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Since there is a shortage of transplantable livers, the donor pool needs to be
increased. One method to accomplish this is to recondition extended criteria
donor grafts, a large portion of which are moderate to severe macrosteatotic
livers. Transplantation of these livers often leads to primary nonfunction caused
by an increased susceptibility to the effects of ischemia reperfusion injury (I/R)
that result from the harvesting, transportation, and transplantation of the liver.
Our lab has developed a novel procedure to recondition these livers through an
ex vivo perfusion that will reduce the hepatic triglyceride content before the onset
of the effects of I/R injury. To be feasibly performed in a clinical setting, the
defatting must be completed in a matter of hours. While attempts to identify the
ideal defatting cocktail in static culture only resulted in defatting livers after days
of treatment, the rate of defatting increases to more a clinically relevant
timeframe in a flow environment. My project focuses on understanding the
differences between a static and flow environment and using this information to
ii

develop the ideal parameters for defatting. I hypothesize that using flow and
appropriate defatting agents, steatotic hepatocytes can be defatted in a clinically
relevant time of hours, without harming viability or function, to a level that
reduces or eliminates increased sensitivity to I/R injury. In order to prove the
hypothesis I will use the following 3 specific aims:

1. Develop a metabolic flux analysis model to explore defatting metabolic
pathways.

2. Develop a computational fluid dynamics and kinetic model of a vitro flow
reactor to optimize key transport parameters.

3. Validate the optimal conditions of flow has on the viability and function in
hepatocyte cell lines.
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Chapter 1: Introduction

1.1 Introduction
Each year there are approximately 6,000 to 7,000 liver transplants performed in
the United States, while approximately 10,000 patients are added to this waiting
list (http://www.optn.org/). Due to this gap in available donor livers, approximately
2,500 patients die each year before a suitable graft is found. These numbers
demonstrate the urgent need to find new donor sources as well as alternatives to
orthotopic liver transplantation (OLT). Various alternatives to OLT are being
investigated, including xenotransplantation, hepatocyte transplantation, and
extracorporeal bioartificial liver support, but their clinical application have not yet
borne fruit [1-7]. In the end, the availability of several strategies for treating liver
disease would be desirable. Thus, it is likely that these approaches will
complement but not replace OLT.
One way to increase the donor pool would be to recondition those functioning
livers that are not suitable for transplantation because of specific exclusionary
criteria, and are therefore removed from the donor pool [8]. There are many
criteria that can disqualify a liver from transplantation, but the most common
cause of rejection from the donor pool is excessive hepatic steatosis, since fat
accumulation in the liver is a significant risk factor in liver surgery and generally
results in early rejection, which has been called primary graft non-function. While
some criteria for labeling a liver as "marginal" may need to be compounded with
other criteria, macrosteatosis (large lipid droplets in cells) has been shown to be
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an independent predictor of graft failure [9-12]. In prior surveys, it was found that
steatosis occurs in 10% to 25% of the donated livers [13], and approximately
65% of donor livers that are rejected for transplantation are steatotic [14].
Furthermore, livers with mild to moderate steatosis, which are even considered
“marginally acceptable,” have a lower graft survival rate (76% vs. 89% for “lean”
livers) at four months post-transplantation, especially when compounded with
other marginal characteristics such as high donor age. Patients receiving
steatotic livers have a 77% survival rate at two years post-transplantation,
compared to a 91% survival in patients receiving nonsteatotic livers. Taken
together, this data suggests that if all steatotic livers could be made nonsteatotic
prior to use, the donor pool would increase by about 15%. That means
approximately 1,000 new livers per year would become available, a number
sufficient to treat 40% of all the patients who die while on the waiting list.
Success of this magnitude may also cause the number of new available livers to
exceed the number of new patients, leading to a gradual decrease of the number
of patients on the waiting list.
Steatotic animal models show that fatty livers have cytoplasmic lipid droplets that
create enlarged hepatocytes and reduction in sinusoidal space, causing a
reduction in microvascular perfusion and hepatic blood flow [15]. Further animal
models also show that macrosteatotic livers are significantly more sensitive to
ischemia-reperfusion (I/R) injury than lean livers. This phenomena can be seen in
several models. The livers of obese Zucker rats who are exposed to hepatic
warm ischemia had a much lower rate of survival, and had more oxidative
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damage, hepatocyte necrosis, and microvascular disruption in the normal livers
of lean rats [16]. Rats whose livers were fatten through being fed choline- and
methionine-deficient diets also exhibited more functional deterioration after I/R
injury, when compared to animals lean animals who ate a normal diet [17]. And
when these livers are exposed to cold storage followed by rewarming and
perfusion to mimic I/R injury, they show more extensive damage in steatotic
when compared to lean livers.
A potentially attractive approach to alleviate current donor liver shortage is to
recondition marginal and unacceptable donors that are currently rejected from
the donor pool. We hypothesize that ex vivo normothermic perfusion can be used
to metabolically engineer, and further promote the defatting of steatotic livers, as
well as induce some other general repair. Ex vivo perfusion could also introduce
other beneficial interventions, such as heat shock, drugs, or rapid cooling, in
order to increase the ability of the liver to cope with the stress associated with
transplantation. From the prior literature, it appears most important to reduce the
level of fat sufficiently to avoid increased susceptibility to I/R injury. Therefore, in
the following section we will consider the mechanisms of fatty liver I/R injury.

1.2 Fatty Liver Disease and Ischemia / Reperfusion Injury
Since steatotic livers result in primary nonfunction due to I/R injury, it is important
to understand the mechanisms underlying the injury in order to ensure that an
attempted reconditioning can mitigate damage and allow for successful
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transplantation. Studies have demonstrated that hepatocytes with elevated
intracellular triglyceride content are more sensitive to the injury associated with
ischemia-reoxygenation, as compared to lean hepatocytes [18]. Furthermore, the
extent of the I/R injury has been correlated with the level of intracellular
triglycerides. Clinical experience suggests that there is a clear demarcation
between two forms of steatosis, namely micro- and macro-steatosis. Macrosteatosis is characterized by one single or a few large intracellular lipid vesicles,
which often displace the nucleus to the periphery of the cell, and as mentioned
above is considered to be a major risk factor for primary non function post
transplantation [19]. Micro-steatosis, on the other hand, involves many small lipid
droplets dispersed throughout the cytoplasm, and is not considered to be a
significant risk factor in transplantation [14, 20]. While liver I/R injury manifests
itself as hepatocellular death in both steatotic and lean livers, in an in vivo rat
model of I/R, it was found that steatotic livers exhibited hepatocellular necrosis as
the predominant form of cell death, while lean livers exhibited mainly apoptosis.
Thus, the mechanisms which govern I/R injury in steatotic livers may be different
than those in lean livers [21]. The precise mechanism by which lipid droplets
causes this damage is unclear, but there are several possible hypotheses:
Reduced sinusoidal area, increase pro-inflammatory mediators and a heightened
immune response, increased peroxidation and reactive oxygen species,
increased necrosis leading to inhospitable environments, and lower levels of
ATP.
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1.3 Metabolic Reconditioning of Fatty Livers
Several methods have been used to address one or more of the mechanisms
which predispose steatotic livers to I/R injury. Conceptually, a different and
perhaps more effective approach would be to directly address the initiating cause
of I/R hypersensitivity in steatotic livers by removing the fat or “defatting” livers
prior to subjecting the grafts to procedures involving I/R, and more specifically
transplantation.
Hepatocyte culture and animal studies where culture medium composition or
diet, respectively, is used to modulate fat content, have clearly shown that when
fatty hepatocytes and fatty livers are cleared of intracellular lipids, they regain the
normal response to I/R injury similar to that found in their lean counterparts. For
example, in a model of CMDD-induced hepatosteatosis (approximately 60%
microsteatosis), is was shown that pre-treating donor rats with a diet to reduce
the intrahepatic triglyceride content prior to transplantation, increased recipient
viability from 0% to greater than 75% at 4 days post-transplantation [22]. While
patient-based diet-induced defatting per se may not be directly translatable into a
feasible clinical approach for beating heart liver donors, this study did show a
proof of principle that the high sensitivity of steatotic livers to I/R injury can be
reversed by defatting. While static hepatocyte culture studies can yield a
significant amount of information, the time frames of defatting in static culture are
significantly longer (e.g. days) than observed in perfused liver studies [23].
We hypothesize that the key limitation within the aforementioned static culture
work, as opposed to the liver perfusion studies, lies in transport limitations in
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terms of the delivery of defatting agents to the hepatocytes, and additionally the
removal of either the metabolites of lipid breakdown, through beta-oxidation, or
secretion of VLDL.

1.4 Metabolic Flux Analysis
In order to better understand the metabolic pathways that lead to defatting
limitations, we used metabolic flux analysis (MFA) to quantify the changes in
intracellular pathway fluxes during defatting to identify pathway-targets. We found
that culturing HepG2s in medium containing multiple defatting components,
including amino acids, lead to the increased clearance of free fatty acids with a
concomitant increase in urea cycle, glycolysis, NADH / NADPH phospholipid
synthesis, TCA, and ketogenesis fluxes. These findings are consistent with the
general notion that in a fasted state, especially in the presence of high amino
acid of protein levels, fatty acid metabolism is utilized to drive glucose formation
via glycolysis.
In metabolic flux analysis, we begin by developing the network of the major
hepatic metabolic network involved in defatting. We then used proper
stoichiometry and converted the metabolic map into a system of differential
equations. Then, we set the metabolic network as the dot product of the
matrices. That of the stoichiometric coefficients and v the vector of the fluxes
both solved and unsolved. The rest of the fluxes are solved via Matlab.
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1.5 Overcoming Transport Limitations
While simplified static in vitro models excel at isolating factors to predict
correlations and outcomes, and allow for high throughput experimentation, they
are not able to accurately mimic the complex physiological conditions of an in
vivo or ex vivo environment. Creating an in vitro flow system can help bridge the
gap between the two models. The introduction of a flow environment will induce
low levels of shear on the cells, increase the availability of nutrients and defatting
agents to the cells, and more effectively remove wastes from the cellular vicinity,
all of which will contribute to an increased metabolic activity and a more
physiological response. It has been show that hepatocytes in a flow environment
have numerous changes when compared to a static environment. They produce
more albumin and other proteins, have increased transport, have higher
enzymatic activity, maintain more physiological morphology, have increased
hepatic xenobiotic metabolism and have a pH closer to physiological levels [2430]. Thus, in this proposed study we will utilize fluid flow in a microdevice
containing hepatocytes to: 1) better understand the effect of flow on the defatting
process as compared to that of static cultured hepatocytes, and 2) to
demonstrate that we can shorten defatting times in vitro to those more relevant to
clinical application.
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Chapter 2: Application of Metabolic Flux Analysis to Identify Metabolic
Changes of Macrosteatotic Human Hepatoma Cells in Hyperoxic Defatting
Conditions

The materials, images and text used in this chapter are in the process of been
published, at least in part, in Metabolites as an original manuscript (Gabriel
Yarmush, Lucas Santos, Joshua Yarmush, Srivathsan Koundinyan, Mubasher
Saleem, Nir I. Nativ, Rene S. Schloss, Martin L. Yarmush, Timothy J. Maguire
and Francois Berthiaume. “Metabolic Flux Distribution during Defatting of
Steatotic Human Hepatoma (HepG2) Cells”, Metabolites, 2016, 6(1), 2). This
publication represent the original work of Gabriel Yarmush as a first author as
part of collaborative effort with several co-authors as customary to this field of
research. Gabriel Yarmush has significantly contributed the following to this
publication: Literature search, understanding the current state of art of metabolic
flux analysis and its application in steatotic systems, performing all experimental
work and data analysis, writing and/ or editing the text in all sections of the
review, creating the relevant figures and tables, addressing reviewers’ comments
and submission of the original manuscript.

2.1 Abstract

The only successful therapy for the treatment of both acute and chronic liver
failure is orthotopic liver transplantation. However due to a shortage of suitable
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donor organs, many patients go untreated. Our lab has previously shown that
defatting macrosteatotic livers is a viable option via a perfusion cocktail,
potentially enabling a new source of donor livers. In order to translate our
perfusion protocol to defat a whole marginal donor liver in a clinically relevant
time frame. In the current study, we used metabolic flux analysis (MFA) to
quantify the changes in intracellular pathway fluxes during defatting to identify
pathway-targets for further metabolic optimization. We found that culturing
HepG2s in medium containing multiple defatting components, including amino
acids, lead to the increased clearance of free fatty acids with a concomitant
increase in urea cycle, glycolysis, NADH / NADPH phospholipid synthesis, TCA,
and ketogenesis fluxes. These findings are consistent with the general notion
that in a fasted state, especially in the presence of high amino acid of protein
levels, fatty acid metabolism is utilized to drive glucose formation via glycolysis.
The MFA model also shows that, during treatment in hyperoxic conditions, an
increase in oxidative phosphorylation is also seen. Overall these findings will
provide a focal point for a subsequent series of media supplementation design of
experiments, designed to overcome the rate limiting steps of lipid metabolism in
macrosteatotic hepatocytes.

2.2 Introduction

With over 15,000 patients on the waiting list for liver donations and approximately
7,000 liver transplants conducted annually, 2,000 patients die each year [31] of
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acute and chronic liver failure. Hepatic macrosteatosis, defined as abnormal lipid
accumulation in hepatocytes in the form of large lipid droplets, is a significant risk
factor for primary nonfunction and one of the most common causes for a donor
organ rejection from the donor pool [32]. Although a fatty liver can function
properly within the body, it fails when it is temporarily removed from circulation
due to ischemia/reperfusion (I/R) injury. Thus, pathologic analysis is conducted
on all donated livers, and if the level of steatosis is greater than 30%, the liver is
generally rejected from the donor pool. If all steatotic livers could be made lean
prior to transplantation, more than 1,000 viable livers would become available
annually, resulting in transplants for nearly 50% of all waiting list patient deaths
[14]. Furthermore, the obesity epidemic is expected to drastically increase the
number of steatotic livers in the donor pool. Thus, a technique must be
developed to recover otherwise discarded marginal donor organs.

Previous work, such as pharmacological and surgical preconditioning, has shown
partial success in the attempts to stymie I/R injury on steatotic livers.
Pharmacological preconditioning with tacrolimus on obese Zucker rat livers
marginally increased their survival after liver reperfusion, likely due to increased
mitochondrial ATP levels [33, 34]. Cardiotrophin-1 has been shown to have
protective properties against reactive oxygen species produced during ischemia
of non-steatotic pig livers [35]. Ischemic preconditioning prior to prolonged
ischemia experienced during orthotopic liver transplantation has also been
shown to be effective in ameliorating I/R injury on non-steatotic human livers [36-
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38]. These experiments were dedicated to prevent symptoms of I/R injury instead
of treating the root cause. Therefore, although ischemic preconditioning is now a
common practice in the transplantation of lean livers, there have been no feasible
treatments developed for the transplantation of steatotic livers due to their
increased sensitivity to I/R injury [31].

It was recently demonstrated that the primary cause of I/R injury in steatotic livers
is the abnormally high intracellular lipid content which leads to larger
hepatocytes, diminished vasculature, and inferior mitochondrial functioning [23,
39, 40]. Furthermore, our lab has previously shown that defatting steatotic
hepatocytes has reduced the effects of I/R injury both in vitro and in vivo posttransplantation, and that this method can be scalable to defat the whole liver via
a perfusion [18, 23, 39, 40]. However, continued progress is required to develop
an optimal method that will defat the human liver in a clinically relevant
timeframe, namely lower than 6 hours post-resection.

Therefore, in an attempt to gain better insight into the rate limiting metabolic
mechanisms of our defatting protocol, as well as cellular functions, we employed
metabolic flux analysis (MFA). MFA completes a steady-state stoichiometric
model by relating experimental measurements of substrate inputs and product
outputs thereby a determining intracellular fluxes between metabolite pools.
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In the present study, MFA was used to identify the changes in the metabolism of
free fatty acids (FFAs) during defatting in both regular cell culture media and in
media with the defatting cocktail. There are large differences in beta oxidation
and the urea cycle, but little change in VLDL secretion.

2.3 Materials and Methods

2.3.1 Materials

HepG2 cells were purchased from ATCC. Oleic and linoleic acid were purchased
from Sigma. Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/L DGlucose, L-Glutamine, and 110mg/L Sodium Pyruvate, Penicillin-Streptomycin
(P/S), Fetal bovine serum (FBS), and Phosphate buffered saline (PBS, pH 7.4)
were obtained from (Gibco). Six-well culture plates were purchased from
(Beckton-Dickinson, Franklin Lakes, NJ). Bovine serum albumin (BSA) was
purchased from (Sigma-Aldrich Corporation).

2.3.2 Hepatocyte Cell culture

The cells were initially cultured in T-25 flasks until 70% confluency was achieved,
using a basal media consisting of DMEM, 10% FBS, and 2% P/S, and were then
transferred to 24-well culture plates. HepG2 cells have been previously shown to
accurately depict hepatic metabolic function [41-46]. The supernatant was
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removed every other day, and .5 ml of Fresh medium was supplied to the
cultures daily. The HepG2 cells were cultured thusly for 2-4 days prior to
fattening through exposure to fatty acid. This exposure time is considered to be
the steatotic induction period.

2.3.3 Steatotic induction and removal

In order to assess the cell function during the defatting process, cells were
incubated with fatty acids to induce intracellular steatosis (Figure 1). On day 3,
HepG2 cells were exposed to the basal media supplemented with 4% BSA, 2mM
Oleic Acid, and 2mM Linoleic to induce steatosis. Two days later, steatotic
HepG2 cells were treated with two different media conditions, and all of the cells
were subjected to varying oxygen concentrations. The two media conditions were
basal media and basal media comprising a mixture of the following defatting
agents: 0.01 mM forskolin, 0.001 mM GW7647, 0.01 mM hypericin, 0.01 mM
scoparone, 0.001 mM GW501516 and amino acids as previously described [23,
39, 40]. The oxygen saturation levels were normoxia and 90% hyperoxia.

2.3.4 Metabolite measurements and assessment
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The
measured
metabolites
are as follows
(Table

1):

glucose,
lactate,
glycerol,
amino

acids,

triglyceride,
acetoacetate,
B-OH
butyrate, free
cholesterol,
cholesterol
ester,

and

free fatty acid.

Table 1 Measured Metabolites – Measurement of all the extracellular metabolites
necessary for a fully determined metabolic flux analysis. (u-moles / 1 x 106 cells /
day)

Triglyceride levels were determined by measured the amount of free glycerol
subtracted from total glycerol, as described in [23, 39, 40]. B-OH butyrate and
acetoacetate assay kits were purchased from Enzycrom. For glucose, lactate,
cholesterol ester, and cholesterol, enzymatic assay kits were purchased from
Sigma-Aldrich Corporation. Amino acids were measured through highperformance liquid chromatography (HPLC) with an HPLC Gold 125system
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purchased from Beckman Coulter. Viability was measured using trypan-blue
exclusion [47].

Urea concentrations were measured using a commercially available kit (Sigma
Chemical, St. Louis, MO) that is based on the reaction of urea with diacetyl
monoxime. TG concentration in the supernatant and intracellular hepatocyte
extracts were measured as the amount of glycerol liberated by lipase during an
enzymatic assay (Sigma-Aldrich). Glycerol content was measured using the TG
kit with water instead of LPL. Beta-hydroxybutyrate and acetoacetate were
measured with Enzychrom assay kits from Gentaur (New York, NY) [48]. Free
fatty acids were measured based on its reaction with acyl-CoA synthetase using
a commercial kit (Boehringer Mannheim, Mannheim, Germany). Amino acids
concertation

in

the

media

were

obtained

by

high-performance

liquid

chromatography (HPLC) as described by Yamaguchi et al. (1997)[49]. Glucose
levels were obtained based on its reaction being catalyzed by glucose oxidase
using a commercially available kit (Sigma Chemical).

Lactate levels were obtained based on the conversion of lactate to pyruvate
catalyzed by lactate oxidase using a commercial kit (Sigma Chemical).
Cholesterol was measured based on the enzymatic reaction of free cholesterol
and cholesterol ester with cholesterol oxidase, releasing cholesterol from the
cholesterol esters using a commercially available kit (Sigma Chemical).
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2.3.5 MFA Model Establishment

Hepatocyte metabolism was represented in a metabolic network of known
stoichiometric
relationships
of
intracellular
metabolites.
The
pathways
included
the

in

network,

as well as the
numbers
the

of
flux

equations
comprising
the pathways,
are listed in
Table 1 and
are as follows:

Table 2 Estimated Flux Values – Calculated flux values from the metabolic flux
analysis. Only detectable changes are shown. (u-moles / 1 x 106 cells / day)

glycolysis (1-9),
the TCA cycle (10-14), pentose-phosphate pathway (PPP) (15-16), ketogenesis
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(17-20), oxidative phosphorylation (21-23), FFA synthesis and oxidation (24-27,
75-76, 90), amino acid metabolism (28-51, 56, 58-64, 89), urea cycle (52-55, 57,
85-88), cholesterol synthesis (67-74, 84), and sphingolipid metabolism (65-66),
phospholipid synthesis (77-83).

This model was adapted from another published MFA model of fatten HepG2
cells studying free fatty acid toxicity in HepG2 cells [50, 51], with the following
modifications:

(1) The HepG2 cells are in a glycolytic state, and conversion of pyruvate into
oxaloacetate by pyruvate carboxylase is assumed to be zero. All pyruvate from
glycolysis is either converted to lactate by lactate dehydrogenase, or to acetylCoA by pyruvate dehydrogenase.

(2) Glycogen nor PPP fluxes were experimentally measured, and was therefore
not possible to independently estimate each separately. Since the model predicts
a net generation of glucose 6-phosphate from sources other than glucose, it was
assumed that PPP fluxes were negligible (flux number 16) and the source of
glucose 6-phosphate was entirely from glycogen (flux number 15).

(3) Because we did not measure protein synthesis or degradation, we assumed
that there is no contribution of protein synthesis or degradation to the amino acid
fluxes.
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(4) Although measurements were collected 24 h and 48 h after the onset of the
defatting conditions, clearly defatting was very partial at 24 h. Therefore, we
chose to calculate the average fluxes over the entire 48 h time period, and the
fluxes reported here reflect a time-averaged value over 48 h.

(5) Prior reports suggest that HepG2 cells have impaired lipid secretion [52, 53];
therefore, the secretion of TG into the extracellular medium was neglected
compared to the flux of TG released from the intracellular droplet pool. Note that
the intracellular TG, which is sequestered in lipid droplets distinct from other
metabolically active compartments of the cell, was measured and handled as an
extracellular metabolite as described previously [50, 51, 54-56].

(6) In the presence of high levels of FFAs, prior literature suggests that fatty acid
and lipid synthesis are negligible [57, 58] Therefore, fatty acid synthesis was set
to zero and all fatty acid metabolism was assumed to proceed through
degradation pathways.

In order to calculate the intracellular metabolic fluxes in our model, 29
metabolites were measured and their uptake/secretion fluxes calculated (as
described in section 2.5 below). With these measurements we solved the system
of flux equations by a least-squares fit via the Moore-Penrose pseudo-inverse
calculation, as previously described in Srivastava 2007 [51].
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The intracellular fluxes were obtained using the method originally shown by Lee
et al. (2000) [50, 54, 56, 59-61]. The samples were harvested on the 2nd day of
defatting. We performed a mass balance was performed for each measured
fluxes listed in Table 1, creating our constraint equations. We assume pseudosteady state for the Metabolite pools.

The model consisted of 91 stoichiometric equations with 31 unsolved fluxes and
60 linearly independent stoichiometric equations. A negative flux is indicative of a
positive flux in the opposite direction summed in the model (Table 2).

2.3.6 Statistics

All values were normalized to the amount of seeded viable cells. Experiments
were done in triplicate with our results presented as averages. We determined
the statistical significance of differences was using KaleidaGraph’s one-way
ANOVA with Fisher’s LSD post-hoc test (Synergy Software, Reading, PA) with
values of p <0.05.

2.4 Results
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In order to assess the effects of macrosteatosis and subsequent defatting with an
optimized media cocktail, a human hepatoma cell line was cultured in a media
designed to induce macrosteatosis, as a surrogate for marginal donor organs.
The HepG2 C3A cell line was seed in 6 well plates and allowed to grow to
confluency. The cell line was subsequently treated with the defatting cocktail,
Figure 1, l previously identified [23, 39, 40]. In total four cultured conditions were
studied: A) lean hepatocytes as a treatment control; B) macrosteatotic
hepatocytes; C) macrosteatotic hepatocytes treated with the defatting cocktail; 4)
macrosteatotic hepatocytes treated with the defatting cocktail in hyperoxic
conditions.

Figure 1 Experimental timeline for macrosteatosis induction and subsequent defatting HepG2s were plated in basal medium and cultured for 3 days to confluence. Medium was then
changed to basal medium supplemented with free fatty acids + bovine serum albumin to induce
steatosis. Two days later, steatotic HepG2 cells were switched to basal medium or basal medium
+ defatting agents in the presence of normoxia (21% v/v O2 in the gas phase) or hyperoxia (95%
v/v O2 in the gas phase).

2.4.1 Metabolic Flux Analysis Measurements
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The overall goal of the study is to shed light on the mechanism by which defatting
agents reduce intracellular lipid droplet accumulation and restore normal
hepatocellular metabolic function. The method by which we chose to study the
dynamic metabolic system of a hepatocyte in the aforementioned culture
conditions is via the intracellular flux distributions assessed with metabolic flux
analysis. The hepatic metabolic network model used and the enzymes and
pathways with their corresponding reaction numbers are shown in Table 1. As
can be seen for a majority of the amino acids measured, defatting in normoxic
conditions alone does not lead to a large change in measured values, and

requires hyperoxic conditions to have an appreciable margin relative to the
vehicle (DMEM) control case. Ketone body formation, as indicated via
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acetoacetate and beta-hydroxybutyrate was substantially increased as well in the
hyperoxic state.
Figure 2 Metabolic Network Model of HepG2 Metabolism - The network consists of the known metabolic
pathways that handle most carbon and nitrogen sources in liver. Extracellular metabolites that are
experimentally measured in the culture medium are shown in rectangular boxes. Ovals denote metabolites that
are strictly intracellular and therefore not measured, with the exception of triglycerides. Intracellular
triglyceride content was measured in cellular extracts.

2.4.2 Calculated Fluxes

Figure 3 shows the effect of fatting and defatting on the metabolism of the
cultured hepatocyte line. The major changes compared to controls in the flux are
summarized below. Fluxes through the pathways of lipid beta oxidation (flux
numbers 24-27), the TCA cycle (flux numbers 10–14), the urea cycle (flux
numbers 52-56), and NADH and NADPH production (flux numbers 87-89),
significantly changed with cell defatting.
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Figure 3 Metabolic Flux Results - Fold Changes in the flux as calculated by the metabolic flux analysis for each
of the numbered reactions in Table 2. (A) Conditions are Lean cells cultured in normoxia, fat cells in basal media
cultured in normoxia, and cultured in normoxia. (B) Conditions are Lean cells cultured in normoxia, defatting
cells cultured in normoxia, and defatting cells cultured in hyperoxia. N=3

The increased lipid clearance correlated with a 17% increase in fatty acid
conversion

to

acetyl-CoA

(flux

numbers

24-27)

with

defatting

agent

supplementation and hyperoxic conditions, as compared to the defatting agents
at a normoxic state. This process is paralleled by an increase in acetyl-CoA entry
into the TCA cycle (flux numbers 10) by 17% over normoxic conditions since the
majority of the acetyl-CoA entered the TCA cycle.

2.4.3 Ketone body secretion
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Figure 4 Ketone Body Accumulation - The amount of beta oxidation that in indicative of
the total ketone body secretion. The conditions are lean cells cultured in normoxia and
hyperoxia, fatty cells cultured basal media in normoxia and hyperoxia, and defatting cells in
normoxia and hyperoxia. N=3

(Figure 4). Prior to defatting, the total ketone body secretion was elevated
compared to the lean condition. After defatting all conditions approached the
lower levels of secretion of the lean condition except for the cells treat with the
defatting agents under hyperoxia, which showed a significant increase.

2.4.4 Urea acid validation
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Figure 5 Urea Validation - The extracellular urea flux was measured and compared to
the predicted urea output of the metabolic flux analysis. The results were normalized
to the lean condition. N=3
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MFA and it is a functional biomarker that showed changes in our system. The
urea secretion increased while exposed to the defatting cocktail, and was further
increased in the hyperoxia condition. When comparing the actual urea secretion
flux to the amount calculated by the MFA across time points, we see an RSquared value of 0.98.

2.5 Discussion

With an unending need for suitable donor organs, extended criteria donor organs
can bridge the gap. Livers with hepatic macrosteatosis that are metabolically
reconditioned can annually add more than 1,000 viable livers in the US. To
enable this proposition we have developed an optimized media cocktail designed
for increased lipid clearance. To elucidate the impact of this cocktail on
macrosteatotic hepatocytes, we utilized MFA to study metabolic network changes
in a HepG2 in vitro surrogate of a macrosteatotic liver, previously described [23,
39, 40].

Within the current work we characterized the intracellular metabolic flux during a
rapid defatting process. Defatting stimulated many pathways while maintaining
high viability. To simplify analysis we have captured these changes in 5 major
categories: 1) lipid beta-oxidation (flux numbers 24-27); 2) the TCA cycle (flux
numbers 10–14); 3) the urea cycle (flux numbers 52-56); 4) NADH and NADPH
production (flux numbers 87-89); and 5) ketogenesis (flux numbers 17-20).
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In considering lipid beta-oxidation, the largest change was observed in fatty acid
brake down to acetyl-CoA (flux number 26), in the presence of the added
defatting agents, which increased even more so in a hyperoxia condition. This
additionally caused an increase in TCA cycle flux (flux numbers 10). In the
conditions with defatting agents, anaplerosis increased the availability of
oxaloacetate for condensation with citrate. This may have provided the driving
force for increased fatty acid oxidation.

Based on the profile of pathway changes, we hypothesize that fatty acid betaoxidation (the process where energy is released though fatty acids brake down)
is subsequently driving the electron transport chain. In this pathway, acetylCoA are repeatedly removed from the fatty acid chain allowing Acetyl-CoA to
feed the TCA cycle. The TCA cycle produces NADH and FADH2 which are then
used to yield ATP via the electron transport chain. Because β-oxidation removes
two-carbon molecules each trip through the pathway, saturated fatty acids with
even carbon chain length are ideal. Odd-carbon chain length or unsaturated fatty
acids will also need additional pathways.

Defatting agent supplementation also enhanced urea synthesis, which can be
attributed to amino acid substrate availability limits urea synthesis in
unsupplemented cultures as has been shown in literature, and increased oxygen
alone is a driving factor in forcing increased production from the TCA cycle as
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well as urea secretion. The large utility of the urea cycle within the context of our
current culture system is the generation of NADH, enabling potential
gluconeogenesis which is a metabolic pathway that generates of glucose from
substrates like pyruvate, and some fatty acids.

Another major path that was seen to change in the presence of the defatting
cocktail as well as hyperoxia was NADPH production via the pentose phosphate
pathway (PPP). The PPP generates NADPH pentoses, and is a metabolic
pathway that acts in parallel to glycolysis. The primary role is anabolic, but it
does involve some oxidation of glucose. The pentose phosphate pathway
primarily generates of reducing equivalents (NADPH), produces ribose 5phosphate (R5P), and produces erythrose 4-phosphate (E4P).

NADPH provides the reducing equivalents for biosynthetic reactions and
the oxidation-reduction involved in protecting against the toxicity of ROS (reactive
oxygen species), allowing the regeneration of GSH (reduced glutathione).

The last major set of pathways that were altered within the experimental system
were ketogenesis and subsequent ketone body secretion. Ketone bodies are
chiefly created in the mitochondria, and it is usually synthesized during a
shortage of available glucose when there is low glucose levels in the blood. The
production of ketone bodies is then initiated to make available energy that is
stored as fatty acids.
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Using MFA, we were able to quantitatively describe the metabolic effects of
defatting agents on fatty HepG2 cells. MFA suggests that this supplementation
had the greatest impact via increased fluxes through the b-oxidation and TCA
cycle reactions, as well as numerous others. These results from MFA provide
indicators about which genes/pathways relevant to urea production and fatty acid
oxidation may be upregulated by the rapid defatting protocols, and are consistent
with current understanding of the metabolism of hepatocytes. This bolsters the
rational for using this approach for evaluating various hepatic metabolic states. In
future work we could evaluate other media supplements that specifically target
the paths identified in the MFA work here.
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Chapter 3: Flow-Based Defatting of Marginal Donor Livers for
Transplantation

3.1 Abstract
A major demand currently exists, for the identification of new solutions to address
the shortage of suitable donor livers in the US. One novel method to accomplish
this is the reconditioning of extended criteria donor grafts, a large portion of
which are moderate to severe macrosteatotic livers. Transplantation of these
livers often leads to primary nonfunction caused by an increased susceptibility to
the effects of ischemia reperfusion injury (I/R) that result from the harvesting,
transportation, and transplantation of the liver. Our lab has developed a novel
procedure to recondition these livers through an ex vivo perfusion that will reduce
the hepatic triglyceride content before the onset of the effects of I/R injury. To be
feasibly performed in a clinical setting, the defatting must be completed in a
matter of hours. While attempts to identify the ideal defatting cocktail in static
culture only resulted in defatting livers after days of treatment, the rate of
defatting increases to more a clinically relevant timeframe in a flow environment.
The focus of this publication is on the understanding of the differences between a
static (in vitro) and flow environment (in vivo surrogate) and using this information
to develop the ideal parameters for defatting. The approach we developed is: 1)
designing an in vivo flow surrogate, in silico, using a combined reaction-transport
model; 2) evaluating the effect of a defatting cocktail on HepG2s in a flow
prototype using the optimized parameters from the in silico model. We have
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found that through the application of flow, with the resultant increase in masstransport, defatting of macrosteatotic cells can be reduced from 48 hours to 6
hours, with a maintenance of hepatic function. We also identified the ultimate
rate-limiting process to be l-carnitine-mediated transport of triglycerides into the
mitochondria.
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3.2 Introduction
Finding a suitable liver for transplantation is currently the only treatment for
endstage liver disease, and thousands of patients die every year on the waiting
list. Therefore there is a need to increase the liver donor pool. There are several
types of lives that are currently excluded from the suitable donor liver pool. The
easiest target to salvage may by fatty livers. There are about 1000 livers every
year that have high fat content that we believe can be reconditioned for
transplantation. These fatty livers usually fail because they are more susceptible
to ischemia reperfusion injury. The removal of the liver from circulation causes
several problems including increased ROS and reduced ATP levels. The injury it
causes occurs in all livers, but livers with macrosteatosis are more sensitive to
this injury.

We previously demonstrated in static conditions that defatting can occur in
macrosteatotic cells on the order of 48 hours. The lack of convective mass
transport however when compared to an in vivo condition creates functional
limitations with conventional static systems. In order to have a clinically relevant
time frame, defatting should take on average 6 hours. We hypothesize that the
introduction of convective mass transport (flow) to an in vitro culture system via
microfluidics, will mimic the clinical profusion system. This in turn will help identify
the optimal protocol for in vivo hepatocyte defatting in a clinically relevant
timeframe.
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Previous studies have shown the benefits of flow on hepatocyte function [62-64].
Some of those studies include incorporating rat hepatocytes into a small-scale
bioreactor which demonstrated superior performance in drug metabolism studies
[65]. Others show a several cell types in microbioreactors, and in some cases
have used microfluidic designs with two chamber in series seeded with various
cell line or even primary hepatocytes to produce more physiologically relevant
liver metabolic models [66, 67].

In this section our specific goal is to develop an in vivo relevant microfluidics
device, optimized through the use computational fluid dynamics (CFD) and in
vitro validation. It begins with a description of our microfluidic culture device with
experimental and computational methods. We ascertain key parameters of the
device. We then investigate the uptake and clearance of one of the defatting
agents in our media cocktail, L-Carnitine, with results being obtained
experimentally, as well as what is predicted via CFD. Finally we finish with a
discussion of the cellular functional aspects of the hepatocytes cultured under
flow and its parallels to in vivo systems.

3.3 Materials and Methods

3.3.1 Materials
HepG2 cells were purchased from ATCC. Oleic and linoleic acid were purchased
from Sigma. Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/L D-

33
Glucose, L-Glutamine, and 110mg/L Sodium Pyruvate, Penicillin-Streptomycin
(P/S), and Phosphate buffered saline (PBS, pH 7.4) were purchased from Gibco.
Fetal bovine serum (FBS) was purchased from GIBCO. Six-well culture plates
were purchased from (Beckton-Dickinson, Franklin Lakes, NJ). Bovine serum
albumin (BSA) was purchased from Sigma-Aldrich Corporation.

3.3.2 Hepatocyte Cell culture
The cells were initially cultured in T-12.5 flasks until 70% confluency was
achieved, using a basal media consisting of DMEM, 10% FBS, and 2% P/S, and
were then transferred to custom culture plates to allow plate on 25mmx75mm
microscope slides. HepG2 cells have been previously shown to accurately depict
hepatic metabolic function [41-44]. Fresh medium (1 ml) was supplied to the
cultures daily after removal of the supernatant. The hepatocytes were cultured in
this fashion for at least 3 days prior to fattening.

3.3.3 Steatotic induction and removal
In order to assess the cell function during the defatting process, cells were
incubated with fatty acids to induce intracellular steatosis. On day 3, HepG2 cells
were exposed to the basal media supplemented with 4% BSA, 2mM Oleic Acid,
and 2mM Linoleic to induce steatosis. Two days later, steatotic HepG2 cells were
treated with two different media conditions. The two media conditions were basal
media and basal media comprising a mixture of the following defatting agents:
0.01 mM forskolin, 0.001 mM GW7647, 0.01 mM hypericin, 0.01 mM scoparone,
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0.001 mM GW501516 and amino acids as previously described [39, 40, 47]. The
oxygen saturation levels were 95% hyperoxia. The cells we either left in static
culture or the slides were removed from the custom culture plates and placed in
the parallel plate flow chamber for perfusion defatting. The times for defatting
were 3 hours, 6 hours, and 48 hours (static only).

3.3.4 Microdevice Assembly
We built parallel plate flow chambers using a 3D printer, the Makerbot Replicator,
out of ABS plastic. The chamber was designed to insert 25 × 75 mm glass
microscope slides with a confluent monolayer of cells cultured on top. At the inlet
and outlet of the chamber, the width expanded gradually from 2 mm regions to
the 25 mm ate the edge of the glass slide allowing for uniform flow. The channel
height of 1mm was created by a silicone gasket in between the plates kept
together by 24 magnets embedded in the periphery of the plates. The perfusate
comes in through one end, flows across the slide and goes out the other end.

3.3.5 Viability
Cultures were washed with phosphate-buffered saline, and dead cells were
quantified after incubation for 20 minutes at 37C with 4.29 lg/mL EthD-1, 5lg/mL
calcein-AM, and 1 lg/mL Hoechst 33342 (Invitrogen) to stain all cells. Five
fluorescence images were obtained in 3 separate wells per experimental
condition. Cells containing EthD-1–labeled nuclei were counted as dead,
whereas those with Hoechst-stained nuclei were counted as living. Dead cells
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were confirmed to be negative for calcein-AM(Invitrogen) with an esterasedependent metabolic assay.

3.3.6 TG
TG levels in the culture supernatants and hepatocyte extracts were quantified
using a commercially available kit (Sigma Chemical), based on the release of
glycerol from TG catalyzed by lipoprotein lipase (LPL). Glycerol content was
measured using water instead of LPL in the TG kit. Cells were first fixed in 4%
paraformaldehyde, scraped from the bottom of the wells, sonicated to measure
intracellular TG.

3.3.7 Urea
Urea concentrations were measured based on its specific reaction with diacetyl
monoxime using a commercially available kit (Sigma Chemical, St. Louis, MO).
The standard curve was created with serial dilutions from 300 to 0 mg/mL of a
urea standard. The absorbance values were generated with a Beckman Coulter
Model DTX 880 plate reader with a 595 nm emission filter.

3.3.8 Albumin
Rat albumin was measured by enzyme-linked immunosorbent assay (Bethyl
laboratories, Montgomery, TX). The standard curve was created with serial
dilutions from 7.8 to 10,000 ng/mL of an albumin standard. The absorbance
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values were generated with a Beckman Coulter Model DTX 880 plate reader with
a 450 nm emission filter.

3.3.9 Cytochrome P450
Cytochrome P450 function is evaluated using ethoxyresorufin 0-deethylase
activity, which is largely catalyzed by the isoenzyme CYP4501A1. Two days
before the assay, 2 M of 3-methylcholanthrene were added to the cell culture
medium to induce CYP4501A1. Then, the medium was replaced with Earle’s
balanced salt solution containing 10 M ethoxyresorufin and 90 M dicumarol
(Invitrogen), and the cells incubated at 37°C. Substrate solution was sampled (50
L) after 0, 30, 60, and 90 min of incubation, dispensed in a 96-well plate, and
fluorescence measured in a plate reader (excitation wavelength, 530 nm;
emission wavelength, 590 nm). Fluorescence intensity is converted to resorufin
concentration via standard curve and, the slope (nM/min) of the fitted resorufin
formation curve corresponds to the cytochrome P450 activity.

3.3.10 Computational Methods
We utilized the Ansys Fluent Workbench (version 3.4, COMSOL Inc.) to model
first the fluid dynamics, and second to simulate the simultaneous transport and
reaction problem to investigate the clearance of L-carnitine and the resultant lipid
metabolism by the hepatocytes on the device surfaces.

Material Properties and Boundary Conditions
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For all the geometries, we use the assumption that the media for our cell culture
is an incompressible Newtonian fluid and therefore with a density 1000 kg/m3. All
the solid boundaries are treated as impermeable and rigid with a no slip condition.
We also work under the assumption that the system is isothermal neglecting any
metabolic variations in temperature. We establish a uniform inlet velocity
(5uL/min) which creates a fluid residence time that is physiologically relevant
corresponding to a low Reynolds number (Re ~10). We also assume as the
outlet boundary condition a gauge pressure of 0 Pascal.

Fluent Solver Properties
We utilized the multi-physics mode that combines an incompressible NavierStokes model and a reaction-convection model. We set the reaction rate to
clearance values that are experimentally determined (Table 1). These intrinsic
clearance values define the flux boundary conditions for the bottom the flow
chamber simulating hepatocyte clearance and consumption of compounds.

The FGREMS solver ran in transient mode to determine the system compound
clearance. A relative tolerance of 1x10-2 and an absolute tolerance of 1x10-4 was
used solver, adaptive mesh refinement, and a 0.1 second time step was used for
all the simulations.

3.3.11 Statistics
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All values were normalized to the amount of seeded viable cells. Experiments
were done in triplicate with our results presented as averages. We determined
the statistical significance of differences was using KaleidaGraph’s one-way
ANOVA with Fisher’s LSD post-hoc test (Synergy Software, Reading, PA) with
values of p <0.05.

3.4 Results
3.4.1 Computational Optimization of Flow Device
We

began

CFD

simulations to determine
the characteristics of fluid
flow and shear stress that
the device would create
for the cells. In Figure

Figure 6 Velocity Profile - Momentum balance derived model of velocity
showing an average velocity of .00118 m/s.f0.982, respectively. Flow Rate:
9x10-4 m/s

6-7 we show the overall fluid flow in the device’s flow chamber. Except for along
the boundaries, the
fluid flow is slow (00.002 m/s).

The shear stress is

an important factor in
the

Figure 7 Shear Stress Profile - Momentum balance derived model of shear
stress. Maximum shear is .008 pascals.0.982, respectively. Flow Rate: 9x10-4 m/s

device

characterization. Since cells are fragile and are normally not exposed to high
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shear stresses in the body, during cell culture cells need to be handled carefully.
While it has been seen in literature that low levels of shear stresses (0.5 Pa) can
be beneficial for cell function, higher stresses impair hepatocyte health and
function. In Figure 7, we show the shear stress seen by the cells in the device, is
on the order of 8x10-3 Pascals, and therefore orders of magnitude lower than
harmful stress levels for hepatocytes.

We next evaluated whether the clearance data measured using the static culture
or flow system would match the values of our computational fluid dynamics
model. We therefore evaluated the clearance of L-carnitine by cells cultured in
states:

static

Hepg2

cells,

Hepg2
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Figure 8 L-Carnitine Clearance: Model Validation - The model was compared with
defatting in the following conditions: Static HepG2s, Static Hepatocytes, and HepG2s
under flow with R-squared coefficients of 0.954, 0.961, and 0.982, respectively. Flow
Rate: 9x10-4 m/s

were scaled to in vivo values. The data shown (Figure 8), gives us R-squared
coefficients of 0.954, 0.961, and 0.982 are obtained for the static Hepg2 cells,
Hepg2 cells under flow, and static rat hepatocytes, respectively.
3.4.2 Defatting Under Flow
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Defatting shows virtually no change in the 3 hour static condition and a nonstatically significant amount of defatting after 6 hours. After 48 hours, there was
70% defatting. In the flow condition, there is statistically significant defatting over
3 hours that is further increased over 6 hours.

3.4.3 Functional Assessment of Cells Defatted Under Flow
Assessment of the viability and functionality of the defatted hepatocytes is of
great importance for the success of the project. Hepatocyte viability was
assessed by the EHD exclusion assay. Dead or dying hepatocytes allow the
EHD stain to enter the nuclei and bind to the DNA while live cells do not.
Therefore,

epi-
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cells’
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Figure 9 Cell Viability The percentage of viable cells. As is calculated by the number
of dead cells stained with EHD vs the total number of cells as indicated by a DAPI
stain. N=3

percentage of viable cells, the cells were counter stained with DAPI (blue range)
to detect the total number of nuclei and a percentage viability was quantified.
Based on this analysis, the viability of defatted cells which were accelerated or
naturally defatted, remained above 90% (Figure 9).
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Urea secretion is shown to decrease in fattened cells and increase during the
defatting process. As indicated in Figure 10, hepatocytes defatted with flow,
exhibit a faster recovery of urea secretion rate compared with those cells
defatted in static culture. We see a similar delay in the 3-6 hour time points of the

conditions, but
a

statistically

significant
increase

in

production after
48

hours

of
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and
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Figure 10 Urea Secretion - The amount urea secreted. The conditions are fatty cells
before defatting, fatty cells that are receiving the defatting cocktail in static culture
for 3, 6, and 48 hours, fatty cells that are receiving the defatting cocktail under flow
for 3 and 6 hours, and lean cells in static culture. • ANOVA p<0.05 vs. before
defatting, N=3
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Figure 11 Albumin Secretion - The amount Albumin secreted by the cells. The
conditions are fatty cells before defatting, fatty cells that are receiving the defatting
cocktail in static culture for 3, 6, and 48 hours, fatty cells that are receiving the
defatting cocktail under flow for 3 and 6 hours, and lean cells in static culture. •
ANOVA p<0.05 vs. before defatting, N=3
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is used as a hepatocyte specific functional marker in vivo as well as in vitro.
Albumin secretion is shown to decrease in fattened cells, and is not further
hampered by the defatting process. As indicated in Figure 11, the defatted cells
secrete to a lesser degree than lean cells. In addition, there is no statistically
significant difference between the rate of albumin secretion in hepatocytes which
were naturally defatted and those which were defatted using the defatting
cocktail. Only after 48 hours was there a statistically significant increase in the
static culture.

Cytochrome P450
The ability of the defatted hepatocytes to metabolize drugs using P450 enzymes
was

assessed
post

140%

defatting based on

120%

the

Ethoxy-

resorufin
(Invitrogen)
metabolic

assay.
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Figure 12 P450 Enzymes - The fluorescent level was utilized to determine the
resorufin secretion rate after treatment with ethoxy-resorufin. The conditions are
lean cells, fatty cells before defatting, fatty cells that are receiving the defatting
cocktail in static culture, and fatty cells that are receiving the defatting cocktail
under flow all for 6 hours. • ANOVA p<0.05 vs. before defatting, N=3

defatted
hepatocytes have the ability to metabolize drugs using the P450 enzyme family,
but to a lesser extent than lean cells. In addition, there is not a statistically
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significant difference between naturally defatted hepatocytes and accelerated
defatted macro steatosis hepatocytes in regards to this assay.

3.5 Discussion
Defatting kinetics are rapidly increased in a flow environment. This can be
attributed to several things. There is removal of cellular waste that can form a
boundary layer above the cells in static culture. There is more uniform availability
of defatting agents to the cells, while in static conditions there is local depletion.
The cells are further stimulated by the physical stimulus of flowing perfusate.
These can explain the rapid defatting and increased urea production under flow.

When developing an optimized microfluidic the fluid dynamics of the system need
to be chosen carefully [68-78]. The parameters one must address when
designing a device are: 1) chemical gradients inside devices; 2) low shear stress
inside devices; 3) and given the laminar flow characteristics, efficient mixing to
minimize gradient formation.

Microfluidic hepatic devices, similarly to the liver in vivo, have concentration
gradients for oxygen, nutrients, metabolic waste, and defatting agents
administered here. In vivo phenotypic difference can be seen at different parts in
the liver depending on oxygen tension gradients. Additionally the distribution of
cytochrome P450 activity is uneven throughout the liver. Our flow chamber does
not have area needed to mimic the zonation seen in the liver, and instead
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focused on ensuring adequate oxygen ten for the cells throughout the chamber
[79-81].

We used experimental values and values obtained from literature of cellular
utilization of agents with our CFD findings to design an optimized device. To
overcome the limitations of diffusion in the device, a driving force through
convection transports of oxygen, nutrients, and defatting compounds that are
taken up by the cells in our system. We hypothesized that this is a major
mechanism for increased clearance that we observed [82, 83]. We therefore
conclude that mass transport is limiting compound clearance in the static culture,
while in systems with flow, convective transport fixes the transport limitation
(Figure 8). And while this is a more physiologically relevant system for
compound clearance, it can cause higher that physiologically observed sheer
stress. Though in our flow system, the sheer stress are well below the threshold
to the detrimental to the cells (Figure 7).

Scaling this procedure, we then focused on the core optimization of defatting of
hepatocytes under flow. Our model was generated on the central metabolic
pathway, beta-oxidation, identified from prior metabolic flux analysis studies. We
created a reaction network for this system based on the E-Cell system [84] as
well as experimentally validated L-carnitine uptake (clearance) rates (Figure 8).
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In summary using computational fluid dynamics we determined key parameters
for our microfluidic cell culture device and compared values measured in
convective flow and static culture conditions. Our study indicates that convective
mass transport may explain the increased agent clearance as previously
observed [82, 83]. We demonstrated analytically that the shear stress
experienced by the cells in our flow device is sufficiently low to not adversely
affect cellular viability and function. And in the process, we have shown that
microfluidic systems represent a more physiologically relevant system compared
to static culture. We validated our optimized model conditions for cellular function
and viability in a defatting condition. In the future, we will strive to create further
changes in design that can bring the microfluidics system towards a more
realistic ex vivo perfusion model as well as ascertaining the performance of the
defatted cells in hypoxia conditions seen at the point of transplantation.
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Chapter 4: Future Directions

In future work we plan to challenge the hepatocytes defatted under flow in
hypoxic conditions, to ascertain their performance relative to macrosteatotic
hepatocytes. We have established the overall experimental design for inducing
hypoxia in a flow chamber, and have concluded that HepG2s have limited utility
in hypoxic experiments. In addition we observed that the benefits of the defatting
process on urea secretion are maintained throughout the hypoxia and
reoxygenation process.

Given these results, we will be examining this phenomenon using macrosteatotic
primary hepatocytes for which a clear baseline of cell death and reduced function
will be observed after I/R injury.

The sensitivity of the hepatocytes to induced injury will be assessed by the
reduction in cell viability post injury. This will be assessed by the EHD exclusion
assay as well as by the release of intracellular enzymes such as LDH which
indicate cell death. In addition, the system is amenable to further interrogation of
long term hepatocyte viability and function post injury (to be assessed by EHD
exclusion assay, urea secretion rate, albumin secretion rate, bile secretion rate
and the ability to metabolize drugs using P450 enzymes).
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The next stage would involve an ex vivo rat perfusion study to assess when rats
will survive after transplantation of liver that were defatted in a clinically relevant
time frame.

Lastly before a clinical therapy, macrosteatotic human livers can also perfused
and assessed for TG content and functional recovery.
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