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Abstract

Drug-drug-interactions (DDIs) occur when a drug alters the metabolic rate, efficacy, and toxicity
of concurrently used drugs. While almost 1 in 4 adults now use at least 3 concurrent prescription
drugs in the United States, the Non-alcoholic fatty liver disease (NAFLD) prevalence has also
risen over 25%. The effect of NALFD on DDlIs is largely unknown. NAFLD is characterized

by lipid vesicle accumulation in the liver, which can progress to severe steatohepatitis (NASH),
fibrosis, cirrhosis, and hepatic carcinoma. The CYP450 enzyme family dysregulation in NAFLD,
which might already alter the efficacy and toxicity of drugs, has been partially characterized.
Nevertheless, the drug-induced dysregulation of CYP450 enzymes has not been studied in the
fatty liver. These changes in enzymatic inducibility during NAFLD, when taking concurrent
drugs, could cause unexpected fatalities through inadvertent DDIs. We have, thus, developed an
in vitro model to investigate the CYP450 transcriptional regulation in NAFLD. Specifically, we
cultured primary human hepatocytes in a medium containing free fatty acids, high glucose, and
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insulin for seven days. These cultures displayed intracellular macro-steatosis after 5 days and
cytokine secretion resembling NAFLD patients. We further verified the model’s dysregulation

in the transcription of key CYP450 enzymes. We then exposed the NAFLD model to the drug
inducers rifampicin, Omeprazole, and Phenytoin as activators of transcription factors pregnane X
receptor (PXR), aryl hydrocarbon receptor (AHR) and constitutive androstane receptor (CAR),
respectively. In the NAFLD model, Omeprazole maintained an expected induction of CYP1A1,
however Phenytoin and Rifampicin showed elevated induction of CYP2B6 and CYP2C9
compared to healthy cultures. We, thus, conclude that the fatty liver could cause aggravated
drug-drug interactions in NAFLD or NASH patients related to CYP2B6 and CYP2C9 enzymes.

Keywords

Non-alcoholic fatty liver disease; Lipid accumulation; Primary human hepatocyte; CYP450; Drug
metabolism; Drug-drug interaction

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a clinical syndrome featuring liver macro-
vesicular fat accumulation, or steatosis, driven by an imbalance in the hepatic intake,
synthesis, degradation and secretion of lipids [1]. Its progressive form, Non-alcoholic
steatohepatitis (NASH), Is characterized by fibrosis, increasing oxidative stress, pro-
inflammatory cytokines, and activation of stellate cells due to chronic fat accumulation

[2]. The later stages of NASH can further progress to cirrhosis, hepatocellular carcinoma,
and ultimately death [3]. The NAFLD prevalence has doubled in the last 20 years to 20-30%
in the West and 5-18% in Asia [4,5]. NAFLD is, now, the most common chronic liver
disease in the West parallel to the rise in obesity and Type Il diabetes. Recent reviews
highlight that obese individuals and NAFLD patients are at heightened risk of acute toxicity
and worsening symptoms induced by everyday drugs such as acetaminophen, losartan, and
commonly used anesthetics [6]. These indicate substantial alterations in drug metabolism,
regulated by key metabolic enzymes, which have been reported in animal models and human
patients [7]. These alterations also imply many of these patients are possibly at risk of
complex drug-drug interactions (DDIs), which are a result of the metabolism of two or

more drugs simultaneously. Such DDIs can be detrimental via increased drug toxicity and
impaired drug efficacy.

To date, few studies have found a significant dysregulation in transcription and activity

of multiple CYP450 enzymes from NAFLD liver microsomes and in vitro models [8-10].
CYP450s are the major enzymes involved in Phase | drug metabolism; the CYP450 isoforms
CYP3A4, CYP1AL, CYP2B6, CYP2C9, and CYP2E1 contribute to the metabolism of the
vast majority of drugs [11]. CYP3A4 is the most abundant CYP enzyme in the human

liver metabolizing more than half of commonly prescribed drugs [12], and the activity of
CYP3A4 has been shown to be impaired in NAFLD [9] CYP1A, CYP2B6, CYP2C9 and
CYP2EL1 also account for approximately 9%, 4%, 17%, and 2%, respectively [11]. NAFLD
studies have shown a decrease in transcription and activity of CYP1A1 [13], and conflicting
results in the regulation of CYP2B6 [9,14] and CYP2C9 [9,15], and a consistent increase
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in the transcription of CYP2EL [16]. The latter’s generation of ROS and superoxide anion
radicals might play a key role in the progression to NASH, making its upregulation a reliable
marker of the disease [17]. Even though the initial dysregulation of the CYP450s as a result
of NAFLD has been studied, no studies have yet investigated the drug inducibility of these
enzymes in the NAFLD liver.

The expression of CYP450 enzymes is regulated by several transcription factors, which

can be activated by drugs, and consequently alter the metabolism of concurrent drugs,
causing deleterious DDIs. For instance, the inadvertent activation of the pregnane X receptor
(PXR) by Rifampicin can alter the metabolism of troglitazone increasing its conversion

into a potentially toxic quinone through CYP3A4, which has caused fatal hepatotoxicity in
rare cases [18]. Drug-inducible transcription factors include constitutive androstane receptor
(CAR), which induces CYP2B6 and CYP3A4 [19,20], the aryl hydrocarbon receptor (AhR),
which induces the CYP1A family [21], and PXR, the main inducer of the CYP3A and
CYP2C family [18]. Drug inducers rifampicin, Omeprazole, and Phenytoin are widely

used to assess CYP inducibility as Rifampicin activates PXR, Omeprazole activates AhR,
and Phenytoin activates CAR exclusively [18,20,21]. While drugs, their profiles, and their
interactions with one another are often well studied on healthy subjects, information is
scarce on response to drugs in NAFLD patients and the potential vulnerability to DDIs in the
fatty liver.

Hepatoma-derived cell lines are commonly used to investigate NAFLD in vitro and include
HepG2, Huh7, and HepaRG cells. However, these exhibit an abnormal genotype, lack
population diversity, and demonstrate poor liver-specific metabolic competence causing
these cell lines to be an insufficient choice in modeling CYP450 drug regulation [2,
22,23]. In contrast, primary human hepatocytes (PHHs) exhibit high functionality relative
to the human organ in vivo and are considered reliable for predictive toxicological and
pharmacological results [24]. One cause for concern using PHHSs is the donor variability
which can lead to poor reproducibility and discrepancies [24]. Nevertheless, this can be
viewed as beneficial to relate to individual variations in genetic polymorphisms in the
human population and recapitulate idiosyncratic responses. Overall, PHHs are the ideal
choice for studying and modeling NAFLD and its key stages due to their ability to most
accurately mimic the hepatic state [8,24,25].

Our objective, here, is to establish a model conducive to understanding the drug metabolic
responses and interactions of the CYP450s in the fatty liver. To this end, we used PHHs

to develop an in vitro model of NAFLD, and characterized its phenotype through multiple
assays to validate cell health, lipid accumulation and inflammation. We first cultured the
PHHs for 7 days under healthy (control) and steatosis inducing conditions, and established
optimal hepatocyte phenotype and quantifiable macro-steatosis lipid accumulation. We then
characterized the inflammation in this model via a multiplexed cytokine analysis. Then, for
the last 48 h of steatosis treatment, we subjected the NAFLD model to drug induction by
three prototypical drugs to elucidate the differences in drug metabolic response and risk to
potential DDIs between healthy and fatty liver tissues. These experiments indicated — even
in a monoculture model using just PHHs and with only a fatty diet as the stimulus — the
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CYP450 drug metabolism and induction of CYP450 enzymes are significantly altered in the
steatotic liver tissues. The latter indicates an elevated risk of DDIs in NAFLD.

2. Materials and methods

2.1 Primary human hepatocyte culture

Cryopreserved PHHs were purchased from the Cell Resource Core at the Massachusetts
General Hospital. We used three different donors with varying age, gender and BMI, to
account for person-to-person variations (Supporting Table 1). We thawed cryopreserved
PHHSs and recovered them in a 40% Percoll® (Millipore Sigma, USA) solution in DMEM

- Dulbecco’s Modified Eagle Medium (Thermo Fisher Scientific, USA), which was then
centrifuged at 100 g for 10 min. We resuspended the formed pellet in seeding media (5

mL), made with William’s Medium E (Millipore Sigma) supplemented with 10% fetal
bovine serum (FBS, Sigma, St Louis, MO), 0.5 U/mL insulin, 7 ng/mL glucagon, 20

ng/mL epidermal growth factor, 7.5 ug/mL hydrocortisone, 200 U/mL penicillin, 200 ug/mL
streptomycin. The cells were then seeded onto a pre-collagen coated 12-well plate (Corning,
New York, NY) at a cell density of 600,000 cells/well and incubated at 37 oC and 10% CO?.
After 24 h we aspirated the media and applied a 200 pL of 1.25 mg/mL rat tail collagen
solution diluted 10x in DMEM and allowed this solution to polymerize at 37 oC for one
hour before adding the appropriate “Healthy” or “Steatotic” media. We then incubated
cultures and replenished media daily for seven days. The “Healthy” media comprised
William’s Medium E — including 10 mM D-Glucose — supplemented with 4% Bovine Serum
Albumin (Sigma), 500 pU/mL insulin, 7 ng/mL glucagon, 20 ng/mL epidermal growth
factor (EGF), 7.5 ug/mL hydrocortisone, 200 U/mL penicillin, 200 ug/mL streptomycin. We
formulated the “Steatotic” media based on the “Healthy” media by adding 800 uM oleic acid
(OA), 400 uM palmitic acid (PA), and increasing concentration of insulin to 2000uU/mL and
D-Glucose to 20 mM.

2.2 Intracellular lipid staining

The main histological characteristic of NAFLD is the intracellular lipid accumulation in
hepatocytes. To quantify this phenotype, we used AdipoRed™ (Lonza Group, USA), a
fluorescent hydrophobic dye with affinity to lipids. We stained and quantified the Steatotic
cultures on days 1, 3, 5, and 7. Briefly, we first washed the cultured cells with PBS and
then fixed them with 4% paraformaldehyde in PBS for 15 min at room temperature. Then,
we washed the cultures with PBS again and stained with AdipoRed™ according to the
manufacturer’s instructions. 10 ng/mL of Hoechst33342 (Thermo Fisher Scientific) was
added in the staining solution to observe nuclear size and localization with respect to the
lipid vesicles. Next, we washed the cultures with PBS and obtained fluorescent images
using an EVOS fluorescence microscope (Thermo Fisher Scientific, USA). The images were
transferred to ImageJ (National Institutes of Health, USA) to quantify lipid accumulation
based on the total fluorescence intensity, and particle count and size. The temporal size
distribution was generated using RStudio (RStudio Team, Boston, MA).
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2.3 Urea and albumin secretion

We collected media samples every odd day of the culture and measured the cellular secretion
of urea and albumin. We performed a colorimetric BUN assay using the Stanbio™ BUN

Diagnostic Set (Stanbio Laboratories, Cardiff, Wales) following the manufacturer’s protocol,
to measure urea. For albumin secretion, we used a human ALB solid-phase sandwich ELISA
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with the Invitrogen Albumin Human ELISA kit (Thermo Fisher Scientific) following the
manufacturer’s protocol.

2.4 Cytokine profiling

We collected supernatant samples on days 1 and 7 from all cultures to measure cytokine
release. To this end, we used the Cytokine Human Magnetic 30-Plex Panel (Thermo Fisher
Scientific) for Luminex™ platform (Thermo Fisher Scientific) and quantified cytokines,
chemokines and growth factors in the culture supernatant following the manufacturer’s
protocol. We diluted samples with the provided assay diluent and then added the samples to
each well along with standards and controls. We analyzed the samples using a Luminex™
MAGPIX instrument to determine concentration of samples with the manufacturer provided
software.

2.5 Drug treatment and transcriptional induction of drug metabolism

We exposed all cultures to drug inducers on day 5 to compare the induction of CYP450
enzymes and their regulation via the nuclear receptors of interest. Specifically, we used
either 25 uM Rifampicin, 50 pM Omeprazole, 50 M Phenytoin dissolved in DMSO as
inducers in the media. Accordingly, we also introduced 0.5% DMSO in control (vehicle)
group media. Rifampicin, Omeprazole and Phenytoin are prototypical inducers of PXR,
AHR and CAR respectively. In general, we chose well established concentrations for

all inducers in the range where they provide a near maximal or significant induction.

The Rifampicin dose (25 pM) is based on our recent work analyzing the induction and
regulation of CYP3A4 and PXR in different hepatic systems including human hepatocytes,
iPSC derived hepatocyte and others [22]. The Omeprazole dose (50 pM) is in the range
where primary human hepatocytes were previously shown to have a high induction of
CYP1AL1 [26]. The Phenytoin dose (50 uM), on the other hand, has been used in studies of
induction of CYP2B6 in human hepatocytes and several cell lines with substantial increase
in expression [20]. We normalized the response of all samples to that of the vehicle group
with 0.5% DMSO. DMSO is known to be a weak transcriptional inducer of multiple
CYP450 enzymes at this concentration. The drug treatment was replenished on day 6, and
the cells were lysed for gene expression quantification on day 7.

2.6 RT-gPCR analysis

We lysed the cells using 400 L of TRIzol reagent (Invitrogen). We then isolated the

total RNA from each lysed sample through a phase separation by mixing the sample in
TRIzol reagent with 70 pL of 1-Bromo-3-Chloropropane (Sigma Aldrich) and centrifuging
at 15,000 g for 10 min. Upon centrifugation we mixed the aqueous solution with one
volume of 70% EtOH. We further purified the sample using a PureLink RNA Mini Kit
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(Life Technologies) according to the manufacturer instructions and eluted the samples in
nuclease-free water.

We used a NanoDrop 2000 (Thermo Fisher Scientific) to assess the quality and
concentration of the RNA content of each sample. Approximately 750 ng of RNA were
converted into cDNA using the iScript cDNA synthesis kit (BioRad, CA) following the
manufacturer instructions. Afterwards, we diluted the cDNA samples 5X with nuclease-free
water. We, then, performed the gRT-PCR reactions using PowerUp SYBR green master
mix (Life Technologies) in 10 L reactions on 384well plates on the Viia7 Real-Time

PCR system (Applied Biosystems, CA) following the manufacturer’s instructions and using
primers specific to each target gene of interest (Supporting Table S2). All primers were
designed to have exon junction products with a melting temperature of 60°C and minimal
3’ match. We quantified the relative expression through the comparative CT method,
normalizing all the samples to GAPDH as housekeeping gene.

2.7 Data and statistical analysis

The data and statistical analysis presented comply with the recommendations on
experimental designs and analysis in pharmacology. All data represent three human
hepatocyte donors with at least 3 independent cultures as biological replicates, each with
duplicates as technical replicates unless otherwise noted in the figure caption. Data are
presented as mean + standard error of the mean (SEM). After confirming normal distribution
of the data through a Kolmogorov-Smirnov test, all data was analyzed through a Welch’s
ttest to determine statistical significance, where the P-value thresholds were defined as ns: P
>0.05, *: P<0.05, **: P<0.01. Statistical analysis was performed using GraphPad Prism 8
version 8.4.1 (GraphPad Software, San Diego, CA, USA).

3. Results

3.1 Primary human hepatocyte culture

We first selected three PHH donor cell lots based on their ability to attach efficiently

to collagen-coated plates and display consistent polarized morphology in collagen-
sandwich culture for 7 days (Fig. 1A). Our initial media optimization studies indicated
EGF, hydrocortisone and glucagon are necessary supplements for stable urea secretion
(Supporting Fig. S1). Overall, the cultures maintained high and stable urea secretion (Fig.
1B) where the Healthy cultures of Donor 1 displayed decreased urea production from day 5
onward. The albumin synthesis was well maintained overall and for all donors (Fig. 1C).

3.2 Visualization and quantification of steatosis

We observed, via phase-contrast imaging, a significant increase of lipid droplets in the cell
cytoplasm over 7 days in the Steatotic culture while the Healthy cultures remained lean with
minimal lipid accumulation (Fig. 1A). We corroborated this intracellular lipid accumulation
in the Steatotic groups via fluorescent microscopy using AdipoRed™ staining. \We observed
a monotonic temporal increase in the size and quantity of lipid droplets in hepatocytes (Fig.
2A). We quantified the total intensity of AdipoRed™ staining, which showed a significant
increase in lipid accumulation from day 1-5 for all donors (Fig. 2B), and a non-significant
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increase in day 7 of steatotic culture. Furthermore, a size distribution analysis confirmed that
after day 5 the lipid-droplets transition into macro-steatotic vesicles, as they become larger
than the nuclei (Fig. 2C).

3.3 Cytokine secretion

To further assess the establishment of the NAFLD model, we compared the cytokine
secretion of Healthy and Steatotic cultures. Specifically, we analyzed the culture media from
day 1 and day 7 of all cultures using the Invitrogen 30-Plex Cytokine panel for Luminex
platform. Of the over 30 included targets, the cytokines MCP-1, VEGFa, IP10, IL-8, IL-1ra
and IL-6 showed a definitive signal. However, signal for IL-6 surpassed the standard range
in the Luminex assay. We thus also measured the secretion of I1L-6 via ELISA which did
not show significant changes between Healthy and Steatotic cultures (Supporting Fig. S2
A). IL-6 secretion was also not altered from day 1 to day 7 in Healthy cultures (Supporting
Fig. S2B). The pro-inflammatory MCP-1 and IP-10 were highly elevated in the Steatotic
culture compared to the Healthy control and the initial state (Fig. 3B—C, Supporting Fig.
S3B-C). VEGFa showed a significantly higher secretion in the Steatotic culture compared
to the Healthy control on day 7, but not the initial state (Fig. 3A, Supporting Fig S3A).

We measured a significant increase in secretion of the anti-inflammatory cytokine IL-1ra

in the Healthy cultures from day 1 to day 7 (Supporting Fig. S3D). A similar increase

did not occur for the steatotic cells, and their IL-1ra secretion was significantly lower

than Healthy ones on day 7 of culture (Fig. 3D). Overall, the Steatotic cultures showed a
pro-inflammatory profile, a common characteristic of NAFLD progression.

3.4 CYP450 expression and drug induction

Once we established the key morphological and secretory characteristics of an early
NAFLD-like profile in Steatotic cultures, we first assessed the transcriptional profile of
CYP450 enzymes (CYP1A1, 2B6, 2C9, 2E1 and 3A4) on day 7 in Steatotic cultures
compared to the Healthy controls. Thereafter, we used drug inducers to elucidate the DDI
propensity of steatotic hepatocytes using the same analysis. Specifically, we compared the
transcription of the CYP450 enzymes in Steatotic cultures to Healthy controls when induced
with the enzyme specific inducers. We analyzed and report these induction studies such

that the fold-induction in each group is normalized to the enzymatic expression in the
non-induced Healthy vehicle control group (Healthy controls with 0.5% DMSO).

The Steatotic cultures showed a severe downregulation of CYP1A1 (to 0.2-fold) when
hepatocytes accumulated macro-vesicular lipid droplets (Fig. 4A). Still, the mechanism of
induction of CYP1AL1 through Omeprazole appeared intact. Both the Healthy and Steatotic
cultures showed high inducibility of 28.4 and 18.3-fold by Omeprazole, respectively (Fig.
5A). Furthermore, the expression of the transcriptional factor AHR did not significantly
change between Steatotic and Healthy cultures (Fig. S4).

We found a significant increase in CYP2E1 expression of 5.2-fold in our Steatosis model
compared to the Healthy cultures (Fig. 4). Similarly, CYP2B6 showed a significant 5.1-fold
increase between the two groups (Fig. 4). Moreover, the transcription of CYP2B6 was
inducible with Phenytoin for both groups where the Healthy culture was induced to 3.1-fold
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and the Steatotic culture to 23.7-fold (Fig. 5B). This suggests a higher risk for CYP2B6
related DDIs, and likely an elevated activity of the transcription factor CAR. We thus
measured the expression of CAR which was elevated in the Steatotic group compared to
Healthy controls but not at a statistically significant level (Fig S4).

We measured no significant changes in the CYP2C9 basal expression between the Steatotic
and Healthy cultures. (Fig. 4). This enzyme was slightly inducible by Rifampicin for both
Steatotic and Healthy groups, to 2.7 and 4.9-fold respectively (Fig. 5C). We also found a
nonsignificant decrease to 0.52-fold for the basal expression of CYP3A4 in the Steatotic
groups compared to the Healthy cultures (Fig. 4). Both the Healthy and Steatotic groups
showed significant induction of CYP3A4 to 13.9 and 22.0-fold respectively with Rifampicin
(Fig. 5D). These suggest the Rifampicin mediated CYP3A4 induction is unchanged in
steatotic hepatocytes.

4. Discussion

The effect of NAFLD on the liver drug metabolism, especially when taking multiple drugs is
still relatively unknown. Accordingly, we created an NAFLD model to assess the expression
and drug-induced regulation of the major drug metabolizing enzymes and investigate the
DDI vulnerability of the fatty liver. To our knowledge, this is the first report of nuclear factor
activation and drug induction of CYP450 enzyme expression in an in vitro primary human
hepatocyte NAFLD model.

The early stage of the NAFLD is characterized by the gradual accumulation of intracellular
lipid vesicles in hepatocytes. These vesicles result from both increased de novo lipogenesis
due to elevated glucose and insulin levels, and free fatty acid circulation [27]. The
accumulation is expected to be benign and not alter the phenotype and function of
hepatocytes [28]. We recapitulated this phenotype by administering a Steatotic media -
including free fatty acids oleic acid and palmitic acid, and elevated glucose and insulin
concentrations similar to the levels in NAFLD patients [24] -, to sandwich cultured

PHHSs over 7 days. We first established this in vitro model by qualitative observation via
phase-contrast imaging. The hepatocytes in the Steatotic group showed increasing lipid
accumulation while the Healthy group remained free of lipids over 7 days. Importantly,
despite the lipid accumulation, we observed intact morphology and polarization of
hepatocytes throughout 7 days.

Detoxification is a vital liver function, where ammonia produced during the deamination
of amino acids is converted into non-toxic urea in the liver [29]. Similarly, albumin - the
most abundant blood protein - is synthesized exclusively in the liver. Accordingly, steady
secretion of albumin and urea are considered important markers of hepatic function. In
our model, albumin and urea secretion were comparable in Healthy and Steatotic groups.
Together with the morphological assessment, these imply the early lipid accumulation is
indeed benign for the basic hepatic functionality in our model as expected [30].

We, then, used fluorescent staining to elucidate the progressive temporal increase of
intracellular lipid accumulation qualitatively and quantitatively. This confirmed the temporal
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increase in lipid accumulation for the Steatotic cultures, and indicated a growth of the

lipid vesicles. Specifically, we observed a significant fraction of lipid droplets clearly
surpassed the size of cell nuclei from day 5 to 7 - a clinical indication of transition from a
micro-vesicular to macro-vesicular steatosis where those droplets substantially displace the
nuclei [31]. The quantitative analysis revealed a saturation in lipid accumulation, in steatotic
hepatocytes, beyond day 5. Clinically, this could be the tipping point where the benign

lipid accumulation reaches its limit without injuring hepatocytes. Any further external insult
such as inflammation and oxidative stress can potentially alter this phenotype towards a
detrimental injurious state.

The transition from the benign stages of NAFL to NASH is expected to be accompanied by
changes in pro and anti-inflammatory cytokine secretion. Based on the secretory analysis
(albumin and urea) we showed the hepatic functionality in our model was not impaired

by simple steatosis. We, thus, posit that our in vitro NAFLD model is still in the benign
state even on day 7 where a transition to macrosteatosis was observed. Still, we wanted to
address the question how secreted cytokines are regulated for highly steatotic hepatocytes
in isolation, i.e. without the non-parenchymal cells. We measured significant increases in
pro-inflammatory cytokines MCP-1, IP-10, and VEGFa.

Of these, MCP-1 promotes the migration of inflammatory cells by chemotaxis and integrin
activation [32], and research shows MCP-1 deficiency alleviates insulin resistance and
hepatic steatosis [33]. On the other hand, IP-10 plays a role in the pathogenesis of
steatohepatitis via induction of inflammation, oxidative stress, and lipogenesis [34]. A recent
study reports lipid-accumulated hepatocytes release extracellular vesicles (EVS) containing
IP-10 which has a key role in the recruitment of macrophages in NAFLD [35]. This renders
IP-10 as a potential therapeutic target for the treatment of NASH, progressive liver injury
and insulin resistance [36]. VEGFa, also known to mediate inflammation, has been reported
to be elevated in NASH patients [37] Interestingly, we measured a significant decrease

in the secretion of the anti-inflammatory cytokine IL-1ra in the steatotic cultures. IL-1ra

is normally highly expressed in healthy livers [38]. Its downregulation in highly steatotic
hepatocytes suggests a compromised anti-inflammatory response as a sign of the disease,
and again, a potential initial progression to NASH. Several studies propose that modulation
of IL-1ra could be a potential therapeutic target in mediating and controlling the progression
of inflammation in NAFLD patients [39]. Overall, the regulation of cytokines secretion - in
our NAFLD model - shows an early yet clear transition to an inflammatory state. This is
despite the lack of non-parenchymal cells or external inflammatory stimuli. Such transition
towards inflammation coincided with signaling profile of patients. This suggests a potential
use of this model to study therapeutics targeting the inflammation pathways we identified in
this single cell model.

The expression and activity of CYP450s have been shown to be dysregulated in human
NAFLD livers [40] and in some in vitro models [8,9]. This dysregulation results in altered
metabolism of xenobiotics, ultimately leading to changes in bioavailability, a decrease of
pharmacotherapeutic effect and/or generation of toxic metabolites, and oxidative stress.
These adverse effects could further be exacerbated when patients use several drugs
simultaneously. Specifically, the activation of nuclear receptors by these drugs could
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potentially lead to severe DDIs in NAFLD patients compared to healthy subjects. As such,
understanding the modulation of CYP450s and their induction in the fatty liver during
concurrent use of drugs is critical to the development of safe and efficacious new drugs and
their dosing in patients with NAFLD.

We thus studied the regulation of the transcriptional profile of five CYP450 enzymes
(CYP1AL, CYP2B6, CYP2C9, CYP2EL, and CYP3A4) in steatotic cultures compared

to the healthy ones. Furthermore, we also measured the corresponding changes in basal
expression of three transcriptional factors (PXR, AHR, and CAR) which are known to
activate the transcription of these enzymes. Overall, the basal expression of the five enzymes
in our Steatotic cultures agree well with previous studies. Specifically, we observed a
downregulation of the basal expression of CYP1A1, and an upregulation of CYP2E1 and
CYP2B6 genes in line with previous findings [9,41]. Of the three transcriptional factors,

we only observed an increase in the steatotic basal expression of CAR, which was not
statistically significant. CAR is known to regulate the transcription of both CYP2B6 and
CYP3A4. Overall, these changes indicate potential issues for patients who use drugs
metabolized through these enzymes. This dysregulation could be further exacerbated with an
additional drug inducer.

We perturbed our model via three prototypical drug inducers, Rifampicin, Omeprazole, and
Phenytoin, to further elucidate the dysregulation of CYP450 enzymes in NAFLD. These
inducers are commonly used to investigate drug-mediated regulation of specific CYP450
enzymes [42]. Each drug activates a specific transcription factor in hepatocytes, which
causes it to be translocated into the nucleus, where it binds to CYP450 promoters to induce
transcription. Rifampicin is a well-known activator of the PXR transcription factor, which
induces the upregulation of CYP3A4 [43]. Omeprazole activates the AHR transcription
factor, which upregulates CYP1A1 [21]. And finally, Phenytoin is a CAR-specific activator,
and upregulates both CYP2B6 and CYP3A4 [20]. We note that Phenobarbital is a more
common and stronger activator of CAR, but it presents promiscuity towards PXR activation.
We, thus used Phenytoin as it activates CAR exclusively, and not PXR [20].

The decrease of CYPLA mRNA, protein level, and activity have been consistently reported
for various diseases including NAFLD, NASH, and cirrhosis in patients [7,9]. Moreover,

in vitro and in vivo models have elucidated CYP1A'’s role in the metabolism of oleic

acid and production of ROS [44]. This relationship hints that the impairment of this
enzyme might be related to the increase in the inflammatory response in advanced NAFLD.
Furthermore, animal studies indicate CYP1A1 to have protective effects against lipid-
droplet accumulation induced by a Western diet [45]. Despite its severe downregulation in
highly steatotic hepatocytes, the mechanism of induction of CYP1A1 through Omeprazole
appeared to be intact. This suggests the disruption of the expression of CYP1AL during
NAFLD is not related to the AHR drug response, which coincides with stability of AHR
transcripts. As the activation of AHR can still induce the expression of CYP1A1 during
steatosis, we hypothesize that a strong AHR inducer, like Omeprazole, might alleviate lipid
accumulation, cytokine release or ROS production in a similar NAFLD model.
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CYP2B6 accounts for 2-10% of hepatic CYP enzymes and is responsible for ~8% of

the metabolism of commercial drugs including efavirenz, the frontline therapeutic for HIV
[46]. Recent studies show CYP2B6 is significantly elevated in NAFLD patients [9]. We

also observed a highly elevated CYP2B6 expression in steatotic hepatocytes. Perhaps more
importantly, the expression of CYP2B6 was also much more inducible with Phenytoin in
steatotic hepatocytes than in healthy ones. Since the expression of CYP2B6 is regulated
through the CAR transcription factor, we hypothesized that steatotic hepatocytes might have
an elevated expression of CAR. An elevated CAR expression can elucidate the elevation in
both the basal expression and Phenytoin inducibility of CYP2B6 in steatotic hepatocytes.
Nevertheless, while the expression of CAR was elevated in the Steatotic group, this elevation
was not statistically significant. This indicates that the elevated basal and induced expression
of CYP2B6 by Phenytoin in Steatotic groups is not due to increased CAR expression

but rather an increased activation of CAR. Overall, our results suggest that CYP2B6
induction by common drugs can lead to severe DDIs when used with a second or third

drug metabolized by this enzyme.

CYP2C9 is a major drug metabolic enzyme with the second highest expression level in the
liver CYP450 content [47]. CYP2C9 expression has been found to be unaltered in NAFLD
patients with benign steatosis [9,40,48]. We, also measured no significant differences in
the basal expression of CYP2C9 between Steatotic and Healthy cultures. Nevertheless, we
observed a slightly higher inducibility of CYP2C9 by Rifampicin in Steatotic hepatocytes
indicating a potentially higher likelihood of DDIs through this enzyme in NAFLD patients.
Further studies analyzing protein level and enzymatic activity are necessary to assess any
altered risk of DDIs in fatty liver, related to CYP2C9.

CYP2EL1 plays an outsized role in the metabolism of ethanol, fatty acids, and common
drugs such as acetaminophen. It is implicated in the pathogenesis of toxic liver damage, and
alcoholic and non-alcoholic fatty liver disease, due to its role in metabolizing excess linoleic
and arachidonic acid to generate w-hydroxylated fatty acids [16]. We found a significant
increase in CYP2EL expression in our Steatosis model. This upregulation has been reported
in multiple studies suggesting CYP2E1 upregulation as a potential marker for fatty liver
disease [49]. This has also been linked to elevated oxidative stress and ROS production [17],
which suggests CYP2E1 also contributes to the transition into steatohepatitis. However, the
steatotic upregulation of CYP2E1 might be an adaptation to lipid overload providing an
alternative pathway to peroxisomal and mitochondrial B-oxidation, suggesting that blocking
this enzyme could potentiate steatosis on top of reducing oxidative stress.

In our Steatotic model, we observed a non-significant decrease of CYP3A4 expression. This
coincides with previous animal and patient sample studies with non-significant decreases

in the CYP3A4 expression in steatosis despite significant decreases in its activity [7,9].
Nevertheless, few reports indicate a temporal regulation of CYP3A4 in fatty rat models

with early downregulation, intermediate term upregulation, and eventual downregulation
again for extended periods (>12 weeks). This indicates a further need to fully dissect the
regulation of highly involved enzymes in NAFLD. Beyond basal expression, we observed
the inducibility of CYP3A4 via Rifampicin was well retained for all groups. Rifampicin
regulates CYP3A4 expression via the PXR nuclear transcription factor. We observed PXR to
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be well conserved in Healthy and Steatotic cultures which corroborates the retention of the
inducibility of CYP3A4 in the Steatotic group.

It is important to note that all the data we reported in this study - on both the Phase | drug
metabolic enzymes (i.e., the CYP450s) and the transcriptional factors - are at the mRNA
expression level. While the central dogma of biology dictates that “DNA makes RNA, and
RNA makes protein”, there is often considerable uncertainty around the correlation between
the levels of RNA and the levels of the corresponding proteins [50,51]. Further, the activity
of these proteins might not always exactly correspond to the levels of the proteins due

to several biological and physical factors. Thus, a significant shortcoming of the current
study is the lack of analysis of the protein levels and their activity. Still, a recent study —
investigating the correlation of MRNA and protein levels for differentially expressed mRNAs
rather than genome wide correlations — indicates that “genes whose transcription is modified
by experimental manipulation (i.e., induction by drugs, lipid accumulation or a combination
of the two in our study) are more likely to show concordant protein expression across

these same experimental conditions, compared to genes whose transcription is not strongly
influenced by the experimental manipulation” (paraphrased from Koussounadis et al. [50]).
A recent review further elaborates that *“on bulk level and for steady-state conditions protein
levels are largely determined by transcript concentrations” (paraphrased from Liu et al. [52])
Accordingly, we posit that changes we observed at the mRNA level — for the enzymes we
studied - have considerable likelihoods of concordance at the protein level. Nevertheless,

a similar analysis does not exist for concordance between protein levels and activity, and
further each mRNA - protein pair can have a different concordance level not covered by

the cited studies. Accordingly — despite multiple recent reports lending increasing credibility
to mRNA level studies for predicting protein level changes [50,52] — we aim to follow up
the studies we presented here both at the protein expression and activity level to further
investigate the potential risk of drug-drug interactions in the fatty liver.

5. Conclusions

While the prevalence of NAFLD rises over 25% worldwide, the concomitant prescription

of drugs increases abreast [53]. Almost 1 in 4 adults now use at least 3 prescription drugs
simultaneously in the United States [54]. These reflect the dire necessity to understand the
propensity of the fatty liver to changes in drug metabolism and the subsequent DDIs. The
preceding analysis starts to shed some light onto this question where we first observed
important changes in, especially CYP1A1, 2B6 and 2E1 enzymes. This indicates the normal
dosage of drugs that are catalyzed by these enzymes should potentially be altered for
NAFLD patients depending on the regulation of the enzyme. Of these, CYP2B6 was also
much more highly inducible in the Steatotic group indicating a high probability of DDIs

in NAFLD patients through this enzyme. While not as elevated, CYP2C9 inducibility via
Rifampicin was also higher in Steatotic groups compared to healthy controls. Together, these
results indicate a) altered drug toxicity and efficacy for NAFLD patients even when they are
taking one drug and b) likely a higher propensity of NAFLD patients to DDIs compared to
healthy subjects.
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We note that our model did not include any non-parenchymal liver cells such as the Kupffer
and Stellate cells which are highly involved in the NAFLD progression, especially into

the more inflamed state of NASH and further into cirrhosis. We also did not include

any external inflammatory stimuli. Still, our observations show even in benign stages

of NAFLD, with only excessive lipid accumulation, significant alterations in the gene
expression of drug metabolic enzymes and their inducibility occur. We note, however, that
another shortcoming of the current study is that we have not studied the corresponding
protein levels and activity of the same enzymes which might not always exactly reflect the
changes in gene expression. Still, we posit that the results here warrant further studies where
the multicellular and inflammatory aspects of these alterations are also investigated to create
a more complete picture of the risk that NAFLD patients face in terms of drug metabolism
and drug-drug interactions. These expanded studies and the confirmation of the changes in
drug metabolism through additional assays of enzymatic activity and protein levels will be
the subject of our future investigation.
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Fig. 1.

Morphology and maintenance of hepatic phenotype in the in vitro NAFLD model and
healthy controls overtime. (A) Representative phase contrast bright field images of healthy
and steatotic (fatty) hepatocytes over 7 days of culture in corresponding media. Scalebar:
400 um. (B) Daily Urea and Albumin secretion of each PHH donor over the healthy and
steatotic culture period. Results are presented as daily mean + SEM (n = 4 biological

replicates for each PHH Donor).
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Fig. 2.

Stgining and quantification of intracellular lipid accumulation overtime. (A) Fluorescent
images of AdipoRed® staining (green) and nuclear Hoechst 33342 dye (blue) after 1, 3, 5
and 7 days of lipid accumulation. Scalebar: 200 pm. (B) Total mean fluorescence intensity
(MFI) quantification of green channel normalized to day 0 for each donor. Results are
presented as daily mean + SEM for nine independent cultures (n = 3 biological replicates
for each donor). (C) Lipid vesicle size distribution after 3, 5 or 7 days of steatotic culturing
for all donors. Dotted blue line represents the mean size of the hepatocyte nuclei measured
from blue channel. Welch’s #tests were used to determine statistical significance of mean
fluorescence compared to the previous day’s culture for each donor. Abbreviation: ns P>
0.05, *P<0.05, ** P< 0.01. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3.

Secretion of inflammatory cytokines in the in vitro NAFLD model compared to healthy
controls after 7 days of culture. (A) VEGF. (B) MCP-1. (C) IP-10. (D) IL-1ra. Cytokines
were measured via a Luminex™ magnetic bead panel. Regulation of the same cytokines
in healthy controls from Day 1 to Day 7 are presented in Supporting Fig. S3. Data are
presented as mean + SEM (n = 9, 3 donors with 3 biological replicates or more for each
comparison). A Welch’s £test was used to determine statistical significance. Statistical
details can be found in Supporting Table S3. Abbreviation: ns P> 0.05, *P< 0.05, ** P<
0.01.
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Fig. 4.
Transcriptional dysregulation of CYP450 enzymes in the NAFLD model compared to

Healthy controls. Fold values were calculated via ddCT comparative method of RT-PCR
data. Results are presented as mean + SEM (n =9, 3 donors with 3 biological replicates
each, or more for each comparison). A Welch’s #test was performed to determine statistical
significance. Statistical analysis details can be found in Supporting Table S4. Abbreviation:
ns P> 0.05*P<0.05, ** P<0.01
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Fig. 5.

Drug induction of CYP450 enzymes’ transcription in the in vitro NAFLD model (green)
compared to Healthy controls (Blue). Transcriptional regulation of (A) CYP1A1 with 50 uM
Omeprazole, (B) CYP2B6 with 50 uM Phenytoin, (C) CYP2C9 with 25 pM Rifampicin and
(D) CYP3A4 with 25 uM Rifampicin. Results are presented as box and whiskers (n =9, 3
donors with 3 biological replicates each, or more for each comparison). A Welch’s #test was
performed to determine statistical significance. Statistical details can be found in Supporting
Table S5. Abbreviation: Ome., Omeprazole. Rif., Rifampicin. Phe., Phenytoin. ns P> 0.05,
*P<0.05, ** P<0.01. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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