endothelial 

cells to form hepatic sinusoids, hepatocytes are the main cell associated with 

fatty acid synthesis and subsequent cholesterol packaging into lipoprotein 

particles and secretion. The co-culture of these three cell types together in the 

3D system will be an important future area of investigation as we continue to 

optimize the system. However, for our current investigations, hepatocytes are 

largely associated with lipid metabolism and therefore was an optimal choice for 

our investigations. Future investigations can now compare the effect, if any, of 

the other cell types in co-culture. 

Another potential weakness is the particular cell density we used. Twenty 

million cells per mL is considered high density in comparison to many 3D cell 
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culture systems. However, it is far below that of in vivo tissue. As such, this may 

place a restriction on the total number of cell-cell interactions that can take place. 

In future work, we aim to determine an optimal cell density that maximizes cell-

cell interactions, which may increase overall construct function. Additionally, this 

study only examined one type of 3D cultures using hydrogels. However, many 

other 3D culture models exist. For example, spheroids have often been utilized to 

study various hepatic functions. Specifically, Kozyra, et al. used spheroids 

containing only primary human hepatocytes to study steatosis and insulin 

resistance and demonstrated hepatocytes accumulate lipid droplets after 

exposure to high levels of free fatty acids, carbohydrates and insulin.19 

Interestingly, they found phospholipid composition of hepatic spheroids was 

downregulated compared to freshly isolated hepatocytes. This provides further 

evidence that the culture conditions have a direct influence on lipid metabolism. 

Likewise, Forsythe, et al, and Skardal, et al, have employed liver spheroids in 

environmental toxin screening and multi-organ drug interactions, respectively.17,22 

Finally, fatty acid and cholesterol secretion was difficult to quantify due to the 

hydrogel’s inherent physical properties and requiring diffusion through the 

hydrogel for the 3D cultures. However, future studies can be used to further 

optimize this platform. 

In conclusion, we demonstrated that the 3D hydrogel environment 

improves hepatocyte viability and overall function with respect to fatty acid 

metabolism and secretion. Care should be taken to ensure the proper culture 
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method and cellular environment are selected to collect relevant and appropriate 

data with respect to hepatic function and lipid metabolism.  
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Abstract 

The Modern Western Diet (MWD) has been associated with higher 

incidence rates of inflammatory diseases and disorders, such as obesity, 

diabetes, inflammatory bowel disease and cardiovascular disease. These 

associations have been linked to increased consumption of dietary omega-6 (ω-

6) polyunsaturated fatty acids (PUFAs). This is because ω-6 PUFAs, such as 

linoleic acid (LA), are metabolized into long chain (LC-)-PUFAs, including 

arachidonic acid (ARA), which are pre-cursors to several bioactive inflammatory 

metabolites, which can be responsible for the increased incidence of these 

various chronic diseases.  

The metabolic conversion of dietary LA to LC-PUFAs is predominantly 

regulated by two desaturases (D5 and D6), also referred to as FADS1 and 

FADS2 enzymes.  As a result, genetic variants near and within the fatty acid 

desaturase (FADS) cluster on chromosome 11 have been associated with 

varying degrees of metabolic conversion capacities. Out of the several genetic 

variants identified, single nucleotide polymorphism (SNP) rs174537 has been 

one of the strongest variants associated with D5 desaturase activity, which 

converts dihomo-g-linolenic acid (DGLA) into ARA. Individuals who are GG at this 

SNP are generally considered to be rapid metabolizers and display the highest 

ARA/DGLA ratios. While there are strong association studies with this SNP, it is 
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unclear how this genetic variant influences one’s response to varying diets. This 

is largely due to the difficulty in evaluating these processes in vivo and there are 

very few in vitro models appropriate for studying gene-diet interactions in 

humans.  

In this study, we aimed to study this gene-diet interaction, specifically 

focusing on SNP rs174537 and LA-enriched diet using a 3D tissue engineered 

liver platform. Primary human hepatocytes from individual donors were cultured 

in 3D hydrogels and exposed to LA enriched media. Hepatocytes treated with 

LA-enriched media had higher cellular levels of LA and ARA, and FADS1 

expression was higher within 4 hours post-LA exposure. The findings from this 

study indicate this model can be used to study gene-diet interactions with respect 

to PUFA metabolism when culturing primary human hepatocytes. 

 
Keywords:  PUFA, rs174537, linoleic acid, FADS, 3D cell culture, primary human 

hepatocytes 

 

Introduction 

The Modern Western Diet (MWD) has been associated with increased 

prevalence of metabolic disorders, including diabetes, obesity and cardiovascular 

or inflammatory disease.1-3 This has been largely attributed to the increasingly 

high intake of omega-6 (ω-6) polyunsaturated fatty acids (PUFAs) over the past 

few decades. Ingestion of soybean oil alone is estimated to have increased 

>1000-fold from 1909 to 1999, and is subsequently ~7% of the daily energy from 

the MWD.1 These tremendous increases in the intake of refined vegetable oils 
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within the MWD have subsequently resulted in the increased amount of essential 

ω-6 PUFA linoleic acid (LA, 18:2ω-6c).1,4-6  

LA is metabolized into long chain (LC-) PUFAs via the PUFA biosynthetic 

pathway, undergoing two desaturase and one elongation steps (Figure 3, Figure 

21A). While historically these enzymatic processes were considered to be equal 

in all individuals, genetic variants near and within the fatty acid desaturase 

(FADS) and elongase (ELOVL) genes have been shown to influence metabolic 

conversion capacities and ultimately circulating and tissue levels of PUFAs.1,7-10 

For example, single nucleotide polymorphism (SNP) rs174537 located 

downstream of FADS1 on chromosome 11 (Figure 21B) has been associated 

with the metabolic conversion capacity of dihomo-g-linolenic acid (DGLA, 20:3ω-

6) to arachidonic acid (ARA, 20:4ω-6), which is a surrogate for FADS1 enzymatic 

activity. Individuals homozygous with the major allele (i.e. GG) at this SNP 

display the highest ARA/DGLA ratio at steady state and are often considered 

“rapid metabolizers” of ω-6 PUFAs, compared to individuals homozygous with 

the minor allele (i.e. TT). In addition to the strong relationship with FADS1 

activity, this SNP has also been shown to be associated with several 

inflammatory diseases,11-13 and displays allele-specific methylation with CpG 

sites located within the FADS region.8,9 However, the exact mechanism by which 

this SNP impacts one’s response to diet, and the subsequent disease state, 

remains unknown. 
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Figure 21. The fatty acid desaturase enzymes are the rate limiting steps of the omega-6 
(w-6) PUFA pathway and are regulated by the FADS gene cluster on chromosome 11. A) 
Illustration of omega-6 (w-6) PUFA biosynthetic pathway. Linoleic acid (LA) is converted 
to g-linolenic acid (GLA) via the Δ-6 desaturase, which is then rapidly enlongated to 
dihomo-γ-linolenic acid (DGLA) and ultimately metabolized into arachidonic acid (ARA). 
The rate limiting steps for this w-6 PUFA pathway is considered to be the two desaturase 
steps.1,14  B) The FADS cluster on chromosome 11 contains several single nucleotide 
polymorphisms (SNPs) which have been associated with tissue and fatty acid levels; 
image from Howard and Rahbar.8,15 Specifically, genotype at SNP rs174537, downstream 
of FADS1, has strongly been associated with the ARA/DGLA ratio, or FADS1 activity.   
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The organ primarily responsible for regulating lipid and PUFA metabolism 

is the liver.14,16-24 Specifically, hepatocytes can sense and adapt to changes in 

dietary fat intake, where both the type and amount of fat ingested can alter 

hepatic lipid composition and gene expression.25 Evaluating the response of 

primary hepatocytes to varying PUFA diets has traditionally been conducted 

using two-dimensional (2D) cell cultures or animal models. Although these 

methods have been successfully used to examine lipogenesis and intracellular 

phospholipid composition,26 these approaches have inherent limitations. For 

example, 2D cell culture methods using primary hepatocytes are only viable for a 

few hours to days and the primary hepatocytes are often described as less 

functional in vitro compared to in vivo. The use of animal models or animal-

derived hepatocytes also are limiting in their ability to be translated to 

characterizing the human response. In fact, several pharmacology studies have 

resulted in promising results in rodent models, but were ultimately removed from 

the market due to toxicity or poor results in human studies.19,27-29 These results 

demonstrate rodent-derived samples do not behave similar to human-derived 

samples, and suggests models using human cell lines are needed to study 

human pathophysiology. Others have exploited human carcinoma cell lines, such 

as HepG2, but these hepatoma cells do not recapitulate the normal phenotype of 

healthy hepatocytes.30,31  Thus, better methods to investigate the human gene-

diet interactions are needed.  
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Recent studies have demonstrated significant improvements in hepatocyte 

function and viability when cultured in three-dimensional (3D) systems, creating a 

more in vivo-like environment.28,29,31-34 Specifically, spheroids or systems which 

utilize ECM-mimicking hydrogels have demonstrated prolonged viability and 

functionality for at least one month.19,31 We postulate that these 3D tissue 

engineered methods could be used to advance the study of gene-diet 

interactions when using patient specific hepatocytes/cells. 

Given genotype at rs174537 is associated with LC-PUFA metabolism and 

hepatocytes are largely responsible for de novo LC-PUFA synthesis, 

understanding genetic influences on hepatic LC-PUFA synthesis is important. 

However, no study to our knowledge has examined individual gene-diet 

interactions with respect to LC-PUFA biosynthesis using primary human 

hepatocytes in a 3D cell culture system. Herein, this study aimed to study these 

gene-diet interactions, specifically focusing on SNP rs174537 and a LA-enriched 

diet using a 3D tissue engineered hepatocyte platform. Primary human 

hepatocytes from individual donors were cultured in 3D hydrogels and exposed 

to LA enriched media. Our goal was to determine if allele-specific metabolic 

activity could be observed in our novel in vitro 3D liver construct and if this 

platform would be feasible for future gene-diet interaction studies. 

Materials and Methods 

Hepatocyte Procurement 

Healthy primary human hepatocytes from single Caucasian donors were 

obtained from Wake Forest’s Comprehensive Cancer Center Tumor Tissue and 
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Pathology Shared Resource (n=10). An additional two batches of hepatocytes 

were purchased from Lonza (Morristown, NJ). Because race and ethnicity have 

been previously shown to influence PUFA biosynthesis,4,10 this study was limited 

to Caucasian donors only. Hepatocyte donor demographics and information were 

provided by the vendor and are summarized in Table 2. Although most donors 

experienced traumatic deaths, samples were considered to be obtained from 

otherwise healthy individuals. All media, materials, and supplements were 

obtained from ThermoFisher Scientific (Waltham, MA), unless otherwise noted. 

Primary human hepatocytes were thawed using the vendor’s recommendations 

and counted using a hemocytometer and 0.04% Trypan Blue Stain 

(Cat#15250061). Constructs were immersed in 250 µl Williams-E media 

(Cat#12551032) supplemented with the Primary Hepatocyte Thawing and Plating 

Supplements (Cat#CM3000), using Alfa AesarTM lipoprotein-deficient fetal bovine 

serum (FBS, Cat#J65182). Media was changed daily; conditioned media was 

stored in 200 µl aliquots at -80°C until analysis. 

Table 2. Demographics of hepatocyte donors. All donors were Caucasian. 
Vendor Sample ID Gender Age BMI Genotype  

(rs174537) 
Gibco HU1456 Female 57 23 GT 

HU1882 Male 49 33 TT 
HU8205 Male 57 28 GG 
HU8230 Female 47 27 GG 
HU8232 Female 31 18 GG 
HU8235 Male 64 27 GG 
HU8251 Female 56 26 GG 
HU8257 Male 56 24 TT 
HU8276 Male 55 24 GT 
HU8289 Male 22 23 GG 

Lonza HUM180851 Male 47 29 GT 
HUM4242 Male 40 21 GG 
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3D Liver Construct Development  

Hepatocytes were seeded in a hyaluronic acid (HA)/gelatin-based 

hydrogel with a polyethylene glycol diacrylate (PEGDA) crosslinker (HyStem®-

HP, ESI-BIO, Alameda, CA) as previously described.27,29,31 This hydrogel was 

selected due to its ECM-mimicking properties and its ability to be modified 

relatively easily. Briefly, thiol-modified HA with heparin (Heprasil) were dissolved 

in sterile water containing 0.5% w/v of the photoinitiator 2-hydroxy-4’-(2-

hydroxyethoxy)-2-methylpropiophenone (Sigma), creating a 1% w/v solution. 

Thiolated gelatin (Gelin-S) and the PEGDA crosslinker were dissolved in 0.5% 

w/v of the same photoinitator, creating a 2% w/v solution. MilliporeTM ChemiconTM 

Human Plasma Fibronectin (Millipore Sigma, Cat#FC01010mg, Burlington, MA) 

was thiolated using a Novus BiologicalsTM thiolation kit and protocol (Cat#419-

0002, Littleton, CO), such that the resultant solution was 1mg/ml. Heprasil, Gelin-

S, Extralink, and the thiolated fibronectin were then mixed in a 2:1:1:1 ratio by 

volume, respectively. Solutions formed a transparent hydrogel when mixed 

together and was used to resuspend primary hepatocytes (20x106 cells/mL). 

Each liver construct contained primary human hepatocytes from individual 

donors. Liver constructs (10 µl) were seeded in a polydimethylsiloxane (PDMS)-

coated 48 well plate. To increase material stiffness, constructs were allowed to 

stabilize at 37°C for 30 minutes before they were submerged in 250 µl Williams-E 

media, and placed in an incubator at 37°C with 5% CO2. Hepatocytes from each 

donor were cultured in both media supplemented with LA (i.e. LA bound to 
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human serum albumin, “LA diet”) and vehicle control (i.e. human serum albumin 

alone, “Control”) for up to three days. 

Experimental Design & Treatment with LA diet 

To test the feasibility of exploiting the 3D liver constructs for the study of 

gene-diet interactions, cell culture media was supplemented with LA bound to 

human serum albumin (CSL Behring 44206-251-05; 12.5g human albumin in 

50mL buffered diluent, King of Prussia, PA, i.e. “LA diet”). LA was bound to 

albumin in this study because albumin-bound free fatty acids are a major source 

of fatty acids in the blood stream,35 and the interaction of albumin with 

hepatocytes is believed to promote free fatty acid uptake.36 LA was physically 

complexed to human albumin by modifying a protocol published by Belayev, et 

al.37 The resultant media was 50 µM LA in the “LA diet” group, and the “Vehicle 

Control” group contained equal volumes of human serum albumin alone, i.e. 4 µl 

per well. A complete description of the experimental design is provided in Table 

3. 

Table 3. Gene-diet experiment overview. Diet was introduced after hepatocytes were 
allowed to establish overnight in culture. Immediately prior to diet introduction (time=0) and 
at 0.5, 4 and 24 hours after diet introduction, 2 constructs were harvested for RNA extraction 
and subsequent gene expression analysis. Two more constructs were used for lipid 
extraction for fatty acid quantification (FAME) and protein content at each time point. 

Time (Hrs) 0 0.5  4  24 48 72  
LIVE/DEAD staining       
ATP assay for viability       
RNA extraction       
Cellular FAME       
Urea Quantification       
Protein Quantification       
FADS1/2 mRNA expression       
PPAR-α mRNA expression       
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LA was Introduced to Hepatocytes as Free Fatty Acids  

To identify which lipid fraction the LA was delivered into the system, fatty 

acids and complex lipids were assessed in both the Vehicle control and the LA-

diet media. Briefly, 25 µl of each media was subjected to a total lipid extraction 

using an acidified Bligh-Dyer method.38 This extract was fractionated into its 

complex lipids components by thin layer chromatography (TLC) separation on 

Silica Gel H plates (no binder; Analtech, Newark, DE) in a hexane/ether/acetic 

acid (80:20:1, v/v/v) solvent system. The lipid fractions were visualized under 

ultraviolet light after treatment of the plate with Primuline spray. Each fraction, 

namely, phospholipid, diglycerides, free fatty acids, triglycerides, and cholesterol 

esters, was scraped from the plate and added to a tube containing an internal 

standard (10 µg of triheptadecanoin, NuChek Prep, Elysian, MN), subjected to 

base hydrolysis, and the resultant fatty acids were derivatized to methyl esters 

(FAME). FAME were quantified using gas chromatography with flame ionization 

detection (GC-FID) and identified using a Hewlett Packard 7890 instrument 

system with an Agilent J&W DB-23 column (30 m, 0.25 mm ID, 0.25 µm film) 

fitted with an inert pre-column (1 m, 0.53 mm ID) for cool-on column injection as 

previously described.39 Total mass of fatty acids measured in the albumin-based 

media samples (i.e. Vehicle control and LA diet) were analyzed by lipid species 

and are summarized in Table 4. No significant differences between total fatty 

acid sums of phospholipid, diglycerides, triglycerides, and cholesterol esters 

were observed between the vehicle control and the LA diet media. However, 

significant differences between free fatty acids were observed between samples. 



111 
 

LA diet media had significantly higher mass (23.98 mg/dl) in the free fatty acids 

form compared to the vehicle control media (9.98 mg/dl), suggesting LA was 

delivered to the hepatocytes as free fatty acids in the media. 

Table 4. Linoleic acid (LA) was delivered to the liver constructs as free fatty acids. Media 
samples were separated by lipid species using thin layer chromatography (TLC). The mass 
differences between media within each fraction were analyzed using t-tests. N=2 for each 
fraction, with the exception of the cholesterol/ester fraction, which was limited to an n=1. 
Stearic acid and LA were selected as representative fatty acids between the media groups, in 
part because of their large volume in the media.  
Mass Fraction (µg) Control media LA media p-value 
Stearic acid    
Phospholipid 0.5415 0.5790 0.80 
Diglyceride 0.4390 0.3295 0.47 
Free fatty acid 0.9670 1.0790 0.41 
Triglyceride 0.3855 0.3370 0.86 
Cholesterol/ester 0.1470 0.2140 --- 
    
Linoleic acid (LA)    
Phospholipid 0.0575 0.1100 0.19 
Diglyceride 0.0325 0.0295 0.76 
Free fatty acid 1.8075 13.9050 5.8E-4 
Triglyceride 0.1250 0.0920 0.78 
Cholesterol/ester 0.1920 0.0240 --- 

 

Liver Construct Viability  

Viability of the tissue engineered liver constructs was qualitatively 

examined using the LIVE/DEAD Viability/Cytotoxicity Kit assay (Invitrogen, 

Cat#L3224, Carlsbad, CA) and quantitatively analyzed using an adenosine 

triphosphate (ATP) quantification kit, as previously described.33 For LIVE/DEAD 

analysis, liver tissue constructs were exposed to 2.0 µM calcein AM and 4.0 µM 

ethidium homodimer in a solution containing Dulbecco’s phosphate buffered 

saline (D-PBS):media (1:1 v/v), and allowed to incubate for 20 minutes at 37°C. 

Imaging of liver constructs was performed using a macro-confocal microscope 

(Leica TCS LSI, Leica, Wetzlar, Germany). For quantitative analysis, the 
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CellTiter-Glo® Luminescent Cell Viability Assay (Promega, Cat#G7571, Madison, 

WI) was utilized with a Synergy H1 microplate reader (BioTek Instruments, Inc., 

Winooski, VT). This assay uses a luminescent signal which is proportional to the 

amount of ATP present, which in turn is proportional to the number of active cells 

(i.e. primary human hepatocytes).  

Liver Construct Functionality  

Hepatic functionality was examined through a urea secretion assay 

(Quantichrom Urea Assay Kit, BioAssay Systems, Cat# DIUR-100), similar to 

other studies.28,31 Briefly, 50 µl of spent media was exposed to a chromogenic 

reagent, forming a colored complex with urea. The optical density of the color 

was directly proportional to the urea concentration of the samples. Samples (50 

µl) were analyzed in duplicate and optical density measured at 430 nm using a 

Synergy H1 microplate reader (BioTek Instruments, Inc.) and a standard curve. 

Urea concentration of the sample was calculated as [(ODsample)-

(ODblank)]/[ODstandard)-(ODblank)x5.  

Total Protein Quantification 

Total protein was quantified using the Pierce BCA Protein Assay 

(Cat#23225). Briefly, after fatty acids were extracted from the liver construct, 

cellular residue was dissolved using 0.1N NaOH for 48 hours. The resulting 

solution was stored at -20°C until further analysis using the Pierce BCA Protein 

Assay. Standard manufacturer’s protocols were used and each sample was 

analyzed in duplicate. Briefly, following a 30-minute incubation at 37°C, 

absorbance was read at 562 nm. Protein concentrations were determined using 
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a Synergy H1 microplate reader (BioTek Instruments, Inc.), and a standard 

curve.  

Cellular Fatty Acid Quantification 

Lipids were extracted from each liver tissue construct using 500 µl of 3:2 

hexane:isopropanol overnight.  The solvent was removed and evaporated under 

nitrogen before lipids were converted to FAME and quantified using GC-FID, as 

previously described.9,39 Samples were analyzed by GC-FID on a HP 7890 

(Agilent Technologies, Inc., Santa Clara, CA) with a DB-23 column as described 

above using triheptadecanoin (100 µg; NuChek Prep) as an internal standard. 

Fatty acids were cleaved from complex lipids and converted to methyl esters in 

duplicate samples when possible, utilizing a modification of the protocol 

developed by Metcalfe et al.40 and Sergeant et al.39 Fatty acids in samples were 

identified based on retention times of commercially available internal standards. 

Approximately 12-25 peaks were identified and accounted for >99% of the total 

fatty acids in the sample. Fatty acid data are presented as the total mass in 

sample (µg) normalized to protein content (mg). 

Lipoprotein-deficient FBS media (Alfa AesarTM, Cat#J65182)), which had 

on average 3.53 µg/200 µl total fatty acids, was used for all experiments. This 

media was used because of its tight control on fatty acid content. Unlike regular 

FBS (see Supplemental Table 1 with PUFA content), this lipoprotein-deficient 

FBS had no detectable PUFAs, with the exception of LA, was identified in 

unconditioned media which was constituted using the lipoprotein-deficient FBS.  
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Genotype at rs174537 

DNA was isolated from the hepatocytes utilizing standard molecular 

techniques.41 Briefly, DNA pellets were isolated, washed, and rehydrated in Tris-

EDTA buffer. DNA concentration was determined using a NanoDrop 2000/2000c 

Spectrophotometer. Next, single SNP genotyping was performed on rs174537 

using an ABI 7500 real-time PCR machine. The primers for this assay were 5′ 

Capture: 5′- ACGTTGGATGAGCACCATGTCTGCTGTGTG-3′; 3′ Capture: 5′- 

ACGTTGGATGAGCCCTGTCGCCCTGCAGAA-3′; Extend: 5′- 

ACGTCGCCCTGCAGAAGAGACAG-3′. 

Quantitative Real Time Polymerase Chain Reaction (qRT-PCR) 

Liver tissue constructs were harvested at baseline (i.e. prior to diet 

introduction), and 30 minutes, 4 hours and 24 hours post-diet introduction for the 

extraction of RNA (Table 3). Liver constructs were placed in 10X volume of 

RNAlater solution (Qiagen, Germantown, MD, Cat#76104). A homogenizer (Bio-

Gen PRO200, PROScientific, Oxford, CT) was used to lyse cells before RNA 

extraction using the RNeasy kit (Qiagen, Cat#74104) and manufacturer’s 

instructions. RNA was extracted and stored at -80°C. For gene expression 

analysis, RNA was reverse transcribed into cDNA using qScript Supermix 

(Quanta Bio, VWR, Radnor, PA, Cat#95048-100). Expression of FADS1, FADS2, 

and peroxisome proliferator-activated receptor alpha (PPARα) were conducted in 

duplicate and normalized to ribosomal protein S18 (RPS18). Relative abundance 

was quantified using the ∆∆ comparative threshold formula.42 Primers were 

purchased using the following ID from ThermoFisher: Hs01096545_m1, 
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Hs00927433_m1, Hs00947536_m1, Hs01375212_g1, respectively, and cDNA 

was amplified using TaqMan Gene Expression MasterMix (Cat#4369016). 

Expression analysis was performed using an ABI 7500 real-time PCR machine. 

All values were normalized to baseline (t=0) measurements. And since each 

donor experience a control and diet intervention, we were able to normalize to 

each person’s control culture to assess the effect of diet at each time point. 

Statistical Analysis 

Primary human hepatocytes were cultured from 12 individual donors. The 

data presented are mean ± standard error of the mean (SEM). All experiments 

were performed in duplicate when possible. Lipid species differences between 

diet medium as identified by TLC were analyzed using t-tests. Box-Cox power 

transformations (e.g. natural logarithm) were used to transform fatty acid 

variables as needed to meet distributional assumptions. To take into account 

levels of DGLA that were undetectable by GC-FID, the ARA/DGLA ratio was 

calculated by adding “1” to each fatty acid, such that the ARA/DGLA = 

[ARA+1]/[DGLA+1]. Given that each patient’s cells were exposed to control and 

LA diets, the effects of diet and time on cellular fatty acids were analyzed using a 

“repeated measures” analysis of variance (ANOVA) and used time=0 (baseline) 

as the referent point. Fatty acid and FADS1/2 expression group and genotype 

differences at each time point were analyzed using one-sided paired t-tests. 

Group differences on PPARα were analyzed using a two-sided paired t-test. All 

statistical analyses were conducted using SAS (v9.4, Cary, NC) or GraphPad 

Prism (v8.2, San Diego, CA) with a significance level of 0.05. No corrections for 
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multiple comparisons were conducted during this initial feasibility/demonstration 

study. 

Results 

Donor Demographics 

Demographics of hepatocyte donors are presented in Table 2. Due to 

ancestral differences in the allele frequency of rs174537 and its subsequent 

impact on circulating PUFAs and differing metabolic rates, this study was limited 

to Caucasians only.4,9,10  The donors were 75% male, with an average age of 48 

years and body mass index (BMI) of 25. Most of the donors experienced 

traumatic deaths and had no known history of any liver disease. Baseline cellular 

fatty acids of the donors are provided in Supplemental Table 2.  

50 µM LA Did Not Affect Hepatocyte Viability 

 LIVE/DEAD analysis demonstrated hepatocytes were maintained and 

viable (green-stained) in fibronectin-containing hydrogel (HyStem®-HP) for up to 

3 days. There were no noticeable differences in LIVE/DEAD staining between 

hepatocytes cultured in the vehicle control media vs. LA diet media, as illustrated 

in Figure 22. Viability was further confirmed quantitatively in a subset of liver 

constructs (n=3) using an ATP quantification assay. There were no significant 

changes in ATP levels over time and between groups (Figure 22).  
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Control  LA-diet  

   

 

Figure 22. Supplementation of media with 50uM linoleic acid (LA) does not negatively affect 
hepatocyte viability.  Representative LIVE/DEAD images taken on day 3 show healthy viability 
in control (left) and LA-treated liver constructs (right).  Live cells are marked as green and dead 
cells are marked by red nuclei. There was no significant difference in cell viability between 
groups at any time points based on luminescence measurements from the ATP quantification 
assay (n=3).  

 

Urea Concentrations were Consistent Between Groups 

Urea secretion into the media was used to quantify liver construct 

functionality over time. As anticipated, urea secretion reached baseline levels 

within 24 hours after diet introduction (dashed line, Figure 23). There were no 

significant differences in urea concentrations between the Vehicle Control and LA 

diet groups over the course of this study. Due to the rapid metabolism of fatty 

acids in hepatocytes cultured in 2D from previous literature,43 the remainder of 

the analysis is focused on the first 24 hours of culture. 
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Figure 23. Urea as a measure of hepatocyte functionality.  Urea concentration in the media 
was assessed using a colorimetric assay over the first 24 hours after diet introduction. Mean ± 
SEM are displayed. Urea levels reached normal levels (indicated by a dashed line) by 24 
hours. There were no significant differences in urea concentration between the control and LA 
diet groups at any time point (n=12).  

 

Cellular Saturated Fatty Acids Increase within 24 Hours of Diet Introduction  

Cellular fatty acids were extracted and analyzed as FAME. Overall, no 

differences in the composition of cellular LC-PUFAs or saturated fatty acids was 

detected between groups (i.e. Control vs. LA diet). However, the levels of several 

fatty acids changed over time (Figure 24). First, there were no significant group 

differences in cellular levels of any of the saturated fatty acids (e.g. palmitic 

stearic, and oleic acids). However, levels of palmitic acid levels trended towards 

an increase at 24 hours in both groups (p=0.08) (Figure 24A). Additionally, 

hepatocytes displayed a significant increase in cellular stearic acid (time 

p=0.0112) and reached levels of 1.3 ug/mg of protein at 24 hours after diet 

introduction (p=0.0149), ~2 fold increase compared to baseline values (Figure 

24B). Cellular oleic acid levels were restored to baseline levels within 24 hours in 

both groups (Figure 24C).  
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Figure 24. Cellular saturated fatty acid levels increase over time.  Cellular stearic acid levels 
increase within 24 hours, regardless of diet group. Effects of diet and time were analyzed using 
a repeated measures ANOVA with time=0 as the referent point. Differences at each time point 
were analyzed using paired t-tests. Mean ± standard of the mean (SEM) are displayed. (N=12 
per group). A) Palmitic acid levels nearly doubled at 24 hrs, but was not statistically significant 
(p=0.08). B) Stearic acid levels increased approximately 2 fold at 24 hrs in both the vehicle 
control and LA diet groups (p=0.0149). C) Oleic acid levels did not significantly change over 
time. There were no group differences between diet groups at any time point.  
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Cellular ω-6 LC-PUFAs Were Not Different Between Diet Groups 

Cellular levels of LA began to increase in the LA diet group after 4 hours, 

and continued to increase at 24 hours; these group differences at 4 hours and 24 

hours were statistically different (Figure 25A, p=0.0017 and p=0.0273, 

respectively). Investigating the downstream products of LA metabolism, DGLA 

levels were relatively consistent over time and did not demonstrate strong group 

differences (Figure 25B). However, ARA decreased over time (Figure 25C, 

p=0.0454). Similar to LA levels, ARA levels in the diet group were significantly 

higher at time=4 hours (p=0.0212), but this did not continue at time=24 hours 

(p=0.0645). Finally, we observed a gradual decline in the ARA/DGLA ratio 

(Figure 25D, p=0.07) over time, albeit relatively small. Again, the ARA/DGLA 

ratio was higher in the LA diet group at time=4 hours. Please note that 

ARA/DGLA ratios presented in Figure 25 have been mathematically transformed, 

as explained in the methods section. 
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Figure 25. The cellular composition of ω-6 PUFAs in hepatocytes decrease over time, 
regardless of diet.  Cellular lipids were extracted from 3D liver constructs and analyzed as fatty 
acid methyl esters (FAME). Mean and standard error of the mean (SEM) are reported. Overall 
differences between diets and over time were analyzed using repeated measures ANOVA 
using time=0 as the referent group. Differences between groups at individual time points were 
analyzed by paired t-tests. N=12 per group. A) Levels of linoleic acid significantly decreased 
over time (p=0.0197). LA levels in the LA diet group were significantly higher at 4 hours 
(p=0.0017) and 24 hours (p=0.0273). B) DGLA levels did not differ significantly over time or 
between diet groups (p=0.27, p=0.82, respectively). C) ARA levels significantly decreased after 
diet introduction (p=0.0454). ARA levels in the LA diet group were significantly higher at 4 
hours after diet introduction (p=0.0212). D) There was no statistically significant effect of time 
nor diet intervention on the ARA/DGLA ratio (p=0.07, p=0.67, respectively).  

 

0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0

24

LA

Time (Hrs)

m
as

s 
(µ

g)
/(m

g 
pr

ot
ei

n)

diet p-value: 0.42
time p-value: 0.0197

p=0.0273p=0.0017

0 1 2 3 4
0.00

0.02

0.04

0.06

0.08

24

DGLA

Time (Hrs)

m
as

s 
(µ

g)
/(m

g 
pr

ot
ei

n)

diet p-value: 0.82
time p-value: 0.27

p=0.1914p=0.0737

0 1 2 3 4
0.0

0.1

0.2

0.3

0.4

0.5

24

ARA

Time (Hrs)

m
as

s 
(µ

g)
/(m

g 
pr

ot
ei

n)

diet p-value: 0.66
time p-value: 0.0454

p=0.0645p=0.0212

0 1 2 3 4
1.0

1.1

1.2

1.3

1.4

1.5

24

ARA/DGLA

Time (Hrs)

m
as

s 
(µ

g)
/(m

g 
pr

ot
ei

n)

diet p-value: 0.67
time p-value: 0.0701

p=0.1250p=0.0081

A B

C D



122 
 

Genotype at rs174537 Affects Cellular ω-6 LC-PUFA Composition 

Given the strong effect of rs174537 on ARA and the ARA/DGLA within 

liver tissues8, the effect of genotype on the cellular composition of our cultured 

primary human hepatocytes, regardless of diet group, was investigated (Figure 

26). Similar to previous studies using hepatic and whole blood samples, levels of 

ω-6 LC-PUFA ARA (Figure 26A) and the ARA/DGLA (Figure 26B) were 

associated with rs174537 (p=9.5E-6 and p=2.1E-8, respectively). TT individuals 

had significantly lower levels of ARA at 30 minutes (p=0.0033) and 24 hours 

(p=0.0002). These trends were also replicated in the ARA/DGLA ratio (Figure 

26B). TT individuals had significantly lower ARA/DGLA ratios compared to G 

allele counterparts at all time points (p=0.0009, p=0.0247, p=8.5E-5, 

respectively). This is consistent with previous literature supporting an enhanced 

FADS1 dependent conversion of DGLA to ARA for individuals carrying the G 

allele in comparison to the homozygous minor (i.e. TT).5,44,45 Please note that 

ARA/DGLA ratios presented in Figure 26 have been mathematically transformed, 

as explained in the methods section. 

Next, the effect of diet and genotype was examined at time=4 and 

time=24, given those times were associated with differing cellular PUFA 

composition between groups (Figure 25). With respect to ARA levels (Figure 

26C), GT individuals in the diet group had increased levels at time=4 hours, 

whereas GGs did not see the effect of diet until time=24. Similarly, the 

ARA/DGLA was lower in the diet group at time=4 hours for GT individuals, and 

lower at time=24 for GG individuals (Figure 26D).  
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Figure 26. Genotype at rs174537 is strongly associated with cellular ARA and the ARA/DGLA 
ratio.  Cellular fatty acids were extracted from liver constructs and analyzed as fatty acid methyl 
esters (FAME). Effect of genotype and diet on cellular ω-6 PUFAs over time were assessed 
using repeated measures ANOVA. Mean ± standard error of the mean (SEM) are displayed. 
Panels A and B: Red circles denote GG genotype (n=14), blue squares signify the GT (n=6), 
and green triangles mark TT genotypes at rs174537 (n=4). A) Arachidonic acid (ARA) levels 
significantly decreased over time and were associated with genotype at rs174537. Specifically, 
individuals with the TT genotype at rs174537 had significantly lower cellular levels of ARA 
compared to the G-allele counterparts at t=30 minutes (p=0. 0033) and at 24 hours (p=0.0002). 
B) TT individuals had significantly lower levels of the ARA/DGLA at all time points (p=0.0009, 
p=0.0247, p=8.5E-5, respectively). Panels C and D: Red circles denote GG genotype (n=7), 
blue squares signify the GT (n=3), and green triangles mark TT genotypes at rs174537 (n=2). 
C) GG individuals in the LA diet group did not have higher ARA levels compared to control until 
time=24, but GT individuals had higher trending ARA levels at time=4. These trends carried 
over into D) the ARA/DGLA ratio. 
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PPARa Expression Levels Acutely Increase at 30 Minutes  

PPARα is a receptor that preferentially binds to saturated fatty acids, such 

as palmitic and stearic acid.46 However, it has also been shown to be induced by 

18-22 carbon PUFAs, such as LA.46 Expression of PPARα was examined at 

time=0.5 and 24 hours, using the ∆∆ comparative threshold formula, as 

previously described.42,47 Expression levels of PPARα were significantly higher at 

time=24 hours in the LA diet group (p=0.0369, Figure 27), specifically expression 

levels increased by ~50%. The association of genotype at rs174537 with PPARα 

expression levels was also evaluated, but was not statistically significant (data 

not shown). 

 
Figure 27. PPARα gene expression increased in LA-diet group. qRT-PCR and the ∆∆ 
comparative threshold formula was used to quantitate expression levels.42 Group differences at 
each time point were analyzed using paired t-tests. Mean ± SEM are displayed. N=6 for each 
group. PPARα expression levels were significantly higher at time=24 compared to control 
(p=0.0369). 

 

FADS1 Expression Increases in Response to LA 

 Expression of FADS1 and FADS2 genes were individually examined at all 

time points using one-sided paired t-test (Figure 28). At time=4 hours, expression 
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levels of FADS1 were statistically higher in the LA diet group compared to control 

(p=0.0102). No statistically significant differences in FADS2 was observed 

between diet interventions; the highest FADS2 expression occurred at time=24 

hours in the LA diet group (p=0.1048). 

 

 

Figure 28. FADS1 expression increases with acute exposure to LA.  Gene expression levels of FADS1 
and FADS2 were analyzed using qRT-PCR, quantified using the ∆∆ comparative threshold formula.42 
Differences between groups at each time point were analyzed using paired t-tests. Mean ± SEM are 
displayed. N=10 for each group. A) The FADS1 expression in liver tissue constructs was significantly 
higher at time=4 after the introduction of 50 µm LA into the media B) The highest dietary change in 
FADS2 expression was at 24 hours, but was not statistically significant (p=0.1048). 

 

rs174537 is Associated with FADS Gene Expression 

Effects of diet, time and rs174537 on FADS1/2 expression were examined 

(Figure 29A,B, respectively). Of note, TT individuals had higher FADS1 gene 

expression in comparison to G-allele counterparts at time=4 and 24 individuals. 

With respect to FADS2 expression in the diet group, GG individuals had higher 

FADS2 expression at time=0.5, whereas GT and TT individuals had lower 
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FADS2 expression compared to control. Additionally, dietary differences were 

higher at time=24 in both GG and TT individuals.  

 

Figure 29. FADS1 gene expression is dependent on diet and genotype at rs174537.  Gene 
expression levels of FADS1 and FADS2 were analyzed using qRT-PCR, quantified using the 
∆∆ comparative threshold formula.42 Differences between diet groups within each genotype 
and at each time point were analyzed using paired t-tests. Mean ± SEM are displayed. Red 
bars denote GG individuals (n=7), blue are for GT (n=3) and TT bars are for TT (n=1). Solid 
bars are used to mark the Control group and dashed bars denote the LA diet group. A) Within 
each genotype, the effect of diet was not significant at time=4 hours (p=0.1052, p=0.1065). B) 
The FADS2 expression levels were not statistically impacted by diet, but GG individuals had 
higher FADS2 expression in the LA diet group at time=0.5 and time=24 hours, though not 
statistically significant (p=0.2659, p=0.2484, respectively).  

 

Discussion 

The intake of ω-6 PUFAs in the MWD has greatly increased over the past 

few decades. It has been estimated that the rise of LA consumption from 

vegetable oils has increased at least 3-fold.6 This drastic increase in LA 

consumption has been associated with prevalence and risk of inflammatory 

disorders, namely, cardiovascular disease, obesity, asthma and other allergies.1-3  

Until recently, it was believed LC-PUFAs were metabolized at comparable rates 

between individuals. However, recent studies have identified SNPs which are 
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associated with varying rates of PUFA metabolism and biosynthesis. Of note, 

SNP rs174537 has a strong association with the ARA/DGLA in both tissue8 and 

circulating samples.9,48 However, studying gene-diet interactions (e.g. rs174537 

and MWD) in a human model is costly, and thus previous studies have relied on 

cell culture or animal models. Animal models do not always have the gene of 

interest, nor do the findings accurately translate from rodent studies to humans. 

Traditional cell culture with hepatocytes has been difficult due to decreased 

functionality (e.g. cytochrome p450 clearance) and viability. Subsequently, 

utilizing hepatocytes in 3D cell cultures have demonstrated increased 

functionality and viability.19,31  This study was conducted to 1) characterize fatty 

acid profiles of hepatocytes in a 3D liver construct, 2) determine if genotype at 

rs174537 impacts the fatty acid profile of hepatocytes in culture similarly to 

previous studies,9,48 and 3) demonstrate the feasibility of this 3D platform for the 

probing of gene-diet interactions.  

We demonstrated hepatocytes cultured in 3D had continued viability and 

functionality for up to three days in lipoprotein deficient media, as quantified as 

ATP luminescence (Figure 22). Cellular levels of saturated fatty acids: palmitic 

and stearic acids increased during the first 24 hours following diet intervention 

(Figure 24). This increase in cellular saturated and monounsaturated fatty acids 

coincides with an increase in PPAR-a gene expression at 24 hours (Figure 27), 

as well as an increase in select ω-6 LC-PUFAs (i.e. LA and ARA) in the diet 

group (Figure 25).  
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Hepatocytes fed LA did not have noticeably higher levels of cellular LA 

until 4 hours after diet introduction compared to the control group. We attribute 

this to be a result of a potentially a low dose of LA (i.e. 50 µM). LA content in the 

diet media was 40% LA, whereas the control media was only 10%. Although 

these levels are different, perhaps the diet media needed to have an even higher 

concentration (i.e. >50 µM) for dietary effects to greatly influence intracellular 

concentrations over one day. Additionally, stable isotope studies in humans of 

European descent suggest only a small portion of dietary LA (~0.2%) is 

converted to ARA, as stated by Hussein, et al.10,49 However, Hussein, et al. 

examined plasma levels of tracer over two weeks, and the present study focused 

on direct effects of manipulating fatty acid dietary intake on hepatocytes and 

subsequent fatty acid biosynthesis. Regardless, perhaps dietary differences 

would have been significant using a higher LA concentration in the diet 

intervention.  

The small differences in LC-PUFA levels observed between diets in this 

study could be a result of cellular transport proteins which are present in native 

tissue and co-culture models, but are absent in hepatocyte-only cultures. Fatty 

acid transport proteins (FATPs) are trans-membrane proteins which work along 

fatty acid translocase (FAT/CD36) to mediate fatty acid uptake and is more 

common than passive diffusion.35 Specifically, FATP2 and FATP5 have been 

shown to be highly expressed in liver tissue and facilitate LC-PUFA uptake 35,50 

Interestingly, both FATP2 and FATP5 knockout models using a 14C tracer in vivo 

demonstrated a 40% decrease in LC-PUFA uptake in isolated hepatocytes.50,51 
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Further, FATP5 is localized to the plasma membrane of hepatocytes the Space 

of Disse, which is the space which separates hepatocytes from the sinusoidal 

endothelial cells. Given the 3D liver construct only contained primary human 

hepatocytes, levels of FATP5 could have been markedly reduced compared to 

native tissue, which could have subsequently impacted LC-PUFA uptake.51 

Further studies are needed to evaluate these markers in this culture model. 

Limitations and Future Directions 

A limitation of this feasibility study was the investigation of PUFAs over the 

first 24 hours, with discrete time points. Future studies that evaluate the dynamic 

response to dietary changes could be of benefit, as well as studies that 

investigate more chronic and longer term exposures to varying diets. Fujiyama-

Fujiwara et. al. fed γ-linolenic acid (GLA, 18:3ω-6) to both freshly harvested rat 

hepatocytes and HepG2 cells (derived from a 15-year-old Caucasian male with 

hepatocellular carcinoma) cultured in 2D.43 They observed significant differences 

in hepatocyte response to PUFA supplementation with exposure time, especially 

within the first 15 minutes. They observed HepG2 cells exhibited significantly 

higher levels of DGLA/ARA, when hepatocytes were supplemented with GLA or 

DGLA. Given this rapid rate of biosynthesis in this 2D model, four hours was 

assumed to be sufficient to observe similar results in the 3D liver 

construct. However, like the present study, Fujiyama-Fujiwara also observed no 

increase in ARA levels when hepatocytes were incubated with LA.   

In this feasibility study, we focused on SNP rs174537, but we recognize 

that there are several other SNPs that may be interesting to study. In particular, 
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Pan et al. recently identified rs174557 as a possible functional SNP for 

FADS1,24 which lies within intron 1 of FADS1 is functional and lies with a 

POZ/BTB and AT hook containing zinc finger 1 (PATZ1) binding site which 

overlaps with a SP1 site. The common allele in most populations diminishes the 

binding of PATZ1, increasing the activation of SP1 binding to transcription factor 

SREBP1c, which then acts to regulate expression of FADS1. They too 

hypothesized increasing levels of LA in the MWD would lead to increased levels 

of ARA and downstream proinflammatory eicosanoids. While rs174537 and 

rs174556 are in LD, albeit not perfectly (D’=1.0, R2=0.76), further studies using 

this 3D tissue engineered model can be designed to better understand these 

gene-diet interactions. Additionally, other SNPs within the FADS cluster have 

been associated with FADS1 and FADS2 expression levels. For example, 

rs174548 has been suggested to be a potential functional SNP for both FADS1 

and FADS2; this SNP also appears to be in LD with rs175437 (D’=0.89, 

R2=0.70).1 In addition, rs174556 has displayed the highest correlation to FADS1 

expression in liver tissue samples in a mixed race cohort (n=154).14 

It should be noted this study did not look at protein expression of FATP2/5 

or CD36/FA translocase between groups or examine influences of diet over time. 

These proteins have been shown to increase fatty acid uptake by increasing 

intracellular esterification.52 Presence of these proteins can be identified using 

immunohistochemistry or Western blots. 

Additionally, this study only utilized 3D culture in an ECM-mimicking 

hydrogel. However, many other 3D culture models exist. Specifically Bell et al. 
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used spheroids to study drug-induced liver injury,19 and several others have 

employed spheroids in environmental toxin screening and multi-organ 

interactions.27,53 The cell density of 20 million cells/ml utilized in this study is 

considered high in comparison to other 3D cell cultures, however, it is not 

comparable to native tissue. Perhaps, future studies can further optimize the cell-

to-cell interactions which will consequently improve functionality of the liver 

constructs.  

Potential modifications to this platform include utilizing co-culture methods. 

The liver construct in this model only contained primary hepatocytes. In normal 

tissue in vivo, hepatocytes work closely with other cells, namely stellate, Kupffer, 

and endothelial cells. Together, these cells comprise the liver sinusoid, which 

enable hepatocytes to metabolize nutrients from both venous and arterial 

supplies. Future tissue constructs could incorporate these other cells to improve 

viability and function of the primary hepatocytes. However, out of these four cell 

types, hepatocytes are largely responsible for fatty acid synthesis de novo and 

were thus considered appropriate for this investigation. Future investigations 

could incorporate these other cell types to determine any effects of co-culture on 

fatty acid biosynthesis. Using co-culture methods have resulted in viable and 

functional 3D liver constructs for at least one month.19,31 Future goals include 

expanding this model to incorporate chronic gene-diet interactions over longer 

periods of time. 
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Supplemental Material 

 
Supplemental Table 1. Summary of fatty acids present in media.  Means and SEM 
are reported.  

 Control media 
(µg)/(200 µl) 

LA media 
(µg)/(200 µl) 

Myristic, C14:0 -- -- 
Palmitic, C16:0 1.31±0.23 0.97±0.13 
Stearic, C18:0 1.19±0.30 0.87±0.19 
Oleic, C18:1ω-9c 1.42±0.16 1.18±0.22 
LA, C18:2ω-6 0.60±0.01 2.39±0.09 
GLA, C18:3ω-6 -- -- 
ALA, C18:3ω-3 -- -- 
DGLA, C20:3ω-6 -- -- 
ARA, C20:4ω-6 -- -- 
EPA, C20:5ω-3 -- -- 
Adrenic, C22:4ω-6 -- -- 
DPA, C22:5ω-3 -- -- 
DHA, C22:6ω-3 -- -- 
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Supplemental Table 2. Summary of hepatic fatty acids, as identified as fatty acid 
methyl esters at baseline (i.e. prior to diet intervention). Mean and SEM are reported.  

 

Intracellular  
(µg)/(mg 
protein) 
(N=12)  

GG 
(µg)/(mg 
protein) 
(N=7) 

GT 
(µg)/(mg 
protein) 
(N=3) 

TT 
(µg)/(mg 
protein) 
(N=2) 

Myristic,  
C14:0 0.02±0.01 0.01±0.01 0.01±0.01 0.05±0.05 

Palmitic, 
 C16:0 0.98±0.09 0.98±0.12 0.84±0.16 1.21±0.19 

Stearic,  
C18:0 0.74±0.05 0.74±0.07 0.72±0.11 0.76±0.002 

Oleic,  
C18:1ω-9c 0.65±0.08 0.73±0.12 0.46±0.05 0.67±0.09 

LA,  
C18:2ω-6 0.78±0.07 0.77±0.10 0.75±0.18 0.86±0.20 

GLA,  
C18:3ω-6 0.02±0.01 0.01±0.01 0.05±0.05 -- 

ALA,  
C18:3ω-3 0.01±0.003 0.01±0.003 0.01±0.01 0.02±0.01 

DGLA,  
C20:3ω-6 0.05±0.01 0.04±0.01 0.04±0.02 0.07±0.002 

ARA,  
C20:4ω-6 0.42±0.04 0.44±0.04 0.46±0.13 0.32±0.09 

EPA,  
C20:5ω-3 0.01±0.004 0.01±0.01 0.01±0.005 0.01±0.01 

Adrenic,  
C22:4ω-6 0.001±0.001 0.001±0.001 -- -- 

DPA,  
C22:5ω-3 0.02±0.003 0.02±0.005 0.03±0.002 0.01±0.01 

DHA,  
C22:6ω-3 0.15±0.03 0.14±0.04 0.23±0.09 0.05±0.05 
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Abstract 

Background 

Genetic variants within the fatty acid desaturase (FADS) gene cluster 

(human chr11) are important regulators of long chain (LC-) polyunsaturated fatty 

acid (PUFA) biosynthesis in the liver and consequently have been associated 

with circulating LC-PUFA levels. More recently, epigenetic modifications such as 

DNA methylation, particularly within the FADS cluster, have been shown to affect 

LC-PUFA levels. Our lab previously demonstrated strong associations of allele-

specific methylation (ASM) between a single nucleotide polymorphism (SNP) 

rs174537 and CpG sites across the FADS region in human liver tissues. Given 

that epigenetic signatures are tissue-specific, we aimed to evaluate the 

methylation status and ASM associations between rs174537 and DNA 

methylation obtained from human saliva, CD4+ cells and total leukocytes derived 

from whole blood. The goals were to (1) determine if DNA methylation from these 

peripheral samples would display similar ASM trends as previously observed in 

human liver tissues and (2) evaluate the associations between DNA methylation 

and circulating LC-PUFAs. 

Results 

DNA methylation at six CpG sites spanning FADS1 and FADS2 promoter 

regions, and a putative FADS enhancer region were determined in two 

Caucasian cohorts of healthy volunteers: leukocytes in Cohort 1 (n=89, median 

age=43, 35% male) and saliva and CD4+ cells in Cohort 2 (n=32, median 

age=41, 41% male). Significant ASM between rs174537 and DNA methylation at 

three CpG sites located in the FADS2 promoter region (i.e. chr11:61594865, -
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876, -907) and one CpG site in the putative enhancer region (chr11:61587979) 

were observed with leukocytes. In CD4+ cells, significant ASM was observed at 

CpG sites chr11:61594876 and chr11:61584894. Genotype at rs174537 was 

significantly associated with DNA methylation from leukocytes. Similar trends 

were observed with CD4+ cells, but not with saliva. DNA methylation from 

leukocytes and CD4+ cells also significantly correlated with circulating omega-6 

LC-PUFAs.  

Conclusions 

We observed significant ASM between rs174537 and DNA methylation at 

key regulatory regions in the FADS region from leukocyte and CD4+ cells. DNA 

methylation from leukocytes also correlated with circulating omega-6 LC-PUFAs. 

These results support the use of peripheral whole blood samples, with leukocytes 

showing the most promise for future nutrigenomic studies evaluating epigenetic 

modifications affecting LC-PUFA biosynthesis in humans. 

 

Keywords: CD4+, saliva, leukocytes, whole blood, omega-6, PUFA, DNA 

methylation, rs174537, FADS 

Background  

Polyunsaturated fatty acids (PUFAs) play important roles in a wide variety 

of physiologic and homeostatic processes ranging from the biophysical 

properties responsible for cell membrane function and energy production, to an 

array of signaling events mediated by bioactive lipid metabolites.1,2  

Unsurprisingly, PUFAs play a critical role in a wide array of human diseases, 
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including cardiovascular disease,3-5 metabolic syndromes,6 and cancer.7,8 

Several genetic variants near and within the fatty acid desaturase (FADS) gene 

cluster (chr11: 61,540,615-61,664,170) are strongly associated with the capacity 

to convert 18 carbon dietary PUFAs to biologically-active long chain (LC-) PUFAs 

(i.e. ³20 carbons). Notably, a single nucleotide polymorphism (SNP) rs174537, 

residing ~15kb downstream of FADS1, displays a strong association (p<10-40) 

with the omega-6 (also referred to as w-6) LC-PUFA, arachidonic acid (ARA; 

C20:4w-6), and product to precursor ratios (e.g. ARA/DGLA, DGLA: dihomo-γ-

linolenic acid; C20:3w-6) measured in both whole blood and tissue 

specimens.6,9,10 This is particularly important because ARA is a precursor to 

numerous bioactive lipid metabolites including eicosanoids and 

endocannabinoids which can contribute to the development and progression of 

immune responses as well as acute and chronic inflammatory diseases. In 

addition to LC-PUFA levels themselves, genetic variation within the FADS cluster 

is associated with numerous human phenotypes, including inflammatory11 and 

cardiovascular disorders,12,13 insulin resistance,14 perinatal depression,15 atopic 

diseases,16-18 attention deficit disorder/hyperactivity, intelligence and memory in 

children.19,20 

The molecular mechanisms by which FADS genetic variants affect LC-

PUFA biosynthesis and overall LC-PUFA levels remain unclear. Expression 

quantitative trait loci (eQTL) mapping have shown that some FADS variation is 

associated with FADS gene expression levels.10,21 However, changes in FADS 

gene expression levels could occur in several ways, such as altering the 
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regulatory landscape (e.g., promoter or enhancer) of a gene, alternative RNA 

splicing, transcript degradation, or transcription of non-coding RNA. Additionally, 

epigenetic modifications such as DNA methylation or histone modifications can 

influence gene expression levels.22 DNA methylation is known to alter gene 

expression, especially when located in critically regulatory regions, such as a 

promoter or enhancer.22,23 We recently performed a genome-wide, allele-specific 

(GWAS) methylation (ASM) analysis with rs174537 to test the hypothesis that 

rs174537 is associated with DNA methylation levels in human liver tissues, since 

the liver is believed to be the primary organ for fatty acid biosynthesis.10,24 

Indeed, we observed significant associations between rs174537 and methylation 

at eight CpG sites, spanning the FADS1 promoter, a putative enhancer and 

FADS2 promoter region, all located in a 12kb regulatory region between FADS1 

and FADS2 genes.24  However, since DNA methylation is known to be highly 

tissue-dependent, the objective of this study was to determine if the strong ASM 

between rs174537 and these key CpG sites could be detected in easily 

accessible peripheral samples and biological fluids, such as saliva and whole 

blood. A secondary goal was to determine the associations between DNA 

methylation from these peripheral biological specimens and circulating PUFA 

levels. 

Materials and Methods 

Subject Recruitment and Sample Collection 

Healthy adult subjects (21-65 years old) were recruited by two 

mechanisms referred to as Cohort 1 and Cohort 2. Both studies were approved 
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by the Wake Forest School of Medicine Institutional Review Board (IRB#s 

00016822 and 00006156, respectively) and all participants provided written and 

informed consent for their respective study, as well as for future research use of 

their archived biospecimens. Exclusion criteria included diagnosis of major 

disease, such as diabetes, cardiovascular or inflammatory disease. Additionally, 

participants were excluded if they used tobacco products, fish or botanical seed 

oil supplements, or if they had received a tattoo or body piercing within 1 year of 

enrollment. Individuals with elevated fasting triglycerides (>150 mg/dl), fasting 

blood glucose (>125 mg/dl), resting blood pressure (>130/90) were also 

excluded. Participants had to be >50 kg and have BMIs between 19-30. 

Individuals who took nonsteroidal anti-inflammatory drugs (NSAIDs) or had a 

common cold required one and two week postponement, respectively. 

In Cohort 1, 89 subjects provided fasting whole blood samples collected in 

purple-top Vacutainer® tubes containing EDTA (Cat# 367861, Becton Dickinson, 

Franklin Lakes, NJ) and in a separate marbled red and gray Vacutainer® tube 

without an anti-coagulant (Cat# 367988). Total leukocytes in the EDTA blood 

tube were the source of DNA, which was extracted using standard molecular 

biology techniques as described in the Gentra Puregene Handbook, 3rd edition.25 

Serum was obtained by centrifugation of the second blood tube (i.e. no anti-

coagulant) and stored at -20°C for future fatty acid quantification.  

In Cohort 2, 32 subjects provided matched whole blood and saliva 

samples. Whole blood (180 ml) was collected in sterile, heparinized syringes. A 

small volume (5 ml) of blood was centrifuged (10 min at 1000 rpm) to isolate 
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plasma, which was subsequently frozen for future quantification of circulating 

fatty acids. The remainder of the blood was processed to isolate peripheral blood 

mononuclear cells (PBMCs).26 Briefly, a leukocyte-enriched suspension was 

obtained after mixing whole blood with Isolymph (Gallard-Schlesinger Industries, 

Carle Place, NY). PBMCs were recovered from fractionation over Isolymph after 

centrifugation. CD4+ cells were further isolated from PBMCs using positive 

selection with a MACS Miltenyi Biotec (San Diego, CA) CD4 MicroBeads 

(human) kit according to the manufacturer’s protocol. DNA was extracted from 

these CD4+ cells using standard molecular biology techniques.25 Matched saliva 

samples were collected in Cohort 2; after a water rinse of the mouth, subjects 

provided a saliva (~2 ml) using a DNA Genotek Oragene (OGR-500, Ottawa, ON, 

Canada) collection device. Saliva-derived DNA was extracted following the 

manufacturer’s standard protocol.  

Fatty Acid Quantification 

Total circulating (Cohort 1: serum, Cohort 2: plasma) fatty acids were 

assessed as fatty acid methyl esters (FAME) analyzed by gas chromatography 

with flame ionization detection (GC-FID) using a Hewlett Packard 5890 

instrument system with an Agilent J&W DB-23 column (30m, 0.25mm ID, 0.25µm 

film) fitted with an inert pre-column (1m, 0.53mm ID) for cool-on column injection 

as previously described.27 Independent experiments from our lab and others 

have shown that the fatty acid profiles of serum and plasma from anti-coagulated 

blood (heparin or EDTA) are comparable.28,29 Fatty acids were cleaved from 

complex lipids and converted to methyl esters in duplicate samples (100 μl) 
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utilizing a modification of the protocol developed by Metcalfe et al.30 and 

Sergeant et al.27  Fatty acids in samples were identified based on retention times 

of commercially available standards. Triheptadecanoin (100 µg; NuChek Prep, 

Elysian, MN) was used as an internal standard. Fatty acid peaks (23-29 peaks) 

were identified and accounted for >99% of the total fatty acids in the sample.  

Fatty acid data are presented as the mass percent of total fatty acids from serum 

(Cohort 1) or plasma (Cohort 2).  

Genotyping SNP rs174537 

Following DNA isolation and quantification, rs174537 genotyping was 

performed using the Sequenom iPLEX® genotyping system using manufacturer’s 

instructions (Sequenom, Inc., San Diego, CA) as previously described.10 Total 

leukocyte-derived DNA (for Cohort 1) and DNA derived from CD4+ cells (for 

Cohort 2) were used for genotyping.  

DNA Methylation Quantification   

The methylation status of DNA obtained from total leukocytes (Cohort 1), 

CD4+ cells, and saliva (Cohort 2) was assessed using pyrosequencing, as 

previously described.31  Based on our previous studies, DNA methylation was 

quantified at six key CpG sites between FADS1 and FADS2. These sites were 

previously identified to have strong ASM with rs174537 from liver tissues.10,24  

While our previous paper identified eight CpG sites, we were limited by sample 

material to analyze six out of the eight CpG sites in this paper. Specifically, we 

quantitated two CpG sites in the FADS1 promoter region (chr11:61584836 and 

chr11:61584894), one CpG site located within the putative enhancer region 
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between FADS1 and FADS2 (chr11:61587979, which is cg27386326), and three 

CpG sites in the FADS2 promoter region (chr11:61594865, chr11:61594876, and 

chr11:61594907).  

Briefly, genomic DNA obtained from each peripheral sample (1 μg; total 

leukocytes, CD4+ derived cells, and saliva) were treated with sodium bisulfite 

using the EZ 96-DNA methylation kit (Zymo Research, Irvine, CA) following the 

manufacturer's standard protocol.  To assay the cg27386326 CpG site, 

pyrosequencing with the cg27386326_04_PM assay was used with a PyroMark 

Q96 MD (Qiagen, Inc.; Germantown, MD). Custom primer sets were designed for 

the two CpG sites located in the FADS1 promoter region and three CpG sites in 

the FADS2 promoter region (Qiagen, Inc.). Methylation was then quantitated with 

Pyro Q-CpG (version 1.0.9; Biotage, Inc.). In total, six CpG sites were 

successfully quantitated each from the saliva, CD4+ and total leukocyte samples. 

Supplemental Table 3 provides a list of the primers and sequencing probes used 

to quantitate these sites. 

Statistical Analysis   

Means and standard deviations of percent DNA methylation measured at 

each CpG site and for each DNA source (i.e. leukocytes, CD4+ and saliva) were 

calculated and evaluated for statistical differences using Wilcoxon-Mann-Whitney 

tests. A Wilcoxon matched pairs signed rank test was used to evaluate 

differences between matched saliva- and CD4+ -derived DNA methylation levels 

in Cohort 2. DNA methylation from each CpG site was evaluated for an 

association with genotype at rs174537 using a linear regression model adjusted 
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for age and gender. Given that both cohorts were limited to Caucasians, no 

adjustments for race were made. Genotypes for rs174537 were coded for 

additive and dominant genetic models, relative to the T-allele. Due to limited 

individuals with TT genotype in Cohort 2 (i.e. n=2), the genotype comparisons 

were made between GG (homozygous dominant, referent group) and “GT/TT”. 

CpG site associations in the two cohorts were then analyzed. Bonjamini-

Hochberg False Discovery Rate (BH-FDR) p-values were calculated and 

reported along with the raw p-values. Significance was set at the 0.05 BH-FDR 

level. In Cohort 2, where matched saliva and CD4+ samples were obtained, we 

computed pairwise correlation analysis (Spearman correlations) to determine the 

level of association between DNA methylation from the two peripheral fluid types. 

Similarly, Spearman rank correlations were conducted to evaluate associations 

between circulating PUFAs and DNA methylation levels for each DNA source. All 

statistical analyses were conducted using commercially available software 

(STATA, SAS 9.4) and open source statistical software (R). 

Results 

A total of 121 Caucasian subjects were included in the analysis, 89 from 

Cohort 1 and 32 from Cohort 2. Both cohorts had similar age and gender 

distributions; albeit Cohort 2 lacked age information on one individual. The 

median age for Cohort 1 was 43 years with an interquartile range (IQR) of 30-53 

years. The median age for Cohort 2 was 41 years (IQR 27-55). Cohort 1 

consisted of 31 males (35%) and Cohort 2 included 13 males (41%).   



152 
 

Means and standard deviations of percent DNA methylation measured at 

each CpG site and for each DNA source (i.e. leukocytes, CD4+ and saliva) are 

presented in Table 5. Pyrosequencing of CD4+ cell DNA was not successful in 

some samples due to low sample volume, as indicated by the number missing in 

Table 5. DNA methylation levels from the CpG sites located in the FADS1 and 

FADS2 promoter regions were generally higher in DNA derived from CD4+ cells 

compared to that obtained from total blood leukocytes and saliva (Table 5). In 

fact, DNA methylation levels at CpG sites located in the putative enhancer and 

FADS2 promoter regions derived from CD4+ cells were significantly higher than 

their matched saliva counterparts (denoted by α in Table 5). Interestingly, DNA 

methylation at the CpG site located in the putative enhancer region (i.e. 

chr11:61587979 (cg27386326)) was highest in DNA extracted from total blood 

leukocyte samples. DNA methylation levels quantified from total leukocytes at 

this CpG site was comparable to the levels obtained from liver tissue specimens, 

as previously published.10,24 Consistently, the degree of DNA methylation was 

significantly different between DNA sources, as seen in Table 5. 
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Table 5. Summary of percent DNA methylation at each CpG site for DNA extracted from total 
leukocytes (Cohort 1), CD4+ cells and saliva (Cohort 2). Means ± standard deviations are 
reported. The number missing in CD4+ cells are a result of insufficient DNA volume for 
pyrosequencing. DNA methylation levels measured in Cohort 2 (i.e. CD4+ and saliva) were 
significantly different compared to DNA methylation derived from leukocytes in Cohort 1, as 
indicated by asterisks (p<0.05). Significant differences between matched saliva and CD4+ 
samples in Cohort 2 are denoted by α. 

  Cohort 1 
(N=89) 

Cohort 2 
(N=32) 

 CpG Site Total 
Leukocytes 

CD4+ Saliva  

   # Missing  

FA
D

S
1 

Pr
om

ot
er

 chr11:61584836 4.93 ± 0.90 7.61 ± 1.53α* N=7 8.59 ± 2.17* 

chr11:61584894 11.48 ± 2.39 39.66 ± 4.33* N=7 25.84 ± 10.74* 

Pu
ta

tiv
e 

En
ha

nc
er

 
R

eg
io

n  

chr11:61587979 
(cg27386326) 81.22 ± 7.84 68.71 ± 

24.20α* N=2 53.94 ± 15.67* 

FA
D

S2
  

Pr
om

ot
er

 

chr11:61594865 11.80 ± 4.21 30.90 ± 9.33α* N=6 23.41 ± 8.26* 

chr11:61594876 12.46 ± 4.51 34.82 ± 9.33α* N=6 23.94 ± 9.12* 

chr11:61594907 12.71 ± 4.93 38.60 ± 
12.89α* N=2 16.86 ± 7.18* 

 

Correlations between saliva and CD4+ -derived DNA methylation at CpG sites in 

FADS2 promoter region  

Using paired samples from Cohort 2, we observed DNA methylation from 

saliva-derived DNA significantly correlated to CD4+ derived DNA, particularly at 

CpG site chr11:61594865 located in the FADS2 promoter region (rho=0.435, 

p=0.026), indicating DNA methylation in CD4+ cells explain approximately 20% 

of the variation in DNA methylation in saliva.  Thus, these data indicate there is a 

modest shared and significant independent DNA methylation variation in these 

two sources of DNA within the same individual. Notably, the degree of DNA 
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methylation was consistently lower in DNA derived from saliva samples 

compared to DNA derived from CD4+ cells for CpG sites evaluated in this study 

(Table 5). 

Allele-specific methylation detected in DNA derived from leukocytes and CD4+ 

cells with SNP rs174537 and CpG sites in the FADS2 promoter region 

To assess the association of rs174537 with the methylation status of the 

six selected CpG sites, a linear regression was computed, adjusting for age and 

gender for each DNA source. We observed significant ASM between DNA 

methylation quantitated from the total leukocytes at three measured CpG sites 

across the FADS2 promoter and one CpG site in the putative enhancer region 

(Table 6). In particular, three CpG sites located in the FADS2 promoter region 

(i.e. chr11:61594865, -876, and -907) exhibited the strongest ASM associations 

with rs174537 based on the FDR p-value<0.05 in leukocyte-derived samples 

(Table 6). DNA methylation levels at CpG site (chr11:61587979, also known as 

cg27386326) in the putative enhancer region also displayed significant ASM in 

leukocyte-derived samples (Table 6). In CD4+ cells, we observed significant 

ASM with rs174537 and CpG sites chr11:61584894 (located in FADS1 promoter) 

and chr11:61594876 (located in FADS2 promoter) (Table 7). No significant ASM 

associations were observed (FDR>0.05) for the human saliva specimens.  
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Table 6. Significant ASM associations with rs174537 in leukocyte-derived samples from Cohort 1. 
Genetic trend test adjusted for age and gender revealed significant ASM associations (*FDR p-
value<0.05) with DNA methylation quantitated from whole blood-derived total leukocytes. 

 
Location CpG site Estimate Std. Err. R2 

Raw  
p-value 

FDR  
p-value 

FADS1 
promoter 

chr11:61584836 0.001 0.002 0.03 4.83E-01 4.83E-01 
chr11:61584894 -0.010 0.005 0.07 6.08E-02 7.29E-02 

       
Putative 
Enhancer 
Region 

chr11:61587979*  
(cg27386326) 0.038 0.016 0.07 2.54E-02 3.80E-02 

       
FADS2 
promoter 

chr11:61594865* -0.029 0.009 0.14 9.29E-04 1.86E-03 
chr11:61594876* -0.047 0.008 0.27 3.07E-07 9.20E-07 
chr11:61594907* -0.051 0.009 0.27 2.52E-07 9.20E-07 

 

 
Table 7. Significant ASM associations with rs174537 in CD4+cell-derived samples from Cohort 2. 
 Genetic trend test adjusted for age and gender revealed significant ASM associations (*FDR p-
value<0.05) with DNA methylation quantitated from whole blood-derived CD4+ cells. 

 
Location CpG site Estimate Std. Err. R2 

Raw  
p-value 

FDR  
p-value 

FADS1 
promoter 

chr11:61584836 -0.009 0.007 0.19 1.91E-01 3.18E-01 
chr11:61584894* -0.050 0.016 0.37 6.78E-03 3.70E-02 

       
Putative 
Enhancer 
Region 

chr11:61587979  
(cg27386326) 0.052 0.087 0.06 5.57E-01 6.40E-01 

       
FADS2 
promoter 

chr11:61594865 -0.075 0.037 0.33 5.33E-02 1.78E-01 
chr11:61594876* -0.101 0.034 0.43 7.46E-03 3.70E-02 
chr11:61594907 -0.069 0.044 0.35 1.31E-01 2.88E-01 
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Closer examination of DNA methylation derived from total blood 

leukocytes (Figure 30A) demonstrated significant genotypic effects and marked 

differences in DNA methylation levels across genotype consistent with an 

additive genetic model at all three CpG sites within the FADS2 promoter region. 

Individuals with the GG genotype at rs174537 had the highest mean level (± 

standard error) of DNA methylation at CpG site chr11:61594876 (15.06±0.66%), 

followed by GT (11.31±0.58%) and TT (7.93±0.89%), illustrated in Figure 30A. 

Similarly, for CD4+ cells (Figure 30B), we observed significantly higher DNA 

methylation levels in individuals with GG genotype at rs174537 (39.58±1.74%) 

compared to GT/TT individuals (31.34±2.59%). No significant genotypic effects 

on percent DNA methylation derived from saliva (Figure 30C) were observed. 

 

Figure 30. Allele-specific methylation with rs174537 and CpG site (chr11:61594876) located in 
the FADS2 promoter region. Mean±SEM are displayed, along with the spread of raw data. 
Percent DNA methylation from A) Leukocytes (Cohort 1), B) CD4+ cells (Cohort 2), and C) 
Saliva (Cohort 2). Asterisks represent statistically significant genotypic differences (p<0.05) 
using a linear regression model adjusted for age and gender. For Cohort 2, GT/TT were 
combined due to limited sample size. 

 

For the CpG site chr11:61594907, DNA derived from total blood 

leukocytes again demonstrated the strongest effect of genotype on methylation 

(Figure 31A). Like before, individuals homozygous with the G allele (i.e. GG at 

rs174537) exhibited the highest levels of DNA methylation compared to those 
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carrying the T allele (i.e. GT and TT, p<0.05). This is not surprising, since all 

three CpG sites (i.e. chr11:61594865, -876 and -907) located in the FADS2 

promoter region displayed significant ASM in the leukocyte samples. However, 

we observed no significant genotypic effects on percent DNA methylation derived 

from CD4+ cells (Figure 31B) or saliva (Figure 31C) at this site, though there 

appears to be a trend for the additive model in this small cohort. We attribute the 

weaker statistical significance in ASM relationships from Cohort 2 (i.e. saliva and 

CD4+ cells) at this site to the limited and smaller sample size (N=32), with only 

two TT subjects. It should also be noted that there was some degree of 

collinearity between DNA methylation levels at these three CpG sites (i.e. 

chr11:61594865, chr11:61594876 and chr11:61594907). Interestingly, significant 

ASM was observed in both leukocytes and CD4+ cells CpG site chr11:61594876 

located in the FADS2 promoter region.  

 

 
Figure 31. Allele-specific methylation with rs174537 and CpG site (chr11:61594907) located in 
the FADS2 promoter region. Percent DNA methylation from A) Leukocytes (Cohort 1), B) CD4+ 
cells (Cohort 2), and C) Saliva (Cohort 2). Asterisks represent statistically significant 
differences (p<0.05) using a linear regression model adjusted for age and gender. For Cohort 
2, GT/TT were combined due to limited sample size. Mean±SEM are displayed. 

 

Lastly, CD4+ cells displayed significant ASM between rs174537 and a 

CpG site in the FADS1 promoter region (chr11:61584894), with GG genotype 
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being associated with the highest level of DNA methylation (Figure 32). Despite 

showing similar trends, this behavior was not statistically significant in leukocyte 

or saliva based samples. 

 
 
Figure 32. Allele-specific methylation with rs174537 and CpG site (chr11:61584894) located in 
the FADS1 promoter region. Percent DNA methylation from A) Leukocytes (Cohort 1), B) CD4+ 
cells (Cohort 2), and C) Saliva (Cohort 2). Asterisks represent statistically significant 
differences (p<0.05) using a linear regression model adjusted for age and gender. For Cohort 
2, GT/TT were combined due to limited sample size. Mean±SEM are displayed. 

 
These results are in agreement with our previous studies that 

demonstrated DNA methylation at CpG sites in the FADS2 promoter region was 

significantly associated with genotype at rs174537 in human liver tissues.10,24 In 

addition, genotype at rs174537 is associated with the level of circulating w-6 LC-

PUFAs specifically ARA and ARA/DGLA ratio, in both plasma and serum, which 

is consistent with previous published studies9,31,32 (Supplemental Figure 1). 

DNA methylation from leukocytes and CD4+ cells correlate with circulating w-6 

LC-PUFAs and ARA/DGLA ratio  

Total serum (Cohort 1) and plasma (Cohort 2) fatty acid levels were 

determined and are summarized as percent totals in Supplemental Table 4. 

Given that these were healthy volunteers, no significant difference in circulating 

fatty acids were observed between study cohorts. In fact, these fatty acid levels 
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were similar to those reported by Lee et al., who measured serum fatty acid 

levels in 310 Caucasian men.33  

In general, we observed that CD4+ cell-derived and leukocyte-derived 

DNA methylation levels in the FADS2 promoter region were good indicators of 

circulating w-6 LC-PUFA levels. Specifically, DNA methylation all three CpG sites 

in the FADS2 promoter (chr11:61594865, -876, and -907) were inversely 

associated with circulating DGLA levels (Figure 33). The strongest correlations 

were between DNA methylation from CD4+ cells at CpG site (chr11:61594876) 

located in the FADS2 promoter region and circulating DGLA levels (Figure 33). 

Higher DNA methylation levels were associated with lower circulating DGLA 

levels (rho=-0.60, p=0.0013, Figure 33). This relationship between DNA 

methylation from leukocytes (Cohort 1) and CD4+ cells (Cohort 2) and circulating 

DGLA levels was consistent in all three CpG sites in the FADS2 promoter (i.e. 

chr11:61594865, -876, and -907).  

This relationship is flipped when comparing DNA methylation to circulating 

ARA/DGLA ratio (Figure 33). Higher DNA methylation levels were associated 

with higher ARA/DGLA ratios. Again, this behavior was consistent at all three 

CpG sites in the FADS2 promoter region (chr11:61594865, -876, and -907) with 

DNA derived from total blood leukocytes (Cohort 1) and CD4+ cells (Cohort 2), 

as illustrated in Figure 33. 
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Figure 33. Significant associations between DNA methylation at CpG site chr11:61594876 
located in the FADS2 promoter region and circulating ω-6 LC-PUFAs. Spearman correlations 
with rho and p-values reported. Individuals with GG genotype at rs174537 are illustrated by red 
circles, GT blue squares, and TT green triangles. 

 

Discussion 

In this study, we successfully quantitated the methylation status of six key 

CpG sites located across the FADS region from DNA derived from human saliva, 

CD4+ cells and total leukocytes. Highly significant ASM between rs174537 and 

DNA methylation were observed in leukocyte-derived samples at all three CpG 

sites in the FADS2 promoter region. These findings are consistent with previous 

reports of ASM with DNA methylation from human liver tissues.10,24 Specifically, 

DNA methylation from leukocytes demonstrated the strongest genotypic 



161 
 

differences compared to CD4+ cells and saliva. Whole blood derived samples 

(i.e. leukocytes and CD4+ cells) also exhibited strong associations with levels of 

the circulating w-6 LC-PUFA, DGLA and w-6 LC-PUFA product to precursor 

ratios (e.g. ARA/DGLA). This latter parameter measures the efficiency by which 

DGLA is converted to ARA through the FADS1 (delta 5 desaturase) step. 

Altogether, the data from this study demonstrate the feasibility of using easily 

accessible whole blood derived samples to quantitate DNA methylation and 

probe for epigenetic modifications and ASM associations impacting LC-PUFA 

biosynthesis. 

This study builds upon previous data from our lab and emerging literature 

by others supporting the notion that SNPs, such as rs174537, and other SNPs in 

high linkage disequilibrium (LD), and dietary PUFAs can impact the epigenetic 

regulation of LC-PUFA biosynthesis in humans.3,5,10,21,24,31,32,34-38 The CpG sites 

located in the FADS2 promoter region demonstrated not only significant ASM, 

but also displayed strong associations with circulating plasma and serum ω-6 

LC-PUFAs. Interestingly, the methylation status of these CpG sites and others 

located in the FADS2 promoter region have been shown to be affected by dietary 

changes. Specifically, Hoile et al. observed significant changes in DNA 

methylation at chr11:61594876 and chr11:61594907 (FADS2 promoter region; 

noted as Transcription Start Site (TSS) -806 and -775, respectively in Hoile et al. 

paper) in response to modest omega-3 (w-3) fatty acid supplementation in the 

form of w-3 LC-PUFAs (i.e. EPA: eicosapentaenoic acid, 20:5w-3, DPA: 

docosapentaenoic acid, 22:5w-3, docosahexaenoic acid (DHA, 22:6w-3)) or olive 
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oil.34 In that study, w-3 LC-PUFA supplementation induced an increase in 

methylation at chr11:61594876 (i.e. TSS -806 in Hoile et al. paper) in males, but 

no significant change in females. Contrastingly, DNA methylation at 

chr11:61594907 (FADS2 promoter region) increased in females post w-3 LC-

PUFA supplementation, whereas males experienced a decrease in methylation 

at this site.34 Most importantly, they observed significant associations between 

the DNA methylation status and mRNA transcript levels, irrespective of gender or 

dietary supplement. Notably, methylation status at CpG sites chr11:61594876 

and -907 (TSS -806 and -775 from Hoile et al. paper) were negatively associated 

with the level of FADS2 transcript, suggesting some level of epigenetic regulation 

of these genes.34 

In a similar rodent study, increasing maternal fat intake was associated 

with increasing methylation levels within the Fads2 region (up to 20%) in hepatic 

tissue.39 Further, Fads2 mRNA expression levels correlated negatively with 

methylation status, such that higher maternal fat intake was associated with 

lower Fads2 mRNA expression levels in the rodent offspring, regardless of sex. 

Thus, epigenetic regulation of Fads2 could contribute to both short- and long-

term PUFA biosynthesis. In the current study, we found chr11:61594876 to show 

great promise as a candidate for further investigation as it demonstrated 

significant ASM with rs174537 in both leukocyte and CD4+ samples, while 

adjusting for age and gender. DNA methylation at this site also demonstrated 

significant associations with circulating w-6 LC-PUFAs levels. Importantly, there 

was some collinearity in the level of methylation between CpG sites 
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chr11:61594876 and chr11:61594907, thus further investigation is needed to 

determine the mechanism by which these CpG sites sense dietary changes and 

influence FADS2 gene expression.  Finally, outside of the FADS2 promoter 

region, we observed significant ASM only in CD4+ cells at chr11:61584894, 

located in the FADS1 promoter region. While this behavior was similar in 

leukocytes, it was not replicated with statistical significance. 

In general, DNA methylation derived from blood leukocytes in Cohort 1 

were significantly associated to circulating w-6 LC-PUFAs; the strongest 

correlations were observed with DGLA and the ARA/DGLA ratio. No statistically 

significant associations between DNA methylation and circulating w-3 LC-PUFAs 

were observed in our study cohorts, potentially due to hypomethylation of CpG 

sites located in the FADS1 and FADS2 promoter regions and relatively low levels 

of circulating w-3 LC-PUFAs due to the fasting nature of subjects in our study 

cohorts. While we did not observe associations with w-3 LC-PUFAs, other 

investigators have demonstrated significant associations between w-3 LC-PUFA 

EPA and w-6 LC-PUFA ARA levels with global DNA methylation.35,40 Tremblay et 

al. demonstrated significant changes in DNA methylation levels (derived from 

blood leukocytes) following a w-3 PUFA supplementation diet.36 In a clinical trial 

of mild to moderate Alzheimer’s disease patients, Karimi et al. found that 

increasing levels of EPA, but not DHA, were associated with decreased 

methylation from DNA obtained from blood leukocytes, regardless of cognition 

scores or gender.35 Further, Silva-Martinez et al. reported that ARA exposure 

results in an increase in global DNA methylation levels in human THP-1 
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monocytes.37 Therefore, more work is needed to determine how epigenetic 

modifications and specifically which CpG sites are most associated with dietary 

exposure of w-3 vs. w-6 LC-PUFAs. This is particularly important as we try to 

develop methods to monitor the inherent capacity of individuals to convert dietary 

18 carbon PUFAs found in high concentrations in the modern Western diet to 

biologically-active LC-PUFAs based on both genetic variation and dietary 

exposure. Ideally, such methods would utilize DNA from easily accessible cells or 

tissues, demonstrated by us and these studies. Additionally, the use of total 

leukocytes and CD4+ cells for quantitating epigenetic modifications may allow 

one to further investigate the mechanisms by which dietary PUFA exposure 

impacts inflammatory processes is various disease states. 

While this study confirmed significant ASM with CpG sites in the FADS2 

promoter region, we should not overlook the FADS1 promoter region and other 

genes that may regulate PUFA biosynthesis. Hypomethylation of CpG sites in the 

FADS1 promoter region, as observed in this study, may play an equally important 

role in regulating FADS gene expression and enzyme activity. We also recognize 

that other genes and regions involved in LC-PUFA biosynthesis, such as ELOVL, 

may be susceptible to epigenetic modifications influencing PUFA biosynthesis 

and metabolism. For example, methylation levels at two CpGs located in the 

distal promoter region of the histone deacetylase 4 (HDAC4) gene have been 

previously shown to be inversely associated with ARA in adult males.37,40  

Another limitation of this study is that only site specific DNA methylation was 

quantitated and both cohorts were limited to Caucasians. Future studies should 
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consider evaluating changes in histone modifications in addition to DNA 

methylation at a global level, since histone modifications are more dynamically 

responsive to environmental changes and to recruit more diverse racial/ethnic 

populations. Lastly, future epigenetic wide association studies may be helpful in 

identifying other key regions that may impact epigenetic regulation of PUFA 

metabolism and biosynthesis in humans. 

Conclusions 

In summary, we observed significant ASM between SNP rs174537 and 5 

out of the 6 selected CpG sites across an important FADS regulatory region. The 

strongest ASM was detected between rs174537 and the methylation status of 

three CpG sites located in the FADS2 promoter region, from leukocyte samples. 

This study replicates previous findings of strong ASM with rs174537 in other 

human tissues (including liver) and illustrates the importance of SNPs such as 

rs174537 and those in high LD with it on revealing the epigenetic landscape of 

key regulatory regions within the FADS genomic region in humans. Furthermore, 

we observed significant associations between circulating w-6 LC-PUFAs and 

DNA methylation quantitated from CD4+ cells and leukocytes. These data 

support the use of such peripheral and accessible samples for future nutrition 

and diet studies (e.g. nutrigenomics) to study the impact of dietary PUFA 

exposure on epigenetic regulation of PUFA biosynthesis and metabolism. Further 

work is needed to elucidate the specific mechanisms by which dietary PUFAs 

influence the FADS genomic landscape in humans and how they influence 

inflammation and disease. 
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Supplemental Material  

Supplemental Table 3. List of primers and sequencing probes for DNA methylation quantification 
via pyrosequencing. 

 

CpG Site Primers 

FADS1 
Promoter 

chr11:61584836 
 

PCR: 5’- 
AGAGGTAAATAGGGTTATAAAAATTGTG-3’; 3’-
CCTCCAAAATTAAAAACTACTACCTACTTA-5’ 

chr11:61584894 
 

 
Sequencing: 
AGTTTTTTTTTAATTAATTATTAAGT 
(Custom order from Qiagen) 

Putative 
Enhancer 
Region 

chr11:61587979 
(cg27386326) 

PCR and Sequencing primer sets:  
Commercially available from Qiagen (Cat# 
PM00609672) 

FADS2  
Promoter 

chr11:61594865 
 

PCR: 5’-
ATTGAGTTTATTGAGATTAGGGTAAGG-3’; 3’-
ACTTTAAACCCTCTAATCAAACAATCTT-5’ 

chr11:61594876  
Sequencing: CCTCTAATCAAACAATCTTAAAA 
(Custom order from Qiagen) 

chr11:61594907  
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Supplemental Table 4. Summary of plasma and serum fatty acids. Medians and IQR reported. 
Definitions of SFAs, MUFAs, PUFAs and w-3/w-6 ratios are provided at the bottom of the table. 

% Fatty Acid 
Overall 

 
(N=121) 

Cohort 1 
(Serum, fasting) 

(N=89) 

Cohort 2 
(Plasma, fasting) 

(N=32) 
Myristic, C14:0 0.76 (0.64, 0.99) 0.74 (0.58, 0.99) 0.82 (0.67, 1.14) 
Palmitic, C16:0 21.45 (20.16, 23.09) 21.90 (20.54, 23.48) 20.71 (19.85, 21.85) 
Palmitoleic, C16:1 1.62 (1.26, 2.18) 1.51 (1.21, 2.14) 1.68 (1.42, 2.26) 
Stearic, C18:0 7.73 (7.11, 8.37) 7.92 (7.41, 8.55) 7.11 (6.64, 7.60) 
Oleic, C18:1w-9c 19.15 (17.42, 20.89) 19.28 (17.72, 21.04) 18.48 (17.24, 20.54) 
LA, C18:2w-6 33.95 (31.34, 36.85) 34.26 (32.11, 37.07) 32.47 (30.07, 35.89) 
GLA, C18:3w-6 0.38 (0.26, 0.57) 0.33 (0.21, 0.45) 0.61 (0.44, 0.76) 
ALA, C18:3w-3 0.57 (0.48, 0.70) 0.55 (0.48, 0.66) 0.64 (0.54, 0.84) 
DGLA, C20:3w-6 1.54 (1.21, 1.83) 1.42 (1.17, 1.71) 1.76 (1.49, 1.95) 
ARA, C20:4w-6 6.56 (5.52, 8.32) 6.31 (5.28, 7.82) 8.64 (7.15, 9.48) 
EPA, C20:5w-3 0.45 (0.35, 0.76) 0.43 (0.33, 0.76) 0.53 (0.38, 0.80) 
Adrenic, C22:4w-6 0.21 (0.15, 0.27) 0.18 (0.13, 0.22) 0.27 (0.23, 0.34) 
DPA, C22:5w-3 0.37 (0.28, 0.55) 0.34 (0.25, 0.47) 0.56 (0.48, 0.63) 
DHA, C22:6w-3 1.25 (0.97, 1.58) 1.18 (0.81, 1.51) 1.47 (1.19, 1.80) 
Fatty acid ratios and sums   
w-3/w-6 0.28 (0.24, 0.39) 0.29 (0.24, 0.39) 0.28 (0.24, 0.40) 
SFAs 30.09 (28.66, 32.71) 30.68 (28.98, 33.03) 28.83 (27.49, 29.87) 
MUFAs 21.12 (19.38, 23.09) 21.16 (19.35, 23.09) 20.89 (19.71, 23.28) 
PUFAs 46.87 (42.95, 49.04) 46.51 (42.75, 48.24) 48.20 (45.15, 49.61) 

w-3=EPA+DPA+DHA;     w-6=ARA+Adrenic 
SFAs = myristic (14:0) + pentadylic (15:0) + palmitic (16:0) + stearic (18:0) + arachidic 
(20:0) + behenic (22:0) acids 
MUFAs = myristoleic (14:1) + palmitoleic (16:1) + heptadecenoic (17:1) + elaidic 
(18:1w9t) + oleic (18:1w9c) + euricic (22:1) acids 
PUFAs = LA + GLA + ALA + DGLA + ARA + EPA + Adrenic + DPA + DHA 
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Supplemental Figure 1. Genotype at SNP rs174537 is associated with circulating w-6 LC-
PUFAs. Serum (Cohort 1) and plasma (Cohort 2) ω-6 LC-PUFA levels are illustrated as 
mean±SEM. A) %DGLA, B) %ARA, and C) ARA/DGLA ratio. Asterisks represent statistically 
significant differences between genotypes (p<0.05). 
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Abstract 

Traumatic brain injury (TBI) is a leading cause of death and disability in 

people under 45. TBI pathophysiology involves interactions between multiple 

inflammatory and metabolic pathways. Omega-3 polyunsaturated fatty acids 

(PUFAs) such as docosahexaenoic acid (DHA) have been shown to provide 

neuroprotective benefits by minimizing neuroinflammation in rodents. However, 

these effects have been less convincing in humans. We postulate fatty acid 

desaturase (FADS) gene variants influencing PUFA metabolism in humans could 

contribute to these disparate findings. Therefore, this study sought to (1) 

characterize the circulating PUFA response and (2) evaluate the impact of 

rs174537 on inflammation following TBI. 

A prospective, single-center, observational study was conducted to collect 

blood samples from Level-1 trauma patients on admission and at 24 hours post-

admission. Plasma was used to quantify PUFA levels and inflammatory 

cytokines. DNA was extracted and genotyped at rs174537 in 77 self-reported 

Caucasians. Associations between PUFAs and inflammatory cytokines were 

analyzed for all trauma cases (N=130) and stratified by TBI (TBI: N=47; non-

TBI=83) and rs174537 genotype (GG: N=33, GT/TT: N=44). 
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TBI patients had higher plasma DHA levels compared to non-TBI at 24hrs 

post injury (p=0.013). The SNP rs174537 was associated with both PUFA levels 

and inflammatory cytokines (p<0.05). Specifically, TBI patients with GG 

genotype exhibited the highest plasma levels of DHA (1.33%) and IL-8 (69.36 

pg/ml), which were in turn associated with poorer outcomes. These data illustrate 

the impact of rs174537 on the post-TBI physiologic response. Further work is 

needed to ascertain how this genetic variant directly influences inflammation 

following trauma. 

 

KEYWORDS: TBI, inflammatory cytokines, FADS, rs174537, omega-3 fatty 

acids  

 

Introduction 

Trauma is the most frequent cause of death among individuals under 45 

years of age. In particular, traumatic brain injury (TBI) is the main contributor to 

early trauma-related fatalities. Out of the 1.7 million annual TBI events in the 

United States, approximately 50,000 individuals die within hours of hospital 

admission.1-5 In 2014, trauma-related incidents were estimated to pose an 

economic burden of $671 billion dollars in medical expenses and subsequent 

loss of productivity.6,7 Given the high fatality and financial burden, there is an 

imperative need to improve our current management and treatment of TBI 

patients. 

The current dogma for treating TBI focuses on the prevention of the 

deleterious secondary injury profile which occurs days to months following injury. 
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This injury profile is characterized by complex and dynamic changes in 

neurotransmitters, metabolic exchange, ionic flux, inflammation, lipid peroxidation 

and thrombogenic pathways leading to neuronal cell death.5,8 A hallmark of the 

secondary injury profile is the shift in glutamate levels resulting in an acute period 

of hyper-glycolysis followed by hypo-metabolism and neuroinflammation.4,9-19 

While there is an extensive literature on the glutamate metabolic shifts after 

TBI,5,10-12  less is known about the role of fatty acids and lipid metabolism 

following TBI. In fact, our knowledge of the molecular and cellular mechanisms 

contributing to the secondary injury profile and elevated neuroinflammation after 

TBI in humans are limited. 

Polyunsaturated fatty acids (PUFAs) have been long recognized to play a 

vital role in brain development and overall brain health, especially during prenatal 

and early childhood years.13,15,19-26 There has been a growing interest in studying 

the impact of PUFAs on the brain in later stages of life, particularly within the 

context of TBI. Recent reports have highlighted the importance of both 

endogenous and dietary PUFAs, particularly omega-3 (ω-3) long chain (LC-) 

PUFAs, such as eicosapentaenoic acid (EPA, 20:5ω-3) and docosahexaenoic 

acid (DHA, 22:6ω-3) for TBI recovery. These LC-PUFAs are an integral part of 

neuronal membrane phospholipids and have several anti-inflammatory effects in 

numerous pathophysiological conditions.13,15,21,22,26,27 For example, several 

rodent studies have demonstrated the importance of DHA supplementation in 

reducing axon structural damage and secondary oxidative stress, thus limiting 

the extent of neural apoptosis and cognitive dysfunction.13-18,24,25,28,29 DHA as a 
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TBI therapeutic is believed to mediate neuroprotective effects while stimulating 

both growth and repair.13,18,28 

Despite these promising findings in rodent models, the impact of ω-3 

PUFAs in humans has been less conclusive. While individual patients have 

benefitted from ω-3 LC-PUFA supplementation post-TBI,18 clinical studies have 

not demonstrated a universal benefit of ω-3 LC-PUFA supplementation to reduce 

inflammation following injury. We postulate there are two potential contributors to 

these disparate findings: (1) the role of LC-PUFAs in humans after TBI is neither 

well characterized nor understood, and thus its use has not been optimized, and 

(2) variants within fatty acid desaturase (FADS) genes that code for the rate-

limiting enzymatic steps in LC-PUFA biosynthesis impact LC-PUFA levels in 

different individuals, and this variability may confound the human response.  

Saturated and monounsaturated fatty acids can be synthesized within the 

brain, but LC-PUFAs are thought to be mainly supplied as free fatty acids or LC-

PUFA-containing lyso-phospholipids utilizing passive diffusion or fatty acid and/or 

lyso-phospholipid (Mfsd2a) transporters at the blood brain barrier.25 Over the past 

20 years, several single nucleotide polymorphisms (SNPs) and haplotypes 

specific to humans have been shown to be highly associated with LC-PUFA 

biosynthesis and consequently their circulating and tissue levels. For example, 

the SNP rs174537 is strongly linked to altered FADS1 activity in humans, 

resulting in differential quantities of both ω-6 and ω-3 LC-PUFAs, arachidonic 

acid (ARA, 20:4ω-6) and DHA levels, respectively. There are also major racial 

and ethnic differences in levels of both ω-6 and ω-3 LC-PUFAs, which have been 
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attributed to marked differences in allele frequencies.30 Importantly, this SNP is 

also associated with increased PUFA-derived eicosanoids and downstream 

inflammatory pathways.31  

Herein, we sought to (1) characterize levels of circulating PUFAs following 

TBI and (2) evaluate the impact of rs174537 on quantities of PUFAs as well as 

biomarkers of inflammation post-TBI. We hypothesized that TBI patients would 

present with an altered circulating LC-PUFA profile compared to non-TBI 

patients. Additionally, we proposed that rs174537 would not only influence the 

LC-PUFA profile, but also significantly impact the acute inflammatory response 

following TBI and resultant patient outcomes.  

Materials and Methods 

Patient Population and Sample Collection 

A prospective observational study (December 2015-October 2016) was 

conducted to obtain blood samples from Level 1 trauma patients (N=133, 

Supplemental Figure 2) upon admission to Wake Forest Baptist Medical Center’s 

(WFBMC) Emergency Department (ED) and again 24 hours post-admission, 

under delayed consent (IRB#00035364). The Internal Review Board (IRB) at 

WFBMC allowed for delayed consent to be obtained for all study participants 

within 48 hours of ED admission. While all patients enrolled in this study (N=130) 

consented to biomarker analysis, only a subset consented to genetic analysis 

(N=100). Inclusion criteria included all adults receiving care at WFBMC who were 

≥18 years with a weight > 50 kg and with Level 1 trauma activation. Exclusion 

criteria included pregnant women, <18 years old, those in police custody, and 
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those who experienced a stroke (N=3). TBI was initially defined as head 

Abbreviated Injury Scale (AIS) score of ≥3 (N=39), which is consistent with 

existing trauma literature.32 However, we observed noteworthy patterns in the 

circulating fatty acid response in subjects who had intracranial bleeds with a 

head AIS score of 2 (N=8). Therefore, these additional 8 subjects with a head 

AIS score of 2 and intracranial bleed were also designated as TBIs (N=47). All 

reported analyses were completed using this stratification. Supplemental Figure 

2 illustrates the enrollment and TBI stratification of patients for this prospective 

study.  

A total of 20-25 mL of blood was collected from each enrolled subject in 

citrate and EDTA Vacutainer® blood collection tubes (Cat. #363083, #367856, 

Becton Dickinson, Franklin Lakes, NJ) at admission and 24 hours later. All blood 

samples were immediately processed: samples were centrifugally separated and 

aliquoted into plasma, red blood cells and buffy coat components for storage at -

80°C for future analyses. 

Clinical Data  

Patient demographics and relevant clinical data including admission vitals 

(e.g. systolic blood pressure (SBP), diastolic blood pressure (DBP), heart rate, 

and respiratory rate), clinical labs (e.g. complete blood count (CBC), base deficit, 

lactate) and patient outcomes were extracted from Wake Forest Baptist’s 

electronic medical record. The trauma registry was used to extract injury score 

metrics, including Glasgow Coma Scale (GCS), AIS scores for all regions (based 

on AIS 2005–update 2008 version), and Injury Severity Scores (ISS).  In addition, 
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patient outcomes such as complications, morbidity, mortality and length of stay 

(LOS) were documented. This also included days in the intensive care unit (ICU) 

and number of days requiring ventilator support (VENT). 

Genotype at SNP rs174537 

DNA was isolated from the citrated buffy coat samples utilizing standard 

techniques similar to the process detailed by Hester et al.31 Briefly, DNA pellets 

were isolated, washed, and rehydrated in Tris-EDTA buffer before determination 

of DNA concentration using a NanoDrop 2000/2000c Spectrophotometer 

(ThermoFisher, Inc., Waltham, MA). Following isolation, single SNP genotyping 

was performed on rs174537. Sequencing was performed using an ABI 7500 real-

time PCR machine (ThermoFisher, Inc.). The primers for this assay were 5′ 

Capture: 5′- ACGTTGGATGAGCACCATGTCTGCTGTGTG-3′; 3′ Capture: 5′- 

ACGTTGGATGAGCCCTGTCGCCCTGCAGAA-3′; Extend: 5′- 

ACGTCGCCCTGCAGAAGAGACAG-3′. 

Plasma Fatty Acid Quantification  

Plasma fatty acids from extracted fatty acid methyl esters (FAME) were 

measured by gas chromatography and flame ionization detection (GC-FID). 

FAME were prepared in duplicate plasma samples of 100 µl following a protocol 

previously outlined by Metcalfe et al.33 and Sergeant.34 Tripheptadecanoin (100 

μg; triglyceride of C17:0, NuChek Prep, Elysian MN) was included in the samples 

as an internal standard. FAME were analyzed on an Agilent J&W DB-23 column 

(30 m × 0.25 mm ID, film thickness 0.25 μm) using an HP 7890 GC-FID (Agilent 

Technologies, Inc., Santa Clara, CA). Approximately 28 fatty acids were routinely 
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identified which accounted for >99% of the fatty acid peaks. For this study, only 

LC-PUFAs were analyzed; data is reported as the percent of total fatty acids. 

Plasma Biomarker Quantification  

Using a multiplex assay, plasma collected in EDTA tubes was used for the 

quantification of various key inflammatory cytokines, neuronal injury, matrix 

metalloproteinases (MMPs), and glycocalyx and glycoprotein biomarkers using a 

customized multiplex Luminex® kit from R&D Systems (Cat. No. 

LXSAHM/QT72619, Minneapolis, MN): levels of tumor necrosis factor (TNF)-α, 

interleukins (IL) IL-1β, IL-4, IL-6, IL-8, IL-10, tau, enolase-2, syndecan-1 and 

syndecan-4 were analyzed in this study. Plasma samples were diluted 1:4 and 

analyzed using the protocol recommended by the manufacturer. Samples that 

exceeded the detection range of the assay were further diluted and rerun as 

needed to ensure a coefficient of variability (CV%) of <15%. Samples were 

analyzed on a Luminex® 100 plate reader (Austin, TX). Biomarker 

concentrations (pg/ml) were calculated by comparison to appropriate standard 

curves.   

Enzyme-linked immunosorbent assays (ELISAs) were used to quantify 

levels of glial-fibrillary acidic protein (GFAP) concentrations from plasma (Cat. 

No. DY008, R&D Systems). Standard manufacturer’s protocols were followed 

and biomarker concentration was measured using a BioTek ELx800 plate reader 

(Winooski, VT) and a standard curve. Samples were diluted 1:1.   
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Statistical Analysis 

Medians and interquartile ranges (IQR) are reported for all tabular and 

graphical results. Categorical variables were analyzed using chi square or 

Fisher’s Exact tests for contingency tables, and Kruskal-Wallis tests were 

employed for comparison of continuous variables between injury groups. 

Extreme outliers were Windsorized to the closest cluster of data. Box-Cox power 

transformations (e.g. square root, natural logarithm) were used to transform 

variables as needed to meet distributional assumptions. Differences between 

plasma biomarkers (i.e. fatty acids and biomarkers) at each time point between 

TBI and non-TBI groups were compared using linear regressions adjusted for 

age, gender and race. Injury group and time additive effects on PUFA levels 

were analyzed using repeated measures general estimating equations (GEE1) 

models, adjusted for age, gender and race; the model assumed the identity link, 

autoregressive 1 (AR1) correlation structure, and used the robust variance 

estimator for statistical tests. 

Relationships between circulating fatty acids and inflammatory cytokines 

were analyzed using Spearman correlations. Logistic regression models adjusted 

for age and gender were used to determine effects of TBI and genotype at 

rs174537 on mortality. All statistical analyses were conducted using SAS (v9.4, 

Cary, NC) with a significance level set at a=0.05. Multiple comparisons were 

analyzed with respect to LC-PUFAs with consideration for Bonferroni adjustment 

for the number of tests using a p-value of 0.125. To adjust for multiple 

comparisons, principal component analysis was performed for the measured 
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inflammatory cytokines. In regards to the inflammatory and neural biomarkers, 

the first eight components accounted for 92% of the variance, thus a p-value 

<0.00625 was considered significant.  

Results 

Patient Population 

A total of 130 Level 1 trauma patients were enrolled and consented into 

the prospective observational study; 83 were designated as non-TBIs and 47 

were TBIs. Overall, the trauma population had a median age of 48 years and 

consisted of predominantly white males (Table 8). No statistically significant 

differences in patient demographics or admission vital signs were observed 

between non-TBI and TBI groups. However, subjects with TBI exhibited 

significantly lower GCS values (3 vs. 15, p=4.7E-8) and higher ISS (27 vs 10, 

p=2.4E-9), which are indicative of more severe injuries. Consequently, subjects 

from the TBI group had worse clinical outcomes compared to the non-TBI group. 

Subjects with TBI, on average, experienced more days in the ICU (5 vs. 2), more 

days requiring mechanical ventilation (3 vs. 0), longer LOS (10 vs. 4 days), and 

had significantly higher mortality rates (34% vs. 16%), all statistically significant 

(p<0.05) (Table 8). 

The genotypic breakdown across race and injury for our patient population 

has been provided in Supplemental Table 5. Overall, 43% of Caucasians were 

homozygous GG compared to 82% of African American subjects. These 

proportions are consistent with previously reported allele frequencies for these 

racial/ethnic groups.35,36 
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Table 8. Summary of Patient Demographics, Vital Signs, Injury Scores, and Clinical Outcomes. 
Median and IQR are reported. Statistically significant differences between TBI and non-TBI groups 
were identified using Kruskal-Wallis tests (p<0.05). 

  
Overall  
(n = 130) 

Non-TBI  
(n = 83) 

TBI  
(n = 47) p-value 

      
Age (years) 48 (32, 63) 48 (33, 63) 51 (30, 63) 0.84 
Gender    0.66 

 Male, n (%) 91 (70%) 57 (69%) 34 (72%)  
Race    0.06 

 White, n (%) 103 (79%) 61 (73%) 42 (89%)  

 
African American, n 
(%) 17 (13%) 15 (18%) 2 (4%)  

 Other, n (%) 10 (8%) 7 (9%) 3 (7%)  
Admission Vitals     

 SBP (mmHg) 122 (104, 141) 120 (104, 140) 125 (98, 147) 0.45 
 DBP (mmHg) 74 (63, 93) 74 (63, 92) 73 (62, 96) 0.69 

 Heart Rate (bpm) 92 (78, 112) 92 (80, 110) 95 (75, 122) 0.70 

 
Respiratory Rate 
(bpm) 19 (16, 24) 19 (16, 23) 20 (18, 24) 0.15 

Injury Scores     
 Admission GCS 14 (3, 15) 15 (13, 15) 3 (3, 11) 4.7E-8 
 Head AIS 0 (0, 3) 0 (0,0) 4 (3,5) 9.0E-26 
 ISS 17 (9,29) 10 (5, 22) 27 (17, 36) 2.4E-9 

Clinical Outcomes     
 ICU Days 2 (0, 5) 1 (0, 3) 5 (2, 10) 2.1E-7 
 VENT Days 1 (0, 3) 0 (0, 1) 3 (1, 8) 2.3E-8 
 LOS 5 (2, 11) 4 (1, 8) 10 (3, 19) 1.7E-4 
 In-hospital Mortality  29 (22%) 13 (16%) 16 (34%) 1.6E-2 
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All analysis of the genetic data was restricted to our subset of 77 Caucasians due 

the limited sample size of African American subjects (see Methods for more 

detail). In Caucasians, genotype frequencies were not statistically different 

between non-TBI and TBI groups (p=0.36, Table 9).   

Table 9. Distribution of genotype at SNP rs174537 across Injury within 
Caucasians.  There were no significant differences in genotypic proportions 
within injury (Fisher’s exact test, p=0.3623). 

 
Overall 
(N=98) 

Non-TBI 
(N=62) 

TBI 
(N=36) 

p-value 

GG, n (%) 33 (43%) 22 (50%) 11 (33%) 0.3623 
GT, n (%) 37 (48%) 18 (41%) 19 (58%)  
TT, n (%) 7 (9%) 4 (9%) 3 (9%)  
Distribution was consistent with Hardy Weinberg Equilibrium p=0.4573.  

 

Circulating Plasma Fatty Acid Profiles Over Time 

Circulating plasma levels of PUFAs were quantified over the first 24 hours 

following injury. The only discernable difference between TBI and non-TBI 

patients was observed in DHA levels; 24 hours post-injury, individuals with TBI 

had higher levels of circulating plasma DHA compared to non-TBIs (1.27 (IQR: 

1.12, 1.74) vs 1.16 (IQR: 0.96, 1.47), p=0.0130, Figure 34A), representing an 

average increase of ~17%. In addition, individuals with TBI had higher DHA/ARA 

ratio at both collection time points (p=0.0339 and p=0.0170, respectively, Figure 

34B). A complete summary of the PUFAs measured has been provided in   

Supplemental Table 6. 
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Figure 34. Circulating plasma levels of DHA are higher in TBI patients at 24 hours compared to 
non-TBI patients. Median ± IQR percent fatty acid levels are illustrated. Linear regressions 
were used to determine the effect of TBI on DHA and DHA/ARA levels following trauma, 
adjusted for age, gender, and race. A) DHA levels at 0 and 24 hours, for TBI and non-TBI 
groups. At 24 hours, TBI patients had significantly higher levels of DHA (p=0.0130). B) 
DHA/ARA levels at 0 and 24 hours, for TBI and non-TBI groups. At admission (time=0), TBI 
patients had significantly higher DHA/ARA ratios (p=0.0339). 24hrs after admission, this trend 
strengthened slightly: non-TBI: 0.16 (0.13, 0.18), TBI: 0.18 (0.13, 0.25) (p=0.0170). 

Genotype at SNP rs174537 Impacts Circulating Plasma Fatty Acids  

Circulating plasma fatty acid profiles at ED admission (i.e. t=0 hours) were 

examined across genotype in our Caucasian subset. Caucasian individuals with 

the homozygous major allele (i.e. GG) for rs174537 had higher circulating levels 

of ω-6 LC-PUFAs ARA (8.21% total vs. 6.57% total, p=4.9E-6) and adrenic acid 

(0.28% vs. 0.24%, p=3.4E-3). In contrast, there was a G allele dependent 

reduction in the level of ω-6 LC-PUFA dihomo-γ-linolenic acid (DGLA, 20:3w-6), 

resulting in the highest ARA/DGLA ratio in the GG genotype, regardless of injury 

type (1.26% vs. 1.50%, p=0.018). This is consistent with previous literature 

supporting that rs174537 is associated with enhanced FADS1 dependent 

conversion of DGLA to ARA.31,37,38  
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The impact of genotype at rs174537 within each injury group was further 

investigated in the Caucasian cohort. Caucasians with the GG genotype and TBI 

presented with the highest circulating ARA levels, as illustrated in Figure 35A. 

Similar to other studies, there was a genotypic effect on ARA levels (p=2.7E-6). 

We did not see an injury effect on ARA levels (p=0.76). Circulating ARA levels 

trended toward an increase in the non-TBI and TBI groups, but these changes 

did not meet statistical significance (p=0.12).  However, unlike plasma ARA 

levels which were largely dictated by genotype at rs174537, DHA levels varied 

both by injury type and genotype. Interestingly, there was a marked increase in 

circulating DHA levels by genotype within the TBI group (TBI p=0.0089, time 

p=6.9E-10, Figure 35B), but not the non-TBI group. Together, these resulted in 

increases in the ratios of circulating DHA to ARA in the TBI group at all time 

points (Figure 34B).    
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Figure 35. Effect of genotype and injury on circulating plasma PUFA levels in Caucasians 
only. Median and IQR are displayed. Red circles represent GG genotype, blue squares 
signify the GT and TT genotypes at rs174537. Solid lines were used for non-TBI group and 
dashed lines for TBI. GEE model adjusted for age and gender for Caucasians only. 
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TBI is Associated with Pronounced Inflammation 

Significantly elevated levels of several inflammatory cytokines, and 

neuronal and glycocalyx biomarkers were observed in the TBI group compared 

to non-TBIs immediately following injury. At ED admission (i.e. t=0 hours) TBI 

patients presented with elevated levels of IL-6 (p=4.4E-3), IL-8 (p=6.3E-3), and 

IL-10 (p=7.7E-4), syndecan-1 (p=1.3E-2), and enolase-2 (p=2.8E-2). Of note, 

only IL-6 and IL-10 levels remain statistically different in TBI vs. non-TBI patients, 

when correcting for multiple comparisons. A complete summary of measured 

plasma biomarkers data has been provided in Supplemental Table 7. 

Genotype at rs174537 Impacts Circulating Inflammatory Profile  

After stratifying the Caucasian cohort by genotype and injury type, 

significant differences between groups in several inflammatory cytokines was 

observed. Individuals with a GG genotype at rs174537 exhibited significantly 

higher levels of IL-8 compared to T-allele counterparts regardless of injury type 

(p=0.0120, Figure 36). Interestingly, this effect was more pronounced in TBI 

patients, where GG individuals with TBI consistently displayed the highest 

circulating IL-8 and IL-10 levels (Figure 36). After adjusting for multiple 

comparisons, TBI effects in IL-6 and IL-8 remain statistically significant.  
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Figure 36. Genotype at rs174537 impacts circulating inflammatory profile. Median and IQR are 
illustrated. Red circles denote GG genotype at rs174537, blue squares denote presence of T 
allele (i.e. GT or TT) at rs174537. Solid lines are non-TBI group; dashed lines denote TBI.  

 

Circulating Plasma PUFA Levels are Associated with Inflammatory Profile 

Given the significant genetic effects on both PUFAs and inflammatory 

biomarkers, we sought to evaluate correlations between the measured circulating 

PUFA levels and inflammatory cytokines. In general, circulating plasma levels of 

ARA were observed to be inversely correlated to circulating plasma levels of IL-6, 
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and syndecan-1, such that higher levels of ARA were associated with lower 

levels of these biomarkers. The strongest correlation was between circulating 

levels of syndecan-1 and ARA (Figure 37A, r=-0.4386, p=3.9E-7). Further, 

circulating levels of ARA were negatively correlated to IL-6 (Figure 37B, r=-

0.3479, p=8.6E-5), as was DHA to IL-6 (Figure 37C, r=-0.1855, p=0.0408).  
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Figure 37. Spearman’s correlations of ED admission levels of A) Syndecan-1 to ARA and 
B) IL-6 to ARA, and C) IL-6 to DHA. Open circles denote patients with TBI. Higher levels 
of these fatty acids were associated with lower levels of inflammatory cytokines.. 
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Syndecan-1 is Predictive of Mortality   

The relationship between these initial plasma biomarkers and patient 

mortality was investigated. Similar to previous studies, increased levels of IL-6, 

IL-8, IL-10, syndecan-1,  and enolase-2 on hospital admission were associated 

with increased mortality.39 Specifically, admission syndecan-1 levels was highly 

predictive of mortality (odds ratio (OR) =31.13, 95% confidence interval (CI) 

[4.51, 214.87], p=4.9E-4, Table 10). 

Table 10. Summary of significant odds ratio, 95% confidence 
intervals (CI) and p-values from logistic regression model for 
mortality in Caucasians adjusted for age, gender and TBI. 

Mortality Odds 
Ratio 

95% CI p-value 

Syndecan-1 31.125 (4.509, 214.869) 4.9E-4 
rs174537 0.636 (0.129, 3.143) 0.58 
TBI 2.090 (0.414, 10.552) 0.37 
Age 1.039 (0.995, 1.084) 0.08 
Gender 4.200 (0.62, 31.382) 0.16 

 

Genotype at SNP rs174537 Does Not Impact Mortality Following Trauma  

A logistic regression for mortality was developed adjusting for age, 

gender, and race with and without genotype. We observed that individuals with a 

TBI had higher mortality rates (OR=2.83, 95% CI [1.16, 6.93], p=0.0228) with 

respect to non-TBI individuals. Increasing age was also associated with higher 

mortality rates (OR=1.03, 95% CI [1.01, 1.06], p=0.0113). There was no 

significant effect of gender or race on mortality. After further adjusting for 

genotype, we did not observe any significant effect on mortality.  
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Genotype at SNP rs174537 is Associated with More ICU and VENT Days  

While there was no significant impact of genotype on mortality, we 

observed significant associations between genotype and ICU and VENT days. 

Under a dominant genetic model, the T allele was associated with fewer ICU 

days compared to the G allele (β=-0.55, p=0.0054).  Whereas Caucasian GG 

individuals experienced on average 4 days in the ICU (IQR: 1,8), T allele 

individuals only experienced 2 days (IQR: 1,5). Similarly, the T allele was also 

associated with fewer VENT days compared to the G allele (p=0.0111, Table 11). 

The median and IQR range for VENT days was 2 days (0,8) for GG individuals 

and 1 day (0,3) for both GT/TT individuals.  

Table 11. Exponential regression model for Caucasian 
cohort adjusting for age, gender, ISS and the presence of 
TBI results for effect of genotype at rs174537 on clinical 
outcomes.  

ICU Estimate 95% CI p-value 
rs174537 -0.55 (-0.94, -0.16) 5.4E-3 
TBI 0.83 (0.39, 1.27) 2.0E-4 
ISS 0.02 (0.002, 0.03) 2.5E-2 
Age 0.01 (-0.004, 

0.02) 
0.22 

Gender -0.16 (-0.58, 0.25) 0.44 
    
VENT Estimate 95% CI p-value 
rs174537 -0.67 (-1.19, -0.15) 1.1E-2 
TBI 1.16 (0.57, 1.76) 1.3E-4 
ISS 0.01 (-0.01, 0.03) 0.39 
Age 0.003 (-0.02, 0.02) 0.75 
Gender 0.24 (-0.32, 0.79) 0.40 
    
LOS Estimate 95% CI p-value 
rs174537 -0.30 (-0.72, 0.11) 0.15 
TBI 1.02 (0.51, 1.53) 8.3E-5 
ISS 0.02 (0.004, 0.04) 2.0E-2 
Age 0.01 (-0.01, 0.02) 0.26 
Gender 0.08 (-0.35, 0.51) 0.70 
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Discussion 

PUFAs play an integral role in early brain development and health. In 

particular, ω-3 LC-PUFAs are abundant in brain tissue and participate in 

essential neuronal functions, such as synapse formation, neurotransmission and 

axonal guidance.13,40,41 Following a severe TBI, it is believed that ω-3 PUFAs, 

such as DHA and EPA, can exert potent neuroprotective effects through the 

modulation of microglial activation,42 attenuation of oxidative43 and endoplasmic 

reticulum stress,44 and improvement of white matter integrity.45 This has been 

demonstrated in several animal models of TBI. In this study, we sought to (1) 

characterize the circulating PUFA response following TBI in humans and (2) 

evaluate the impact of rs174537 on inflammation post-TBI in a Caucasian cohort.  

Within 24 hours of injury, we observed significantly higher acute levels of plasma 

DHA in patients suffering from severe TBI. In addition, significant genetic effects 

on the circulating inflammatory profile were observed. Specifically, individuals 

with GG genotype at rs174537 suffering from severe TBI displayed the highest 

circulating levels of IL-8 and IL-10 inflammatory cytokines. Significant 

associations between LC-PUFAs, inflammatory and glycocalyx biomarkers were 

observed, which consequently impacted clinical outcomes, primarily number of 

days in the hospital (i.e. LOS).  

To our knowledge, this is the first study to investigate the genetic influence 

of rs174537 on circulating plasma PUFA levels and inflammatory markers in a 

trauma population. Genotype at rs174537 had a significant impact not only on 

circulating LC-PUFA levels, but also on the inflammatory milieu. We observed 

that DHA levels were elevated in TBI patients within 24 hours of injury and 
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several inflammatory biomarkers were found to be elevated, consistent with 

previous human and animal studies that show elevated levels of IL-6, IL-8, IL-10, 

syndecan-1, and enolase 2 following TBI.46-49 Circulating levels of TNF-α were 

not found to be significantly different between groups, suggesting both non-TBI 

and TBI groups had similar magnitudes of tissue damage. Additionally, tau 

protein and GFAP were not found to be significantly different between groups, 

even though these biomarkers have been previously associated with TBI.50 

After stratifying by genotype, Caucasians with GG genotype and TBI 

exhibited the highest circulating ARA and DHA plasma levels. Elevated ARA 

levels can potentially impair recovery from TBI through the activation of several 

pro-thrombotic and inflammatory pathways. Following TBI, the influx of Ca2+ 

through glutamate receptors and voltage-gated Ca2+ channels activates calcium-

dependent proteases, such as calpains, and lipases, including phospholipase A2, 

which degrades membrane phospholipids, leading to the release of fatty acids.51 

Once ARA is released from the cell membranes, it can then be transformed into 

pro-inflammatory eicosanoids by cyclooxygenase (COX-1 and COX-2) and 

lipoxygenase activity.26,51 Eicosanoids can exacerbate the tissue and neuronal 

injury by inducing vasoconstriction and platelet aggregation, increased 

inflammation, and production of free radicals.51 Previous data have shown 

Caucasian individuals with the GG genotype at rs174537 have higher eicosanoid 

generation compared to their T Allele counterparts.31  Therefore, these data 

suggest that GG individuals at rs174537 may benefit from tailored treatment 

strategies that target these inflammatory pathways. 
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Additionally, we observed higher levels of circulating DHA 24 hours after 

injury in individuals presenting with a TBI. LC-PUFAs have been long recognized 

as an integral part of membrane phospholipids of neurons and synapses are 

particularly enriched in DHA. It is in this role that DHA participates in learning and 

memory, especially during early development.13,15,21,22 The increase in circulating 

DHA observed in TBI patients could be a result of the increased endogenous 

production as a manner for repairing and recovering the neuronal damage 

associated with the severe TBI. Alternatively, DHA and EPA are considered to 

exert anti-inflammatory effects. Specifically, as a result of the action of the Ca2+-

independent iPLA2, DHA undergoes enzymatic conversion by 15-lipoxygenase 

(Alox 15) to form powerful lipid mediators, such as oxylipins including resolvins 

and neuroprotectins.26 Previous studies have demonstrated that TBI outcomes 

one week after injury are associated with the intensity of the activation of 

phospholipase A2, which is reflected by the release of fatty acids into the 

cerebrospinal fluid and systemic circulation.52 In fact, some studies have 

demonstrated that elevated levels of ARA are in circulation up to 4 weeks post-

TBI or spinal cord injury, whereas plasma levels of DHA only transiently 

increased within 24 hours of injury and decreased over the remainder of the 

week.53  

The importance of rs174537 on both circulating LC-PUFA levels and the 

inflammatory profile was demonstrated in the current study; and we were able to 

replicate the association between rs174537 and circulating PUFA levels in our 

trauma cohort, especially the ARA/DGLA ratio. This is consistent with previous 
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reports that demonstrated strong associations of genotype at rs174537 to PUFAs 

measured in both whole blood samples and tissue specimens.30,37,38,54-58 

Additionally, individuals with a GG genotype at rs174537 had higher circulating 

levels of IL-8 compared to their T allele counterparts. Higher IL-8 expression 

following TBI has been shown to correlate to higher mortality rates.49 Additionally, 

IL-8 has been shown to interact with select PUFAs during endothelial dysfunction 

following stimulation with IL-1β, TNF-α and interferon-(IFN)-γ. Endothelial cells 

cultured with physiologically relevant doses of ARA resulted in an approximate 

1.6 fold increase in secreted IL-8,59 suggesting IL-8 interacts with PUFAs during 

the inflammatory milieu following trauma. Furthermore, increasing levels of ω-3 

PUFAs EPA and DHA have been associated with decreased IL-8 gene 

expression in human intestinal epithelium following stimulation with 

lipopolysaccharide,27 suggesting IL-8 expression can be reduced with higher 

levels of ω-3 LC-PUFAs. We observed individuals suffering from severe TBI and 

GG genotype at rs174537 display the highest circulating IL-8 and IL-10 levels. 

Furthermore, TBI patients generally had higher levels of IL-6, IL-10, and 

syndecan-1.  

This study highlights the important role of circulating PUFAs and their 

impact on the systemic inflammation and glycocalyx layer following a traumatic 

injury. Circulating plasma levels of syndecan-1 were inversely associated with 

circulating levels of ARA. Syndecan-1 is the predominant cell surface 

proteoglycan within the endothelial glycocalyx layer and is shed following severe 

trauma.60-62 Although the biological significance of syndecan-1 shedding is 
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unclear, it is often thought to protect against tissue damage during the 

inflammatory response by modulating the availability of chemokines.63 We 

observed the increased ω-6 PUFA levels to be associated with reduced 

syndecan-1 plasma levels. This finding differs from some literature. For example, 

Edwards et al. fed mice an ω-3 PUFA enriched diet and found syndecan-1 

mRNA expression levels increased.60 They additionally found as they increased 

ω-3 PUFA supplementation, ARA levels decreased in cell total lipids. These 

disparate results could be in part due to the competing LC-PUFA biosynthetic 

pathway; both ω-3 and ω-6 LC-PUFAs rely on the same enzymes for elongation 

and desaturase steps, and altering the diet such that one pathway (i.e. ω-3) has 

more initial substrate, will cause decreased metabolism on the other pathway 

(i.e. ω-6).  

Additionally, Yi et al. studied human cognitive impairment post-TBI and 

found higher levels of ARA were associated with cognitive impairment compared 

to healthy controls.64 Furthermore, individuals with TBI and with the homozygous 

dominant allele at rs174537 (i.e. GG) had worse clinical outcomes (more ICU 

and VENT days) compared to their T-allele counterparts. This suggests genetic 

variants impacting FADS activity and expression can play a role in identifying 

new treatment strategies for trauma patients.  

Limitations  

To our knowledge, this study is the first to investigate the impact of 

rs174537 on PUFA metabolism post-trauma. We acknowledge that this was a 

small pilot prospective study, and as a result it only provided the opportunity to 
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evaluate this effect in Caucasians only.  Future larger studies are needed to 

investigate the impact of this SNP in ethnically diverse populations suffering from 

TBI, particularly in those of African ancestry where the allele frequency favors 

GG genotype. We also recognize the limitation of investigating a single SNP (i.e. 

rs174537). This SNP was chosen because of its high level of association with not 

only ARA/DGLA conversion capacity, but also several other inflammatory 

diseases.65-67 Other SNPs (including those in linkage disequilibrium (LD) with 

rs174537) may demonstrate similar and greater effects on the inflammatory 

milieu following TBI and larger population studies could be performed to 

investigate this more fully.  

Conclusions 

In conclusion, this study illustrates the importance of circulating PUFAs, 

particularly ARA and DHA levels following trauma and how these metabolites are 

associated with markers of inflammation. In addition, we observed significant 

genetic effects on inflammation and injury, where individuals with the GG 

genotype and TBI displayed the highest levels of IL-8. These data suggest 

potential mechanisms by which TBI and FADS genetic variants could be further 

evaluated for the attenuation/modulation of neuroinflammation. 
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Supplemental Figure 2. CONSORT diagram of recruited subjects in our prospective 
observational research study. 
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Supplemental Table 5. Distribution of genotype at SNP rs174537 across Injury 
and Race. 

  
Overall  
(N=98) 

Non-TBI  
(N=62) 

TBI  
(N=36) 

Caucasians    
 GG, n (%) 33 (43%) 22 (50%) 11 (33%) 

 GT, n (%) 37 (48%) 18 (41%) 19 (58%) 
 TT, n (%) 7 (9%) 4 (9%) 3 (9%) 

African Americans    
 GG, n (%) 9 (82%) 9 (82%) 0 (0%) 
 GT, n (%) 2 (18%) 2 (18%) 0 (0%) 

 TT, n (%) 0 (0%) 0 (0%) 0 (0%) 
Other    

 GG, n (%) 2 (20%) 2 (100%) 0 (0%) 
 GT, n (%) 5 (50%) 3 (60%) 2 (40%) 
 TT, n (%) 3 (30%) 2 (67%) 1 (33%) 
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Conclusions and Recommendations 

Conclusion  

The goal of this work was to develop a novel tissue engineered liver 

construct appropriate for gene-diet interaction studies using primary human 

hepatocytes, and then explore the extent of genetic influences (i.e. SNPs), 

namely rs174537 on not only hepatic lipids, but also on circulating samples (e.g. 

plasma and saliva) in healthy individuals. Lastly, the impact of rs174537’s 

influence on the inflammatory profile in patients experiencing severe trauma was 

investigated.  

The main objective was to determine if a novel 3D liver tissue construct 1) 

could be fabricated using patient-specific primary human hepatocytes, and 2) 

could be used for lipid metabolism studies. The 3D liver construct was designed 

to include several ECM proteins in order to mimic the extracellular environment 

within native liver tissue. The ECM proteins selected, namely, HA and fibronectin, 

were chosen because of their abundance in native liver tissue. To determine if 

this construct was similar to previously published constructs, albumin 

accumulation was examined in conditioned media and used to verify viability up 

to one week of culture. Additionally, cell-to-cell interactions was examined by the 

presence of intracellular hepatocyte tight junctions (Cx32) and polarity was 

examined via OST-a. Next, these constructs were analyzed to determine if they 

could be used for lipid metabolism studies using radiolabeled cholesterol and 

oleic acid.  

In support of this objective, the main findings of Chapter 2 are: 
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• Albumin accumulation in spent media collected from 3D liver constructs 

was similar to previously published studies1,2 using comparable cell 

density, suggesting primary human hepatocytes cultured in this construct 

are functioning similarly to other studies utilizing 3D cell cultures. 

• Similar to published literature, hepatocytes cultured in 3D demonstrated 

extended viability3-5 compared to cultures in 2D. Further, hepatocytes in 

2D developed filapodia, which has been associated with a stressed 

hepatic phenotype.  

• The presence of Cx32 was observed several times in 3D cultures, but was 

rare in 2D, suggesting hepatocytes cultured in 3D were able to create 

better cell-to-cell interactions more so than in 2D. 

• 3D cultures are able to be used for lipid metabolism studies using 

radiolabeled cholesterol or oleic acid. However, lipid profiles were 

strikingly different between 2D and 3D cultures. 

 
 

The second aim was to explore gene-diet interactions within hepatocytes 

with respect to SNP rs174537. Genetic variants within the FADS gene cluster on 

chromosome 11 are important regulators of long chain LC-PUFA biosynthesis in 

the liver and consequently have been associated with circulating LC-PUFA 

levels.  

In support of this objective, the main findings of Chapter 3 are: 

• Hepatocytes cultured in 3D are functional as evidenced by urea secretion 

• RNA can be extracted from tissue constructs for gene expression assays. 
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• Hepatocytes responded to media with fatty acids, as evidenced by 

increased PPAR-a expression after fatty acids were introduced in media. 

• Hepatocytes cultured in 3D exhibited genotypic effects of rs174537 on 

PUFA profile, similar to Howard, et al.6 

• Hepatocytes responded to diets with LA and increased FADS1 

expression. 

• This novel platform can be used to study gene-diet interactions with 

respect to rs174537 and LC-PUFA biosynthesis. 

 

Although we demonstrated these 3D liver constructs were able to be used 

for lipid metabolism studies, primary human hepatocytes are costly and difficult to 

obtain, making gene-diet interaction studies difficult to conduct in both in vitro 

and in vivo settings. Additionally, genetic variants alone do not explain 100% of 

the variation in LC-PUFA levels. Epigenetic modifications such as DNA 

methylation, particularly within the FADS cluster, have been shown to also affect 

LC-PUFA levels. Our lab previously demonstrated strong ASM between SNP 

rs174537 and CpG sites across the FADS region in human liver tissues.6,7 

However, obtaining human liver tissues is costly and the samples are delicate. 

Further, donors of “healthy” samples are usually not living; liver biopsies in 

healthy individuals for the acquisition of hepatocytes or other liver cells is 

extremely rare.  

Therefore, the next chapter explored the possibility of using peripheral 

samples instead of hepatocytes to study genetic and epigenetic trends with 
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respect to rs174537. Given that epigenetic signatures are tissue-specific, we 

aimed to evaluate the methylation status and ASM associations between 

rs174537 and DNA methylation obtained from human saliva, CD4+ cells and total 

leukocytes derived from whole blood. These peripheral samples were selected 

because of their ease of acquisition, and did not require licensed professionals to 

obtain these samples. Additionally, these samples could be obtained in a typical 

scientific laboratory and could be stored and processed using common 

equipment (e.g. -20°C freezer, centrifuge) and standard molecular techniques, 

and thus did not require specialized medical equipment in a hospital setting. 

In support of this objective, the main findings of Chapter 4 are: 

• Five out of the six selected CpG sites within the FADS cluster 

demonstrated significant ASM with respect to SNP rs174537.  

• The strongest ASM was detected between rs174537 and the methylation 

status of three CpG sites located in the FADS2 promoter region, using 

leukocyte samples.  

• This study replicates previous findings of strong ASM with rs174537 in 

other human tissues (including liver)6,8 and illustrates the importance of 

SNPs such as rs174537 (and other SNPs in high LD) on revealing the 

epigenetic landscape of key regulatory regions within the FADS genomic 

region in humans.  

• Circulating w-6 LC-PUFAs were associated with DNA methylation levels 

quantitated from CD4+ cells and leukocytes.  
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• These data support the use of such peripheral and accessible samples for 

future nutrition and diet studies (e.g. nutrigenomics) to study the impact of 

dietary PUFA exposure on epigenetic regulation of PUFA biosynthesis 

and metabolism.  

 

LC-PUFAs are also precursors to several metabolites which can influence 

inflammation. Additionally, genotype at rs174537 has been associated with 

higher eicosanoid levels in whole blood.9 Given peripheral samples (e.g. 

leukocytes from whole blood) demonstrate ASM patterns similar to liver biopsy 

samples, the final objective was to explore the effects of rs174537 in a population 

of severe inflammation, i.e. trauma. Further, because LC-PUFA, particularly ARA 

and DHA, are integral components of healthy brain tissue,10 understanding how 

these circulating LC-PUFA levels alter after severe brain injury is potentially 

important for future therapeutics. In this study, the trauma population was 

stratified by TBI and non-TBI because little is known regarding the dynamics of 

LC-PUFA changes following trauma, and its subsequent impact on inflammation. 

In support of this objective, the main findings of Chapter 5 are: 

• LC-PUFAs ARA and DHA were associated with inflammatory biomarkers, 

namely IL-6 and syndecan-1 in the trauma cohort. 

• Similar to other studies,8,11 genotype at rs174537 largely dictated PUFA 

profile, particularly with respect to w-6 LC-PUFAs. 

• Genotype at rs174537 was not associated with increased mortality. 
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• Significant genetic effects on inflammation and injury were observed, and 

individuals with the GG genotype, i.e. homozygous major allele frequency, 

and TBI displayed the highest levels of IL-8.  

• These data suggest potential mechanisms by which TBI and genetic 

variants could be further evaluated for the modulation 

of neuroinflammation.  

 

Recommendations for Future Work 

Fine Tune Hydrogel Composition 

The commercially available hydrogel used in these studies (i.e. HyStem®-

HP) is a synthetic hydrogel which has been used extensively for tissue 

engineering applications, and can be relatively easily manipulated to include 

various proteins to further mimic the ECM, such as laminin and fibronectin. This 

hydrogel platform was selected because it has been shown to be consistent 

between lots (unlike Matrigel®) and was relatively simple to use, especially in 

comparison with collagen-based hydrogels. The liver ECM is rich in GAGs, such 

as HA, and proteins which promote cell adhesion and cell-to-cell interactions. 

The addition of fibronectin in the hydrogel components was associated with 

increased functionality and prolonged viability in initial experiments (Figure 38). 

These preliminary studies revealed primary human hepatocytes had the greatest 

viability in systems consisting of HyStem®-HP with fibronectin. 

However, there are limitations to this gel composition. Although we did 

demonstrate prolonged viability of primary human hepatocytes in 3D compared 
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to 2D culture, viability and functionality decreased over a week of culture. Other 

studies have been able to culture primary human hepatocytes in 3D for a least 

one month.3,4 Modifying the existing hydrogel could increase viability and 

functionality of the hepatocytes such that they too demonstrate extended viability 

and functionality previously observed in other studies. 

3:1 Collagen:HA 
3:1 Collagen:HA with 
thiolated fibronectin 

1:1 Gelatin:HA 
(HyStem®-HP) with 

Thiolated Fibronectin 

 
 

  
 

Figure 38. LIVE/DEAD stain of primary hepatocytes cultured in three different hydrogels on day 
7 of culture. Live cells are green and red marks dead nuclei. The addiiton of thiolated fibronectin 
improved viabilty at one week of culture. Hepatocytes cultured in HyStem®-HP had the least 
number of dead cells after one week.   

 
One potential modification of the system includes modifying the hydrogel. 

For example, HyStem®-HP utilizes gelatin, which is derived from collagen, which 

is more commonly found in native liver ECM. However, gelatin can be considered 

to be essentially denatured collagen, and is often a component in several other 

3D tissue constructs.4,12 Because this was the first attempt to study lipid 

metabolism in a 3D liver construct, we felt using gelatin rather than collagen was 

a suitable and physiologically relevant ECM component, albeit not perfectly. 

Further, initial studies revealed HA with gelatin (i.e. HyStem®-HP) was a better 

platform than HA with collagen I. Other studies have used a 3:1 collagen:HA 

hydrogel with thiolated fibronectin and hepatocytes and stellate cells for liver 
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tissue construct applications with success.13 However, these studies have not 

examined effects of individual donors in gene-diet interactions and sometimes 

use immortalized cell lines (e.g. HepG2, LX-2). Thus, there is an opportunity to 

further manipulate the gel by substituting or incorporating other ECM proteins to 

promote hepatic viability by increasing cell adhesion to the gel composition. 

Increased viability should also be associated with more incidences of cell-to-cell 

interactions and greater functionality.  

Incorporation of Co-culture Methods  

Additionally, hepatocytes alone do not constitute the liver. Hepatocytes 

work in concert with several other cells, namely stellate, Kupffer, and sinusoidal 

endothelial cells to efficiently regulate toxin clearance and nutrient metabolism in 

vivo.14-16 In fact, the addition of stellate cells to cultures containing primary 

human hepatocytes have demonstrated better viability and functionality when 

compared to primary hepatocytes alone.3 This is in part, due to stellate cells 

secreting ECM proteins and remodeling the hydrogel components (often 

collagen) to improve cell-to-cell interactions. Incorporating stellate cells in to 

future models would be beneficial to prolong viability and functionality for the 

study of long-term gene-diet interactions. However, this study did not incorporate 

other liver cells (e.g. stellate cells) because we wanted to first demonstrate gene-

diet interactions could be studied using this platform in an acute setting, and thus 

needed to limit these studies to include one cell donor. Further, although 

hepatocytes, stellate cells and Kupffer cells work in concert in native liver tissue, 

hepatocytes are the main liver cells that modulate and synthesize lipids and 
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lipoproteins, and were thus considered to be appropriate for these initial studies. 

Future gene-diet interaction studies using this platform should consider the 

benefits and disadvantages of incorporating stellate cells into the model to 

support viability and functionality of the system beyond one week. 

Applications to Other Gene-Diet Interactions 

Further, this model is not limited to rs174537. DNA from this model was 

extracted relatively easily using commercially available Qiagen kits or standard 

molecular techniques. The DNA could quickly be used to genotype other SNPs of 

interest related to PUFA metabolism or other hepatic diseases. Several SNPs 

have been identified which have been associated with various gene expression 

or LC-PUFA levels, including rs174557 and rs174538. Pan et al. recently 

proposed rs174557 to be the functional SNP because it downregulates the 

binding of PATZ1, a transcription factor. rs174557 is located in an AluYe5 

element of intron 1 of FADS1; individuals with the derived allele (i.e. A) 

diminishes binding of PATZ1. Further the PATZ1 binding site overlaps with a 

SP1 site, which with SREPB1c, forms an activating complex which can regulate 

both FADS1 and FADS2.17 On another note, rs174556 has demonstrated eQTL 

with respect to FADS1 expression in liver samples, even after a strict Bonferroni 

correction (n=206, p=1.8x10-3) and was associated with FADS1 protein level.18 

Given the ease of DNA extraction and genotyping protocol, this suggests this 

platform can potentially be used to study effects of other SNPs, not just those 

within the FADS cluster on lipid metabolism in an attempt to determine the causal 

SNP responsible for altered FADS gene function.  
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Additionally, this platform is not limited to healthy individuals and there are 

several other gene-diet interactions that can be probed using this novel platform. 

Fat accumulation in hepatocytes has been highly correlated to several diseases, 

including non-alcoholic fatty liver disease (NAFLD), hyperlipidemia, obesity, and 

insulin resistance. For instance, rs738409 has been identified as the strongest 

genetic risk factor for hepatic lipid accumulation and NAFLD. This platform can 

be used to genotype for rs738409 and can be used for potential drug or other 

therapeutic targets. Other diseases which can be studied using this platform 

include drug-induced liver injury or cirrhosis, which includes the scarring of the 

liver tissue impacting the overall stiffness. As discussed earlier, the ECM plays 

an important role in cell signaling, chemotaxis, etc., and the advantage of our 

tissue engineered model is that we can fine tune the stiffness to match desired 

diseased states. Studies have also shown patients with liver fibrosis have a 

mean elastic modulus of 5.6 kPa.19  

Couple Liver Tissue Construct with BBB Device  

The developed liver platform can be used to potentially elucidate potential 

genetic or epigenetic influences as to why w-3 LC-PUFA supplementation in 

humans post-TBI have disparate results.20-22 This is especially concerning given 

research using in vivo TBI animal models are supportive of DHA and EPA 

supplementation post-TBI. These rodent studies using both adult and immature 

pup models suggest that w-3 LC-PUFAs could enhance neuronal plasticity and 

function, limit axon structural damage and secondary oxidative stress, and thus 

reduce the extent of neural apoptosis and cognitive dysfunction.23-30 By coupling 
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this platform into human-on-a-chip technology, such that a liver organoid is 

coupled to a brain organoid, we could potentially determine who could potentially 

benefit from w-3 LC-PUFA supplementation post-TBI. Most importantly, this 

platform can be used to determine how the liver contributes to LC-PUFA 

synthesis and metabolism and how these LC-PUFAs subsequently impacts the 

brain, particularly neurons following injury. 

Explore Association of genotype at rs174537 to circulating levels of IL-8 

In the human trauma cohort, we identified a significant association 

between genotype at rs174537 and IL-8. The TBI inflammation milieu includes 

up-regulation of adhesion molecules on the endothelium of cerebral blood 

vessels. IL-8 is a 69-79 amino-acid cytokine produced by neutrophils, 

endothelium, microglia and astrocytes and is typically detected at very low levels 

in healthy individuals.31,32 IL-8 is released from brain tissue after cells are 

simulated by other cytokines (e.g. IL-1), and by hypoxia, ischemia and 

reperfusion during times of increased BBB permeability.32 IL-8 binds to G-protein 

coupled receptions on neutrophils and stimulate chemotaxis, changes in 

morphology, adhesion and release of lysosomal enzymes, ultimately increasing 

vascular permeability.31,32 Circulating plasma levels of IL-8 generally peak around 

100 pg/ml in severe TBI,31 and have been associated with mortality in an adult 

cohort of isolated TBI32, as well as increased incidence of acute respiratory 

distress syndrome (ARDS)33. Given the relevant associations between circulating 

levels of IL-8 in a trauma cohort and clinical outcomes, understanding how 

genotype at rs174537 could influence this cytokine following severe trauma is 
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important. This is particularly interesting because this SNP is located within the 

FADS cluster on chromosome 11, and IL-8 is encoded at the CXCL8 gene on 

chromosome 4, q13.3. 

Determine LC-PUFA Changes Following Injury in Pediatric Cohorts 

This dissertation includes novel information regarding circulating LC-PUFA 

level changes following trauma in an adult population. However, trauma is not 

limited to adults alone. In fact, pediatric TBI is the leading cause of death and 

acquired disability in the United States, with an estimated 500,000 cases each 

year.27 Children with TBI are generally at an increased risk of developing long-

term cognitive impairments, even more so than adults, because their developing 

brain is considered to be more vulnerable.23,27 Approximately one third of 

affected children have an unfavorable outcome of severe or moderate disability 

or death.34,35 Unfortunately, most published TBI literature is based on adult 

cohorts and our knowledge about the response to TBI in children is limited. Thus, 

there is a need to expand our understanding about the underlying mechanisms 

regulating the response to TBI, specifically in children, to improve treatment 

options for this vulnerable population. 

Additionally, LC-PUFAs are not limited to one lipid pool and can shift in 

response to physiologic cues. In order to better understand the dynamics of 

circulating PUFAs levels in pediatric TBI, we leveraged on an existing Phase II 

Clinical Trial at Children’s Memorial Hermann Hospital in Houston, Texas 

enrolling pediatric TBI patients. The goal was to determine how PUFAs and 

particularly LC-PUFA levels changed and shift among complex lipid pools in 
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pediatric patients with severe TBI over acute and longer follow-up time points 

after injury. Initial PUFAs shifted from appearing as free fatty acids or esterified 

as triglyceride species immediately after injury, to a consistent increase in 

cholesterol ester species at the 6-month follow-up (Figure 39). Early after injury 

from day 0 to day 3, there was a shift from free fatty acid and phospholipid 

species to triglycerides, meaning that as free fatty acid and phospholipid species 

decreased, triglyceride lipid pools increased.  

Figure 39 illustrates the shift of complex lipid species of ARA and DHA as 

a function of time after injury. ARA was primarily found in phospholipid form 

across all time points. However, ARA as triglycerides was significantly higher in 

at day 3 to day 0 (p<0.05). Triglyceride generation from free fatty acids is a 

hallmark of inflammation and impaired endothelial cell function.36,37 Similarly, 

DHA was predominantly found in phospholipid form across all time points. DHA 

was detected as a free fatty acid at day 0 immediately following injury, and on 

day 3, but was not detected on or after day 5. At the 6-month follow-up, DHA was 

primarily in phospholipid and cholesterol ester forms. These data are comparable 

to the results previously reported by Pilitsis et. al., who observed increased free 

fatty acid levels of ARA, and DHA in cerebrospinal fluid of TBI patients.38  
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Figure 39. Average percent fraction distribution for ARA and DHA over time as measured by 
TLC. Circulating plasma samples from pediatric TBI were separated by TLC and subjected to 
FAME. Lipid species identified included phospholipids, diglycerides, free fatty acids, 
triglyerides, and cholesterolesters. ARA and DHA were primarily in phospholipid form following 
injury, which shifted into cholesterol esters over time. DHA was identified in FFA form only on 
day 0.  

 

 This pilot study revealed there are significant shifts in plasma lipid pools 

over time in children with TBI. In addition, acute shifts from free fatty acids to 

triglycerides and then subsequent shifts towards increased cholesterol ester 

pools at 6-month follow-up were shown to correlate to injury resolution. 

Collectively, these results highlight the importance of plasma LC-PUFA levels on 

the post-TBI response in children, and suggest a potential therapeutic role for w-

3 PUFA supplements to attenuate inflammation and facilitate recovery after TBI.  

Probe Epigenetic Modifications to LC-PUFA Levels 

Epigenetic modifications, such as DNA methylation, have been indicated 

as an important gene regulator and impacts circulating levels of LC-PUFAs. We 

demonstrated hepatocytes were able to respond to a diet with higher levels of LA 

as evidenced by increased FADS1 expression. However, understanding the 
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molecular regulations that change with respect to this diet are still lacking. In 

addition to RNA, we were able to extract DNA from the tissue constructs. The 

DNA extracted from this tissue construct can be used to study epigenetic 

modifications and changes with response to diet or other stimuli (e.g. toxins, 

growth factors). Specifically, seeing if DNA methylation status changes in 

response to diets rich in LC-PUFA could result in valuable findings relevant to 

clinical applications.    

With respect to clinical studies, we demonstrated peripheral samples, 

specifically leukocytes, demonstrate ASM at cg27386326 in our cohort of healthy 

volunteers. When we examined the methylation status within the adult trauma 

cohort, ASM at cg27386326 and a site within the FADS2 promotor 

(chr11:61594907) was observed. Similar to the healthy cohort, individuals with 

the homozygous major allele (i.e. GG) had lower methylation levels at 

cg27386326 compared to GT/TT individuals within the trauma cohort (Figure 40). 

These relationships are inverted at chr11:61594907 within our trauma cohort, 

which again is in agreement to patterns observed in the healthy controls.8 Further 

probing the molecular implications for changing methylation status following TBI 

should also be explored. 
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Figure 40. Methylation at two sites within the FADS cluster were associated with rs174537. A) 
TBI individuals had higher levels of methylation at cg27386326 which is located in the putative 
enhancer region. B) Genotype at rs174537 was associated with methylation levels at CpG site 
chr11:61594907 within the FADS2 promoter. 
 

 
Additionally, using our healthy cohort, we showed the ARA/DGLA ratio 

was negatively correlated to % methylation at CpG site within the putative 

enhancer region, i.e. cg27386326 at chr11:61587979. At this site, individuals GG 

at rs174537 had lower levels of methylation and GT/TT individuals had higher % 

methylation. This eQTL was recreated within the adult trauma cohort (Figure 41). 

Again, GG individuals at rs174537 had lower levels of methylation, and GT/TT 

individuals had higher levels. The presence of a TBI did not seem to impact 

methylation levels at cg27386326.  
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Figure 41. The ARA/DGLA ratio from circulating plasma is associated with % methylation in 
leukocytes at a CpG site within the FADS2 region at chr11:61587979.   
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- Worked with two other undergraduate students to 

establish a centrally-located tournament for high school 
students in the state of Alabama 

- Coordinated with 15 area schools and UAB 
administrators to provide appropriate accommodations, 
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including lab space and safety equipment.  
- Worked with UAB gifts giving departments to 

successfully raise $5,500 to pay for tournament, 
including a $1000 scholarship given to a school in need 
for the following year’s tournament. 

 
Mission U (formerly North Alabama Conference 
Children’s School of Christian Mission): Director of 
Middle School Studies 2006-2014 
- Coordinated and led middle school portion of annual 

week-long mission camp for ~15 students/year.  
- Ensured appropriate activities were available (hiking to 

top of mountain, etc.) and coordinated with teachers to 
include age-appropriate lessons. 

  
Educational 
Enrichment  

- Wake Forest Institute of Regenerative Medicine 
Student Writing Club, member 2018-2019 

- AAAM AIS Analysis Tips and Tricks for Proper 
Use Webinar February 2018 

- North Carolina Association for Biomedical 
Research Science and Society Workshop November 
2017 

- Harvard Catalyst Introduction to Mixed Methods 
Research Summer 2017 

  
Relevant 
Completed 
Coursework 

- Doctorate in Biomedical Engineering: Quantitative 
Cell/Organ Physiology, Intro to Statistics, Injury 
Physiology, Biomedical Nanoengineering, Clinical 
Rotation, Seminars in Professional Development, 
Scientific Integrity, Intro to Neuro-Development, Human 
Molecular Genetics 

- Master of Science in Biomedical Engineering: 
Continuum Mechanics of Solids, Math Methods in 
Engineering, Statistical Methods, Cellular Physiology, 
Nanoscale Science and Applications 

- Bachelor of Science in Biomedical Engineering: 
Genetics, Introduction to Linear Algebra, Physics, 
Biology, Chemistry, Organic Chemistry, Engineering 
Materials, Engineering Biology, Statics, Electrical 
Systems, Statistics and Design Overview, Biomaterials, 
Biocomputing, Bioinstrumentation, Principles of Human 
Physiology, Dynamics, Biomechanics of Solids, 
Bioimaging, Biological Transport Phenomena, Living 
Systems Analysis, Ethics of Emerging Technology, 
Bioelectric Phenomena  
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Professional 
Memberships 

- Pediatric Trauma Society, 2017-2019 
- Biomedical Engineering Society Student Member, 2016-

2019 
- Association for the Advancement of Automotive Medicine 

Student Member, 2016-2019 
- Wake Forest University Biomedical Engineering Society 

Student Member, 2016-2019 
  

Publications - Waits CM, Mazzocchi A, Bashore AC, Dosso B, Simms 
KN, Weis VG, Sergeant S, Parks JS, Skardal A, Rahbar E. 
Development of Three-Dimensional Patient-Specific Liver 
Constructs for Lipid Metabolism Studies. In submission. 

- Waits CM, Bower A, Simms KN, Feldman BC, Kim N, 
Sergeant S, Chilton FH, Langefed CD, Rahbar E. Single 
nucleotide polymorphism rs174537 impacts PUFA and 
inflammatory response after major trauma in Caucasians. 
In submission. 

- Waits CM, Kosmach S, Sergeant S, Chilton FH, Cox CS, 
Rahbar E. Autologous bone marrow mononuclear cells 
attenuate acute inflammation by increasing circulating 
mega-3 PUFAs in pediatric traumatic brain injury. In 
preparation. 

- Feldman BC, Waits CM, Hoeker GS, Cardenas JC, Cotton 
BA, Wade CE, Holcomb JB, Poelzing S, Rahbar E 
Characterization of the hemostatic potential of Ephaptic 
fluids using thromboelastography. In submission. 

- Rahbar E, Waits CM, Kirby EH, Miller LR, Ainsworth H, 
Cui T, Sergeant S, Howard TD, Langefeld CD, Chilton FH. 
Allele-specific methylation in the FADS region are 
detected in DNA obtained from human saliva, CD4+ cells 
and total leukocytes and correlate to circulating fatty 
acids. Clin Epigenetics 2018;(10)1:46. PMID: 29636834 

- Waits CM, Barr RC, Pollard AE. Sensor spacing affects 
the tissue impedance spectra of rabbit ventricular 
epicardium. Am J Physiol Heart Circ Physiol 2014 June 
15; 306(12):H1660-8. PMID: 24778170 

- Kent, CM. Abstract: Impact of Root Systems for 
Mitigating Slump, J Ala Acad Sci 2008 April 79(12): 149.  

  
Presentations - Waits CM, Mazzocchi A, DePalma TJ, Renaldo AC, 

Dosso B, Bashore AC, Sergeant S, Weis VG, Parks JS, 
Skardal A, Rahbar E. “Development of liver organoids to 
study FADS and ELOVL gene-diet interactions.” Virginia 
Tech-Wake Forest University Student Symposium, 
Blacksburg, VA, May 15th, 2019. 
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- Waits CM, Mazzocchi A, Dosso B, Sivakumar H, 
Sergeant S, Skardal A, Rahbar E. “Development of liver 
organoids to study FADS and ELOVL gene-diet 
interactions.” Biomedical Engineering Society (BMES) 
Annual Meeting, Atlanta, GA, October 11th, 2018. 

- Waits CM, Bower A, Kosmach S, Sergeant S, Chilton FH, 
Cox CS, Rahbar E. “Characterizing the Fatty Acid 
Metabolic Response to Traumatic Brain Injury.” AAAM 
2016 Annual Meeting, Waikoloa, HI, September 18th, 
2016. 

  
Posters  - Dosso B, Waits CM, Simms KN, Sergeant S, Files DC, 

Howard TD, Langefeld CD, Chilton FH, Rahbar E. “The 
Impact of rs174537 and gene-diet interactions in critically 
ill patients: A secondary analysis of the OMEGA 
randomized trial.” Southeastern Regional Lipids 
Conference, Asheville, NC, November 7th, 2019. 

- Dosso B, Waits CM, Simms KN, Sergeant S, Chilton FH, 
Files DC, Langefeld C, Rahbar E. “The Impact of FADS 
Variants on Responses to Diet in Patients with ALI”. The 
American Physiological Society Experimental Biology 
Annual Meeting 2019, Orlando, FL, April 9, 2019. 

- Waits CM, Mazzocchi AR, DePalma TJ, Sivakumar H, 
Sergean S, Skardal A, Rahbar E. “Development of liver 
organoids to study FADS & ELOVL gene-diet 
interactions.” Wake Forest Institute of Regenerative 
Medicine Annual Retreat 2019, Pinehurst, NC, January 
28, 2019. 

- Ekem L, Waits CM, Sivakumar H, Skardal A, Rahbar E. 
“Development of a Dynamic 3D Blood Brain Barrier 
Model.” BMES 2018 Annual Meeting, 10/20/18. Atlanta, 
GA.  

- Waits CM, Kosmach S, Sergeant S, Chilton FH, Cox CS, 
Rahbar E. “The Role of Omega-3 Fatty Acids and 
Autologus Stem Cell Therapy in Modulating 
Neuroinflammation in Pediatric Brain Injury: It’s Pretty 
Fishy!”. World Congress on Biomechanics, 7/10/18. 
Dublin, Ireland. 

- Waits CM, Kosmach S, Sergeant S, Chilton FH, Cox CS, 
Rahbar E. “Autologous Bone Marrow Mononuclear Cell 
Treatment for Pediatric TBI Influences Circulating PUFA 
Levels and Inflammation”. Virginia Tech-Wake Forest 
University Student Symposium, 5/9/18. Winston-Salem, 
NC. 

- Dosso B, Waits CM, Simms KN, Sergeant S, Chilton FH, 
Langefeld C, Rahbar E. “The Impact of FADS Gene-Diet 
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Interactions in Critically Ill Patients: A Secondary 
Analysis of the OMEGA-EDEN Trial”. WFU Graduate 
Research Day 3/28/18. Winston-Salem, NC.  

- Waits CM, Kosmach S, Sergeant S, Chilton FH, Cox CS, 
Rahbar E. “Autologous Bone Marrow Mononuclear Cell 
Treatment for Pediatric TBI Influences Circulating PUFA 
Levels and Inflammation”. WFU Graduate Research Day 
3/28/18. Winston-Salem, NC. 

- Dosso B, Waits CM, Simms KN, Sergeant S, Chilton FH, 
Langefeld C, Rahbar E. “The Impact of FADS Gene-Diet 
Interactions in Critically Ill Patients: A Secondary 
Analysis of the OMEGA-EDEN Trial”. 2018 Dean’s 
Research Symposia Series: Department of Biomedical 
Engineering Poster Session. Winston-Salem, NC. March 
21st, 2018. 

- Mohamed AE, Simms KN, Waits CM, Rahbar E. 
“Plasma Levels of Hyaluronic Acid and Glial Fibrillary 
Acidic Protein Following Traumatic Brain Injury.” 
Annual Biomedical Research Conference for Minority 
Students, Phoenix, AZ, November 3, 2017. 

- Mohamed AE, Simms KN, Waits CM, Rahbar E. 
“Plasma Levels of Hyaluronic Acid and Glial Fibrillary 
Acidic Protein Following Traumatic Brain Injury.” Wake 
Forest Excellence in Cardiovascular Sciences Poster 
Session, Winston-Salem, NC, July 28th, 2017.  

- Waits CM, Kosmach S, Sergeant S, Chilton FH, Cox CS, 
Rahbar E. “n-3 Long Chain Polyunsaturated Fatty Acids 
Decrease in Pediatric Traumatic Brain Injury.” Virginia 
Tech-Wake Forest University Student Symposium, 
5/8/17. Blacksburg, VA. 

- Waits CM, Kosmach S, Sergeant S, Chilton FH, Cox CS, 
Rahbar E. “n-3 Long Chain Polyunsaturated Fatty Acids 
Decrease in Pediatric Traumatic Brain Injury.” BMES 
2016 Annual Meeting, Minneapolis, MN, October 6th, 
2016. 

- Bower A, Waits CM, Kim N, Feldman BC, Sergeant S, 
Chilton FH, Rahbar E. “Analysis of FADS Gene Variants 
and Circulating PUFAs in Severe Trauma and Traumatic 
Brain Injury”. Wake Forest Medical Student Research 
Program Poster Session, Winston-Salem, NC, October 
5th, 2016.  

- Kim N, Waits CM, Bower A, Feldman BC, Sergeant S, 
Chilton FH, Rahbar E. “Fatty Acid Metabolism and 
Trauma-Inducted Coagulation in Traumatic Brain 
Injury”. Wake Forest Medical Student Research Program 
Poster Session, Winston-Salem, NC, October 5th, 2016.  
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- Atieh R, Fox A, Waits CM. Development of a Motorized 
Walker to Increase Ambulation in Amputees” UAB 
Spring Undergraduate Research Expo, 1st Place 
Engineering Project. April 2012 

- Kent CM, Deshpande A, Walter MR. “Interactions of 
IRF-9 and CBP to begin an antiviral response” UAB 
Summer Undergraduate Research Expo, Birmingham, 
AL Honorable Mention July 23, 2010 

  
Mentorship - Thomas J. DePalma, Virginia Tech-Wake Forest 

University School of Biomedical Engineering and 
Sciences. 2018-2019 

- Antonio C. Renaldo, Virginia Tech-Wake Forest 
University School of Biomedical Engineering and 
Sciences. 2018-2019 

- Xichong (Andy) Liu, Princeton University, 
Undergraduate Bioengineering Student, Princeton 
Internship in Civic Service at Wake Forest School of 
Medicine, Summer 2018 

- Lillian E. Ekem, Yale University, Undergraduate 
Biomedical Engineering Student, NSF Imaging and 
Mechanics-based Projects on Accidental Cases of Trauma 
(IMPACT) Research Experience for Undergraduates 
(REU), Summer 2018 

- Beverly Dosso, Wake Forest University, Physiology and 
Pharmacology, 2018-2019 

- Robert Miles Mayberry, Wake Forest University, 
Undergraduate Biology Student, Research Intern, 2017-
2019 

- Abbas E. Mohamed, Winston-Salem State University, 
Excellence in Cardiovascular Sciences Program, Summer 
2017 

- Clewell (Cy) Fogleman, Wake Forest University, 
Undergraduate Health and Exercise Science Student, 
Research Intern, 2016-2017 

- Aaron Bower, Wake Forest University School of 
Medicine, Medical Student Research Program, 2016-
2018 

- Nathan Kim, Wake Forest University School of Medicine, 
Medical Student Research Program, 2016-2017 

- Bradford C. Feldman, Wake Forest University, 
Undergraduate Biology Student, Research Intern and 
NSF Imaging and Mechanics-based Projects on 
Accidental Cases of Trauma (IMPACT) REU, 2016-2017 

- Kelli N. Simms, Virginia Tech-Wake Forest University 
School of Biomedical Engineering and Sciences. 2015-



247 
 

2016 
- Felipe Rivas Duarte, Virginia Tech-Wake Forest 

University School of Biomedical Engineering and 
Sciences. 2015-2016 

  
 


