
Microphysiological flux balance platform unravels the dynamics 
of drug induced steatosis†

Avner EhrlichiD,a,b, Sabina Tsytkin-Kirschenzweiga,b, Konstantinos Ioannidisa, Muneef 
AyyashiD,a,c, Anne Riud, Reine Noted, Gladys Ouedraogod, Jan Vanfleterene, Merav 
CoheniD,a,b, Yaakov NahmiasiD,*,a,b,c

aGrass Center for Bioengineering, Benin School of Computer Science and Engineering, 
Jerusalem 91904, Israel

bDepartment of Cell and Developmental Biology, Silberman Institute of Life Sciences, Jerusalem 
91904, Israel

cTissue Dynamics, Jerusalem 91904, Israel

dL'Oréal Research and Innovation, Aulnay sous Bois 93600, France

eCentre for Microsystems Technology, IMEC and Ghent University, Ghent B-9052, Belgium

Abstract

Drug development is currently hampered by the inability of animal experiments to accurately 

predict human response. While emerging organ on chip technology offers to reduce risk using 

microfluidic models of human tissues, the technology still mostly relies on end-point assays and 

biomarker measurements to assess tissue damage resulting in limited mechanistic information and 

difficulties to detect adverse effects occurring below the threshold of cellular damage. Here we 

present a sensor-integrated liver on chip array in which oxygen is monitored using two-frequency 

phase modulation of tissue-embedded microprobes, while glucose, lactate and temperature are 

measured in real time using microfluidic electrochemical sensors. Our microphysiological 

platform permits the calculation of dynamic changes in metabolic fluxes around central carbon 

metabolism, producing a unique metabolic fingerprint of the liver's response to stimuli. Using our 

platform, we studied the dynamics of human liver response to the epilepsy drug Valproate 

(Depakine™) and the antiretroviral medication Stavudine (Zerit™). Using E6/E7LOW hepatocytes, 

we show TC50 of 2.5 and 0.8 mM, respectively, coupled with a significant induction of steatosis in 

2D and 3D cultures. Time to onset analysis showed slow progressive damage starting only 15–20 

hours post-exposure. However, flux analysis showed a rapid disruption of metabolic homeostasis 

occurring below the threshold of cellular damage. While Valproate exposure led to a sustained 

15% increase in lipogenesis followed by mitochondrial stress, Stavudine exposure showed only a 
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transient increase in lipogenesis suggesting disruption of β-oxidation. Our data demonstrates the 

importance of tracking metabolic stress as a predictor of clinical outcome.

Introduction

Drug development is currently hindered by the inability of animal experiments to predict 

human response,1,2 leading to clinical failures and post-market withdrawals costing the 

industry an estimated $2B annually. In addition, animal testing for cosmetics is no longer 

possible in Europe (EC no. 1223/2009) limiting development. While emerging organ on chip 

technology offers to reduce risk using microfluidic models of human tissues, it has thus far 

failed to show concrete advantages over traditional methods. One of the main challenges lies 

in detecting idiosyncratic or “unexplained” toxicity occurring due to physiological stress 

developing below the threshold of cellular damage.3

Recently, we demonstrated the real-time measurement of oxygen, glucose and lactate in 3D 

liver organoids maintained under physiological conditions using tissue-embedded 

microsensors.4 Oxygen was measured by phase shift that is independent of signal intensity, 

and thus unaffected by tissue growth, compaction or death,5,6 but amperometric sensors for 

glucose and lactate had to be microfluidically addressed in a sequential manner, limiting 

dynamic resolution to once every 80 minutes and overall measurement to 24 hours.4 This 

design allowed us to detect relatively rapid changes in mitochondrial function showing the 

CYP450-independent stress induced by sub-toxic concentration of troglitazone (Rezulin™). 

Other microphysiological platforms similarly fall short when it comes to sampling 

sensitivity, total period and frequency,7,8 limiting measurement resolution needed to examine 

sub-toxic effects.

In this work, we chose to focus on fatty liver disease, steatosis, a medical condition affecting 

over 25% of the global population9–12 and a common adverse event reported in drug induced 

liver injury13–15 and during prescription drug use. While fatty liver disease can range from 

simple steatosis to nonalcoholic steatohepatitis (NASH), cirrhosis, and hepatocellular 

carcinoma, one of the early and more severe forms of the disease is microvesicular steatosis.
14 Microvesicular steatosis is often associated with mitochondrial dysfunction and can be 

life threatening when long lasting.16–18 Drugs associated with microvesicular steatosis 

include Valproate, Aspirin, glucocorticoids, anti-retroviral drugs (e.g. Stavudine), 

nonsteroidal anti-inflammatory drugs (e.g. Bromfenac) and cocaine.19–23

Valproate (2-n-propylpentanoic acid) is a widely used antiepileptic drug. Over 40% of the 

patients on Valproate therapy show elevated liver enzymes, with 61% showing evidence of 

steatosis based on abdominal ultrasound.24 Idiosyncratic injury was reported in about 1/20 

000 patients and is characterized by microvesicular steatosis developing over weeks of 

continuous use.25–27 Valproate toxicity was primarily studied in rodents, showing 

suppression of β-oxidation and mitochondrial dysfunction as mechanism of action,28 at least 

in high doses.29,30 Stavudine (d4T) is a nucleoside reverse transcriptase inhibitor used in the 

treatment of HIV/AIDS. Elevation of liver enzymes was reported in 30% of the patients, 

with a similar number showing steatosis in ultrasound.31,32 Stavudine toxicity was similarly 
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studied in rodents and is thought to similarly suppress β-oxidation and induce mitochondrial 

dysfunction, possibly due to inhibition of mitochondrial mDNA synthesis.33,34

To elucidate the mechanism of both Valproate and Stavudine we designed a 6-unit 

microphysiological flux balance platform using a microfluidic in-line biosensor array that 

permits metabolic measurements at a rate of 1 per 25 seconds for 3–4 days. This design 

allows us to calculate dynamic changes in metabolic fluxes around central carbon 

metabolism (Fig. 1) producing a unique metabolic fingerprint of the liver response to 

stimuli. Our metabolic analysis points to lipid accumulation as the main mechanism of 

damage in both drugs. However, we show that at sub-toxic concentrations Valproate 

exposure shifts pyruvate toward citrate and fatty acid production in minutes, suggesting 

direct metabolic rerouting of glucose, rather than the β-oxidation disruption reported in 

rodents. In contrast, sub-toxic concentrations of Stavudine do not appear to increase 

lipogenesis and its metabolic effects develop over hours, suggesting a transcriptional 

suppression of β-oxidation as a possible mode of action. Interestingly, analytical derivation 

of lowest exposure levels (LEL) were not significantly different than clinically observed 

Cmax suggesting the safety margin of both drugs should be reconsidered.

Materials and methods

Bioreactor design and fabrication

Bioreactor manifold and disposable PDMS microwell insert design was carried out using 

AutoCAD® (Autodesk, USA), and adapted for computer numerical control (CNC) using 

SolidWorks® (SolidWorks, USA). Design and dimensions are presented in Supplement 

S1A-C. Bioreactor manifold was machined from biocompatible polyetherimide (ULTEM) 

blocks using Haas VF-2SSYT (Hass Automations, USA) machining (Fig. 1B). Each unit 

was composed of two 50.8 mm circular support structures that fit standard 2 inch inserts, 

imbedded with a biocompatible epoxy-glued glass windows for efficient light transmission 

and a stainless-steel needle connection for perfusion.

PDMS microwell inserts were fabricated using laser cutting. Briefly, a thin sheet of PDMS 

(Dow Corning) was cast to 0.7 mm height using a motorized film applicator (Erichsen) and 

cured at 70 °C for 1 h. Microwells were cut to 1.5 mm diameter, and a center-to-center 

distance of 3 mm using a 355 nm pulsed Nd-YAG laser (3D-Micromac). PDMS inserts were 

washed with 70% (vol/vol) Ethanol (EtOH), nitrogen dried, and covalently bound to clean 

0.5 mm thick glass coverslips (Schott) using oxygen plasma activation.

Bioreactor assembly

Each bioreactor was housed with a removable polydimethylsiloxane (PDMS) microwell 

insert in which cells are protected from the negative effect of shear. Sealing around the 

microwells was realized with a rubber gasket creating a perfusion chamber with an internal 

volume of 200 μL. Pressure and sealing was maintained using 4 stainless steel screws. Each 

bioreactor was perfused separately via 0.03″ Tygon® low adhesion tubing (Saint-Gobain, 

France) fitted onto the steel needles (S1†).
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Cell culture

All cells were cultured under standard conditions in a humidified incubator at 37 °C, under 

5% CO2. E6/E7LOW human hepatocyte were expanded and differentiated as previously 

described.35 Differentiation and maintenance medium is composed of William's E basal 

medium supplemented with dexamethasone (Sigma-Aldrich, USA), Bovine serum albumin 

(Fraction V, MP, USA), insulin, transferrin and selenium (ITS, Gibco, USA), L-alanyl-L-

glutamine (BI, Israel), 100 U ml−1 penicillin, and 100 μg ml−1 streptomycin (BI, Israel).

HepG2/C3A cells were obtained from the American Type Culture Collection (ATCC, USA). 

Cells were cultured in Dulbecco's Modified Eagle Medium basal medium (DMEM) 

supplemented with fetal bovine serum (BI, Israel), Eagle-MEM non-essential amino acids 

(BI, Israel), L-alanyl-L-alutamine (BI, Israel) or L-glutamine (BI, Israel), 100 U ml−1 

penicillin, and 100 μg ml−1 streptomycin (BI, Israel).

Microvascular cardiac endothelial cells (VEC Technologies, USA) were cultured in 

PeproGrow™ MicroV (Microvascular Endothelial Cell Media, Peprotech, USA) 

supplemented with 10% fetal bovine serum, 100 U ml−1 penicillin, and 100 μg ml−1 

streptomycin (BI, Israel).

Organoid seeding

A suspension of HepG2/C3A cells and CPOx-50-RuP beads (Colibri Photonics, Germany) 

were suspended in 2.5 mg ml−1 rat tail collagen type I (Corning, USA) at a cell density of 7 

× 105 cells per μl. A volume of 1.1 μl of the gel-imbedded mixture was injected into each 

microwell and left to form spontaneously until their metabolic activity stabilized around day 

4.

E6/E7LOW human hepatocyte and microvascular endothelial cells counted and mixed in a 1 : 

1 ratio in 2.5 mg ml−1 rat tail collagen type I (Corning, USA) at a cell density of 4.6 × 105 

cells per μl. Organoids were seeded in a similar manner as mentioned above.

E6/E7LOW human hepatocyte viability assessment

E6/E7LOW human hepatocyte were cultured with different concentrations of compounds 

dissolved in culture medium for 24 hours. Cell viability was subsequently determined using 

LIVE/DEAD Cytotoxicity kit (Molecular Probes, USA) according to manufacturer 

directions. Briefly, cultures were incubated for 30 min with 2 μM calcein AM and 3 μM 

ethidium homodimer-1. Live cells were positive for green fluorescence due to hydrolysis of 

the acetoxymethyl ester group by intracellular esterases. Dead cells were positive for red 

fluorescence due to ethidium homodimer-1 binding intracellular DNA. Cellular viability was 

expressed as live over dead ratio and normalized based on negative (DMSO/DDW/EtOH) 

and positive (0.1% Saponin) controls. Fluorescence micrographs were analyzed for total 

fluorescence using ImageJ for 12 repeats for each sample. TC50 and TC20 concentrations 

were calculated using MATLAB® Curve Fitting Tool. Results were fitted to a sigmoidal 

curve.36,37 Error bars indicate ± S. E.
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Adverse outcome pathway analysis

Quantification of Apoptotic index was performed using DeadEnd™ fluorometric TUNEL 

System (Promega) according to manufacturer directions. Briefly, cells were treated with 

TC20 concentrations of compounds dissolved in culture medium for 24 hours, and 

subsequently fixed in 4% Paraformaldehyde (PFA). Cell were then permeabilized and 

exposed to fluorescein-12-dUTP and terminal deoxynucleotidyl transferase (TdT). The 

reaction was subsequently stopped and the cells counterstained with 1 μg mL−1 Hoechst 

33258. Apoptotic cells were positive for green fluorescence in the nucleus. Percentage 

apoptosis was defined as the number of TUNEL positive nuclei normalized to Hoechst 

33258 positive nuclei. Quantification of Steatosis was performed using HCS LipidTOX™ 

Phospholipidosis and Steatosis Detection Kit (ThermoFisher). Briefly, differentiated cells 

were incubated with different concentrations of compounds dissolved in culture medium and 

1× Phospholipidosis Detection Reagent for 48 h, subsequently fixed in 4% PFA. Cells were 

then stained with 1× LipidTOX™ for 20 min and counterstained with 1 μg mL−1 Hoechst 

33258. Staining intensity was normalized to number of Hoechst 33258 positive nuclei. 

Quantification of Bile Secretion was performed using 5(6)-carboxy-2′,7′-

dichlorofluorescein diacetate (CDFDA) staining. Briefly, differentiated cells were incubated 

with different concentrations of compounds dissolved in culture medium for 24 h. Cells 

were then treated with 10 μg mL−1 CDFDA and 1 μg mL−1 Hoechst 33342 for 30 min. 

Incubation medium was removed and cultures washed with ice-cold PBS containing calcium 

and magnesium. Staining intensity was normalized to number of Hoechst 33342 positive 

nuclei. Analysis excluded Intracellular CDFDA staining based on intensity and phase 

images. All quantifications were made in comparison to cells treated with melatonin as 

negative control.

Real-time oxygen measurement

Real-time oxygen measurements were performed optically using on-chip lifetime-based 

luminescence quenching (LBLQ).5,6,38 Fifty-micrometer-diameter polystyrene microbeads 

were loaded with ruthenium-phenanthroline-based phosphorescence dye (CPOx-50-RuP). 

RuP phosphorescence signal shows a characteristic delay given by the lifetime of its excited 

triplet state (Fig. 1D). Oxygen acts as a quencher, leading to a decrease in decay time and 

signal intensity with increasing concentration. We chose to measure decay time, rather than 

signal intensity, as it is not sensitive to changes in probe concentration or excitation intensity 

over the course of the experiment. The signal was measured using the OPAL system (Colibri 

Photonics, Germany) that comprises of a control module, 532 nm LED excitation source, 

and a photomultiplier (PMT) detector mounted on the ocular of an IX81 Olympus 

microscope (Olympus, Japan). A filter cube with 531/40 (Ex), 555, 607/70 (Em) was 

inserted in the optical light path during measurements (Fig. 1C). To accurately measure 

decay time, we chose phase modulation in which sinusoidal amplitude-modulated light is 

shifted in phase due to oxygen quenching (Fig. 1D). To overcome the superposition of 

inphase background fluorescence that alters the phase of the detected signal, we used a novel 

53.5 and 31.3 kHz two-frequency phase modulation that allowed us to screen out the 

interference.4,5,38–40 Measurements were carried out by averaging five consecutive 4 s 

exposures. Measurements were taken every 15 min. Under similar conditions, 28 days of 
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measurement of organoids was done with no apparent phototoxicity, signal drift, or relevant 

loss of signal intensity.4

Assessment of cellular toxicity and time to onset

Bioreactors were perfused with different concentrations of compounds dissolved in culture 

medium. Cell viability was determined by oxygen uptake following 24 hours of exposure 

unless otherwise noted. TC50 concentrations were determined using MATLAB by sigmoidal 

curve fitting.36,37 Time to onset was analyzed by MATLAB based on LPF and trend 

assessment.

Assessment of a lowest exposure level

To find the asymptotic concentration for which damage occurs only at infinite exposure 

time, we used a previously developed model for accumulative drug exposure.41,42 The 

model is based on the steady-state dynamics of flux accumulation, using a linear first-order 

approximation of the cell membrane. The flux behavior is described by

J(C) = Jmin/1 − e
t
τ (1)

where J(C) is the concentration dependent flux, Jmin is the minimal flux that will cause an 

effect, t is time of exposure and τ is a drug-cell specific constant accounting reaction 

dynamics.43,44 In our case, t is the time to onset (TTO) of damage creating a bi-asymptotic 

behavior. This adapted model is used to describe lowest exposure level (LEL) under first 

order, steady state assumptions, as

TTO* = TTOmeasured − tconst (2)

Cdrug = LEL/1 − e
TTO*

τ (3)

Real-time glucose and lactate measurements

Amperometric glucose and lactate sensors were purchased from Innovative Sensor 

Technology (IST, Switzerland). The sensors are based on the enzymatic reactions of glucose 

oxidase, with a linear range of 0.5 mM to 30 mM, and lactate oxidase, with a linear range of 

0.5 mM to 20 mM. Both sensors produce H2O2 in amounts proportional to the measured 

metabolite, which is detected with platinum electrodes under polarized condition. 

Measurements were made continuously over the whole experiment, 8–24 hours prior to 

exposure and until respiratory response was confirmed. Measurements were carried out and 

calibrated to sensitivity decrease by onchip potentiostat (IST, Switzerland).

Ehrlich et al. Page 6

Lab Chip. Author manuscript; available in PMC 2020 February 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Metabolic pathways and ATP production

Glucose uptake, oxygen uptake, and lactate production rates were measured by calculating 

the change in metabolite concentration between the bioreactor in- and outflow as a function 

of perfusion rate and cell number. Metabolic rates were calculated assuming negligible 

contribution to oxygen uptake by fatty acid oxidation and enzymatic activity. Low level of 

lipids in our culture medium ensured that fatty acid uptake was more than 50-fold lower than 

glucose, whereas glutamine contribution to the Krebs cycle was minor and glycogen content 

following 12 hour exposure to the drug showed no significant change (ESI† S4).

Based on these assumptions, oxidative phosphorylation flux was calculated by dividing the 

oxygen uptake rate by six. We estimated 32 ATP molecules generated by complete oxidation 

of one molecule of glucose. Glycolysis flux was calculated by dividing lactate production 

rate by two, with maximal rate defined by glucose uptake rate minus the oxidative 

phosphorylation flux. ATP production in glycolysis was estimated to be two molecules per 

molecule of glucose. We assumed that any glucose left over was directed toward lipogenesis, 

because the contribution of pentose phosphate pathway in non-proliferating cells is minor.45 

Finally, we assumed that excess lactate was produced by glutaminolysis, an assumption 

confirmed by off-chip measurement of glutamine uptake.4 ATP production in glutaminolysis 

was estimated to be three molecules per molecule of lactate generated.

Quantitative RT-PCR

RNA was isolated and purified using Macherey–Nagel NucleoSpin RNA II kit according to 

manufacturer instructions. RNA concentration and purity were determined using NanoDrop 

ND-1000 spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized from 1 μg 

RNA sample using qScript cDNA SuperMix (Quanta BioSciences) according to the 

manufacturer's protocol. Gene expression analysis was carried out using KAPA SYBR FAST 

Universal 2× qPCR Master Mix (Kapa Biosystems) on BioRad CFX96 Real-Time System, 

according to manufacturer's directions. Gene transcription was evaluated using the ΔΔCt 

method normalized to 60S ribosomal protein L32 (RPL32) or ubiquitin C (UBC).

Statistical analysis

Experiments were repeated 2 or 3 times with triplicate samples for each experimental 

condition, unless stated otherwise. Data from representative experiments are presented, and 

similar trends were seen in multiple trials. A parametric two-tailed Student's t-test was used 

for calculating significant differences between groups. All error bars represent ± standard 

error, unless otherwise noted. TC50 and LEL error indicate the standard error calculated 

based on the 95% confidence bound calculated by the curve-fitting tool.

Results & discussion

Design of a microphysiological flux balance platform

Changes in central carbon metabolism and fuel utilization are sensitive markers of 

physiological stress. Flux balance analysis is a computational method to derive these 

intracellular fluxes by measuring changes in extracellular fluxes.4,45 Interestingly, for non-

proliferating cells growing in lipid and glutamine poor medium (methods), central carbon 
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fluxes can be estimated by measuring glucose, lactate and oxygen fluxes alone (Fig. 1A). To 

monitor the dynamic transition between these metabolic pathways, we designed a 

microfluidic system that maintains hepatic organoids under physiological conditions 

mimicking zonation4 while dynamically measuring oxygen, glucose, and lactate 

concentrations (Fig. 1B and C). 6-Unit bioreactor platform manifold was fabricated from 

biocompatible polyetherimide (ULTEM™) using CNC, while disposable multi-well 

microchips were fabricated using laser cutting (Fig. 1B, ESI† S1). Oxygen is measured 

using tissue-embedded microsensors loaded with a ruthenium-based dye, whose 

phosphorescence is quenched in the presence of oxygen, decreasing decay time (Fig. 1C). In 

contrast to intensity measurement, decay time is insensitive to probe concentration or 

excitation intensity. We use sinusoidal intensity-modulated light; resulting in an oxygen-

dependent phase shift in the 605 nm emission (Fig. 1D) that is stable down to three particles, 

and 1.5 mm away from the focus permitting accurate measurement even during toxic 

damage and subsequent tissue disintegration.40 We have recently coupled the bioreactor to 

off-chip electrochemical sensors for glucose and lactate, addressed using a complex 

microfluidic switchboard.4 However, sensor crosstalk, environmental noise (temperature, 

salts) and switchboard complexity prevented large scale integration.

To address this problem, we integrated a microfluidic biosensor array in our platform with 

an on-chip temperature sensor, and a three-electrode design in which the counter and 

reference electrodes are separated (Fig. 1E, ESI† S2). The reference electrode is used to 

measure the working electrode potential without passing current through it, while the 

counter electrode closes a circuit, allowing current to pass. This circuit is not possible in a 

two-electrode system. Anodic oxidation of H2O2 on platinum produces a current rapidly (t90 

< 25 s), while embedded catalase activity prevents cross-contamination. A 450 mV potential 

between the working and counter electrodes is monitored against a reference electrode to 

minimize background noise caused by reversible electrolysis events. Finally, an on-chip 

potentiostat (PSTAT) monitors an 8-electrode array is integrated in the 10 × 4 × 0.4 mm 

microchip (Fig. 1F) with a total volume of 0.3 to 1 μL suitable to be connected directly to 

the bioreactor outflow. A single central processing unit (CPU) controls the entire system, 

simplifying synchronization (Fig. 1C). Sensors shows linear range from 0.05 mM to 15 mM 

lactate and 25 mM glucose (Fig. 1G and H). Using our microphysiological platform we 

calculated the intracellular metabolic fluxes of polarized HepG2/C3A organoids under 

steady state condition (Fig. 1I). Glucose utilization in each pathway is shown as nmol min−1 

per 106 cells as well as calculated ATP production (methods). Relative glucose utilization is 

shown as pie chart. To validate our model, we carried out a complete HPLC-based metabolic 

flux balance analysis46 on HepG2/C3A cells and primary human hepatocytes showing that 

glutamine uptake and lipid secretion are less than 0.3 nmol min−1 per 106 cells (ESI† S3 and 

S4).

Valproate and Stavudine induced steatosis

The broad-spectrum antiepileptic drug Valproate and antiretroviral drugs such as Stavudine 

(d4T) are known to induce hepatic steatosis in patients and animal models. We therefore 

assessed their effect on differentiated, polarized cultures of E6/E7LOW human hepatocytes 

(Fig. 2A). Recently published E6/E7LOW hepatocytes show equivalent toxicity profile to 
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primary human hepatocytes,35 but less batch-to-batch variability (Fig. 2B). Analysis of 

Valproate and Stavudine toxicity showed TC50 of 2.5 ± 0.4 and 0.8 ± 0.06 mM, (Fig. 2C), 5-

times and 100-times higher than reported Cmax, respectively. Adverse outcome analysis 

showed no evidence of apoptosis following 24 hours exposure (Fig. 2D), and only mild 

inhibition of bile secretion for Stavudine (p < 0.05, n = 4). However, both compounds show 

strong and significant increase in neutral lipids (p < 0.001, n = 4). Evidence of 

phospholipidosis was seen following Valproate but not Stavudine exposure.

Real time analysis of respiratory dynamics suggests slow accumulative damage induced 
by Valproate and Stavudine

We have recently shown that time resolved information can offer insight into mechanism of 

action as direct damage (e.g. rotenone) occurs in minutes while indirect accumulative 

damage progresses over hours (e.g. amiodarone).4,40 To study the respiratory dynamics of 

Valproate and Stavudine we exposed our chip to each drug tracking effects for 46 hours (Fig. 

3A). Both drugs showed progressive accumulation of damage, reaching TC50 of 14 ± 2 mM 

for Valproate and 1.7 ± 0.4 mM for Stavudine at 42 hours (Fig. 3B). Differences in TC50 

between E6/E7LOW hepatocytes (Fig. 2C) and HepG2/C3A cells suggest metabolic 

activation is required for toxicity. In both cases, time to onset of damage (TTO) was dose 

dependent, ranging from 6–36 hours for Valproate to 10–29 hours for Stavudine (Fig. 3C). 

These results suggest a clear secondary mechanism of damage, possibly due to excess lipid 

accumulation. To confirm drug-induced steatosis on our chip, we stained the cells for neutral 

lipids and phospholipids (Fig. 3D). HepG2/C3A organoids showed strong 4-fold and 3-fold 

increase (p < 0.001, n = 9) in the amount of intracellular lipids for Valproate and Stavudine, 

respectively (Fig. 3E).

Interestingly, our data describes a relationship between drug concentration and the time it 

takes for damage to develop upon chronic exposure. Thus, we can fit the behavior on a flux 

accumulation model (methods) and extract the asymptotic concentration for which damage 

would occur only at infinite exposure time (Fig. 3F). Our analysis suggests that the lowest 

exposure levels (LEL) for Valproate and Stavudine are 280 ± 97 and 4 ± 1 μM, respectively. 

Alarmingly these calculated LEL levels fall within the observed Cmax in patients47–50 

suggesting that the clinically observed steatosis for both drugs might be due to improper 

safety margins and should be revaluated.

Valproate induces a rapid shift from glycolysis to lipogenesis

To study the metabolic effects of chronic Valproate exposure we chose a sub-toxic 

concentration correlating to 95% viability (Fig. 3B). Surprisingly, while oxygen 

consumption was only affected after 29 hours of exposure, lactate production dropped by 

25% within minutes and continued to decrease throughout (Fig. 4A and B) suggesting direct 

modulation of cellular metabolism by Valproate. Intracellular metabolic fluxes were 

calculated following 0, 20, and 40 hours exposure to sub-toxic concentrations of Valproate 

(Fig. 3C). Lipogenesis increased by 15% while glycolysis and ATP production drop by 40% 

and 70%, respectively. The metabolic shift translated into an increasing percentage of 

glucose utilized for lipogenesis over other pathways as a function of time (Fig. 4D). 

Mapping metabolic fluxes at 20 and 40 hour time points illuminates Valproate mechanism of 
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action. Valproate shifts pyruvate from lactate to citrate production, increasing lipogenesis 

through the first 30 hours of exposure (Fig. 4E). Lipid accumulation affects glucose uptake 

and mitochondrial function, with prolonged exposure leading to metabolic stress (Fig. 4E). 

These results suggest that disruption of β-oxidation may not play a major role in Valproate 

toxicity, and indeed gene expression analysis of E6/E7LOW hepatocytes shows no significant 

evidence of β-oxidation suppression (Fig. 4F), supporting enzymatic driven mechanism in 

sub-toxic exposure of human livers.

Stavudine (d4T) shows a transient lipogenesis and global metabolic suppression

To study the metabolic effects of chronic Stavudine exposure we chose a sub-toxic 

concentration correlating to 92% viability (Fig. 5B). As expected oxygen consumption was 

only affected after 20 hours of exposure suggesting slow accumulation of damage. 

Metabolic changes were only observed after 2–3 hours following exposure, suggesting 

transcriptional effects of Stavudine. Glucose uptake was upregulated during the first 10 

hours (Fig. 5B), followed by gradual down-regulation. Lactate over glucose ratio dropped by 

7% in the first 10 hours, suggesting a shift from lactate to citrate production, similar to 

Valproate (Fig. 4B and 5B), however, the ratio increase by 13% after 11 hours suggesting 

mild mitochondrial stress (Fig. 5B). Intracellular metabolic fluxes were calculated following 

0, 10, and 30 hours exposure to sub-toxic concentrations of Stavudine (Fig. 5C). Lipogenesis 

increases by 5% with the first 10 hours. In contrast, both glycolysis and lipogenesis were 

suppressed at 30 hours, while ATP production was only marginally affected. Interestingly, 

no significant changes in the percentage of glucose utilization can be seen (Fig. 5D). 

Mapping metabolic fluxes at 10 and 30 hour time points illuminates Stavudine mechanism 

of action. Stavudine exposure causes a minor shift of pyruvate from lactate to citrate 

production, increasing lipogenesis by only 5% through the first 10 hours of exposure (Fig. 

5E). However, prolonged exposure, coupled with accumulation of triglycerides, suppressed 

glucose uptake and all subsequent pathways suggesting mild mitochondrial stress.4,51 Our 

data suggest that lipid accumulation is not a result of increased production but rather 

suppression of fatty acid oxidation. Indeed, gene expression analysis of E6/E7LOW 

hepatocytes shows Stavudine-induced down-regulation of β-oxidation genes CPT1, COX2, 

UPC2, and CYP2E1 (Fig. 5F), supporting transcriptionally driven β-oxidation suppression 

in sub-toxic exposure of human livers.

Conclusions

In this work we established a robust microphysiological flux analysis platform with 

streamlined microfluidic analysis of central carbon metabolism and glucose utilization (Fig. 

1). Our on-chip CPU-synchronized sensors permit unparalleled measurements at a rate of 1 

per 25 seconds for 3–4 days, allowing us to discover rapid changes in cellular metabolism 

such as the quick shift from lactate to citrate induced by within minutes of Valproate 

exposure (Fig. 4). In addition, integrated noise reduction, and stabilized electrochemical 

measurements, allowed us to run 60 hour experiments with continuous metabolic 

measurement, about 20 000 data points, uncovering the dynamics of both fast and slow 

metabolic events (Fig. 4 and 5). In fact, though metabolic adaptation was detectable within 
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minutes to hours, mitochondrial stress took more than a day to develop (Fig. 4 and 5) and 

would have been missed using standard assays.

Non-alcoholic fatty liver disease is a growing epidemic affecting over 25% of the global 

population.9,12,52 Driven by life style choices and prescription drug use, the disease can 

range from steatosis to steatohepatitis, cirrhosis, and hepatocellular carcinoma. Interestingly, 

in spite of fundamental differences between human and rodent in the regulation of lipid 

metabolism,53–56 rodents are still predominantly being used to study the disease. 

Importantly, while in human metabolism glucose serves as the predominant precursor for 

lipogenesis, rodents utilize acetic acid in de novo lipogenesis, circumventing mitochondrial 

pathways. In fact, most drug candidates identified in rodent models of fatty liver injury have 

not proven effective in clinical studies.57,58 This suggests the development of a robust 

microphysiological model of human fatty liver disease could prove useful in drug 

development and safety assessment.

In current understanding, Valproate-induced steatosis is caused by β-oxidation impairment,
26 due to the formation of valproyl-CoA conjugate in the mouse liver. Interestingly, valproyl-

CoA is virtually undetectable in Valproate treated patients serum or urine sample59,60 and in 

a sub-toxic concentration its formation should be negligible.26,61 However, in mouse models 

exposed to high doses of Valproate, valproyl-CoA leads to mitochondrial CoA depletion, 

coupled with CPT1 inhibition, blocks β-oxidation and impairs ATP production.62,63 In rat 

hepatocytes, toxic concentration of Valproate induces mitochondrial swelling, increase ROS 

production and led to cytochrome C release, suggesting direct mitochondrial damage and 

apoptosis.29,64 These findings, however, do no correlate to development of Valproate-

induced liver injury in the clinical settings, nor with our findings (Fig. 3 and 4). Valproate 

induces only a mild elevation of liver enzymes in patients suggesting minimal cellular 

damage,65 developing damage only month to years following initial exposure.25–27

Our findings demonstrate that sub-toxic levels of Valproate show no indication of direct 

mitochondrial damage in human hepatocytes (Fig. 4). Analysis of metabolic fluxes 

following Valproate exposure shows a shift from pyruvate production of lactate to citrate, 

occurring in minutes following exposure (Fig. 4A and B) and leading to increased 

lipogenesis. Mild mitochondrial stress occurs, but only after prolonged exposure to 

microvesicular steatosis (Fig. 4E) and we find no evidence of apoptosis (Fig. 2D). 

Surprisingly, β-oxidation impairment does not appear to play a major role in Valproate 

induced steatosis in human hepatocytes (Fig. 4F), at least not in sub-toxic concentration. 

Importantly, recent studies exposing mice and rats to sub-toxic levels of Valproate similarly 

showed no indication of β-oxidation impairment confirming our findings.66,67 These results 

demonstrate that mechanism of acute toxicity differ from chronic exposure to sub-toxic 

concentrations of the drug, and that dynamic assessment of metabolic stress could accurately 

replicate clinically observed manifestations of damage in human patients.

Stavudine (d4T) related hepatotoxicity is suggested to occur by inhibition of DNA 

polymerase γ, the enzyme responsible for the replication of mitochondrial DNA.33,34 Early 

studies showed that toxic concentration of Stavudine led to mitochondrial dysfunctional, 

ROS production, and apoptosis.68 Recently, it has also been suggested that intracellular lipid 
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accumulation may be the result of interactions with nuclear receptors and subsequent 

transcriptional changes.69–72

Our findings show that sub-toxic levels of Stavudine show no indication of direct 

mitochondrial damage, with ATP production remaining relatively unchanged throughout the 

exposure (Fig. 5C and D). Analysis of the metabolic fluxes following Stavudine exposure 

suggests that sub-toxic concentrations cause a transient increase in lipogenesis followed by 

global suppression of both glycolysis and lipogenesis (Fig. 5). Indeed, gene expression 

analysis suggests that in this case, it does seem that transcriptional suppression of β-

oxidation leads to lipid accumulation in human hepatocytes (Fig. 5F). Our data fits recent 

findings regarding the ability of Stavudine to bind LXR and ER, suppressing PPAR-induced 

β-oxidation. Transcriptional modulation seems like a prominent lead to understand and 

prevent steatosis caused by sub-toxic exposure to Stavudine and other antiretroviral drugs.

In conclusion, our work demonstrates the real-time measurement of glucose, lactate, and 

oxygen in a liver-on-chip bioreactor perfused under physiological conditions. The platform 

is uniquely able to monitor metabolic changes indicating metabolic shifts and phenomena 

occurring at drug concentrations previously regarded as safe, revealing mechanisms relevant 

to the clinical manifestations of chronic exposure to drug-induced liver injury.
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Fig. 1. Design of a microphysiological flux balance platform.
(A) Metabolic pathways of glucose utilization in human hepatocytes. Flux balance analysis 

permits the calculation of intracellular fluxes using extracellular oxygen, glucose, and lactate 

measurements. Dotted arrows note experimentally-limited fluxes. (B) CNC-fabricated 6-unit 

bioreactor plate. Laser-cut disposable microwell chips containing 9 organoids are seeded 

with microsensors in an open configuration and then perfused until metabolic stabilization 

achieved. Immunofluorescent staining shows a human liver organoid composed of albumin-

positive E6/E7LOW hepatocytes (blue) and CD31-positive endothelial cells (red). Oxygen 

sensors (orange) are embedded inside the microtissue (blue) during seeding. Scale bar = 250 

μm (C) platform schematics. Bioreactor is loaded with tissue-embedded oxygen sensors and 

mounted on an Olympus IX83. OPAL-controlled modulation LED signal excites the 

embedded oxygen sensors. Phase shift is measured through a hardware-filtered 

photomultiplier (PMT). Bioreactor outflow is connected to a microfluidic biosensor array 

containing electrochemical sensors for glucose and lactate, continuously adjusted according 

to non-specific oxidation events and changes in the ambient temperature. Sensors are 

connected to an on-chip potentiostat (PSTAT). All measurements (optical and electronic) are 

Ehrlich et al. Page 16

Lab Chip. Author manuscript; available in PMC 2020 February 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



processed in real-time by single microprocessor, synchronizing the signal continuously. (D) 

Jablonski diagram describing the generation of phosphorescence with Ru-CPOx beads under 

the influence of oxygen. The quenching of the phosphorescence by triplet oxygen leads to a 

decrease in signal intensity and phosphorescence decay time T1. The effect induces a phase 

shift between the intensity-modulated excitation and emission light, proportional to oxygen 

concentration. Two-superimposed frequencies are used to screen out background 

interference. (E) Low volume microfluidic amperometric, 8-electrode, biosensor array. 

Anodic oxidation of H2O2 on platinum produces a current rapidly (t90 < 25 s), while 

embedded catalase activity prevents cross-contamination. A 450 mV potential between the 

working and counter electrodes is monitored against a reference electrode to minimize 

background noise caused by reversible electrolysis events. (F) Photo of microfluidic 

biosensor array with total internal volume of 0.3–1 μL and integrated temperature sensors 

and PSTAT. (G) Raw measurements of glucose, lactate, blank and temperature sensors of 

calibration measurements for different analyte concentrations. Measurements were carried 

automatically out under continuous flow of 2 μL min−1. Air gap between samples ensure a 

sharp change in chemical gradient on the sensor during in calibration. (H) Amperometric 

calibration curves of glucose and lactate concentrations in bioreactor outflow. (I) 

Intracellular metabolic fluxes for polarized HepG2/C3A organoid under steady state 

conditions. Glucose utilization in each pathway is shown as nmol min−1 per 106 cells as well 

as calculated ATP production (methods). Relative glucose utilization is shown as pie chart.
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Fig. 2. Valproate and Stavudine show drug-induced steatotic injury following 24 hours exposure 
in E6/E7LOW hepatocytes.
(A) Phase micrographs showing cuboidal morphology of differentiated E6/E7LOW 

hepatocytes compared to primary cells. Immunofluorescence staining of E-cadherin and 

actin shows nodales of epitelial polarization. Scale bar = 50 μm. (B) Graph showing the 

linear correlation in TC50 values of 21 compounds between E6/E7LOW and primary human 

hepatocytes. Steatosis-inducing drugs (full squares) show R2 > 0.99 correlation to primary 

hepatocytes compared with R2 > 0.97 for other drugs (empty squares). In general, 

differentiated E6/E7LOW hepatocytes show slightly elevated toxicity than cryopreserved 

cells. (C) Dose-dependent toxicity curves of differentiated E6/E7LOW hepatocytes treated 

with Valproate or Stavudine for 24 hours in standard 2D cell culture. TC50 values were 2.5 

and 0.8 mM, respectively. (D) Fluorescence micrographs and total quantification of adverse 

outcome pathway in differentiated E6/E7LOW hepatocytes. Disruption of bile acid secretion, 

cholestasis, was evaluated by CDFDA staining. Lipid accumulation (steatosis) by LipidTOX 

assay and apoptosis by TUNEL assay (methods). Measurements were normalized to the 

number of nuclei. (***P < 0.001, *P < 0.05; n = 12). Data are from donor 653. All n values 
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represent the number of experimental/biological repeats. Error bars indicate ± S.E. Scale bar 

= 200 μm.

Ehrlich et al. Page 19

Lab Chip. Author manuscript; available in PMC 2020 February 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 3. Tissue-embedded microsensors show prolonged accumulative damage and analytical 
derivation of no observed effect levels in steatosis-inducing drugs.
(A) Representative oxygen uptake over time response of differentiated HepG2/C3A 

organoids exposed to increasing concentrations of Valproate and Stavudine. Dotted line 

notes exposure onset. (B) Dose-dependent toxicity curves of differentiated HepG2/C3A 

organoids treated with Valproate and Stavudine. TC50 for Valproate ranged from 27 mM at 

24 hours to 14 mM at 42 hours. TC50 for Stavudine ranged from 4.3 mM at 24 hours to 1.7 

mM at 42 hours. (C) Time to onset (TTO) of response of differentiated HepG2/C3A 

organoids to Valproate and Stavudine. Both drugs showed a dose-dependent decrease in 
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TTO ranging from 6–36 hours in Valproate to 10–29 hours for Stavudine suggesting slowly 

accumulative steatotic damage. (D) Fluorescence micrographs and (E) quantification of 

steatosis and phospholipidosis in differentiated HepG2/C3A organoids as a result of 

exposure to different drugs. (***P < 0.001; n = 9). n represent the number of experimental 

repeats. Scale bar = 200 μm. (F) Analytical derivation of lowest exposure level (LEL) using 

the time to onset-dependent flux accumulation equation. LEL was defined as the horizontal 

asymptote, concentration for which onset of damage is at infinite time (methods). Valproate 

and Stavudine showed LEL of 280 ± 97 and 4 ± 1 μM, respectively, close to clinically 

reported Cmax. All error bars indicate ± standard error. TC50 and LEL error calculated by 

curve fitting (methods).
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Fig. 4. Valproate induces a rapid shift from glycolysis to lipogenesis at sub-toxic concentrations.
(A) Curves of oxygen, glucose, and lactate fluxes during continuous perfusion with 5 mM 

Valproate. Oxygen uptake (black) drops by 3% only after 29 hours of continuous exposure. 

In contrast, glucose uptake (red) and lactate production (green) drop immediately after 

exposure. Determination of metabolic shift and stress phases are interpretation of the 

experimental results against trends measured simultaneously of a control bioreactor (Fig. 

S3A†). Metabolic shift was determined at the onset of a significant change in glucose uptake 

or lactate production, while stress was determined at the onset of a significant change in 
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oxygen uptake. (B) Changes in lactate over glucose ratio following exposure to Valproate 

(blue line). Ratio drops by 25% immediately upon exposure, suggesting enzymatic rather 

than transcriptional effect. Lipogenesis was determined at the onset of a significant shift in 

the metabolic fluxes towered lipid synthesis (methods) (C) intracellular metabolic fluxes 

calculated following 0, 20, and 40 hours exposure to sub-toxic concentration Valproate 

(>95% viability). Glucose utilization in each pathway is shown as nmol min−1 per 106 cells 

as well as calculated ATP production (methods). Lipogenesis increases by 15% while 

glycolysis and ATP production drop by 40% and 70%, respectively. (D) Relative glucose 

utilization is shown as pie chart. Lipogenesis utilizes an increasing percentage of available 

glucose during Valproate exposure. (E) Schematics depicting the metabolic response of liver 

cells to Valproate. Dotted arrows note experimentally-limited fluxes, red and green arrows 

note up- and down-regulated fluxes, respectively. Valproate exposure shift glucose from 

lactate to citrate production, increasing lipogenesis through the first 30 hours of exposure. 

Continued exposure suppressed glucose uptake and oxidative respiration, hallmarks of 

metabolic stress. (F) Gene expression analysis in E6/E7LOW hepatocytes shows metabolic 

changes but no significant evidence of β-oxidation suppression, supporting enzymatic driven 

mechanism in sub-toxic exposure.
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Fig. 5. Stavudine (d4T) shows a transient increase in lipogenesis followed by global suppression 
of glucose utilization at sub-toxic concentrations.
(A) Curves of oxygen, glucose, and lactate fluxes during continuous perfusion with 1.5 mM 

Stavudine. Oxygen uptake (black) drops by 2% only after 20 hours of continuous exposure. 

Glucose uptake (red) and lactate production (green) drop 11 hours following exposure. 

Determination of metabolic shift and stress phases are interpretation of the experimental 

results against trends measured simultaneously of a control bioreactor (Fig. S3A†). 

Metabolic shift was determined at the onset of a significant change in glucose uptake or 

lactate production, while stress was determined at the onset of a significant change in 
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oxygen uptake. (B) Changes in lactate over glucose ratio following exposure to Stavudine 

(blue line). Ratio drops by 7% in the first 10 hours, suggesting a shift from lactate to citrate 

production. Ratio increase by 13% after 11 hours suggesting mild mitochondrial stress. 

Lipogenesis or β-oxidation were determined at the onset of a significant shift in the 

metabolic fluxes towards either phase (methods) (C) intracellular metabolic fluxes 

calculated following 0, 10, and 30 hours exposure to sub-toxic concentration Stavudine 

(>92% viability). Glucose utilization in each pathway is shown as nmol min−1 per 106 cells 

as well as calculated ATP production (methods). Lipogenesis increases by 5% with the first 

10 hours, primarily due to increase glucose uptake and a shift from lactate to citrate 

production. In contrast, both glycolysis and lipogenesis were suppressed at 30 hours, while 

ATP production was only marginally affected. (D) Relative glucose utilization is shown as 

pie chart. No significant changes in the percentage of glucose utilization is seen. (E) 

Schematics depicting the metabolic response of liver cells to Stavudine. Dotted arrows note 

experimentally-limited fluxes, red and green arrows note up- and down-regulated fluxes, 

respectively. Stavudine exposure shift glucose from lactate to citrate production, marginally 

increasing lipogenesis through the first 10 hours of exposure. Continued exposure 

suppressed glucose uptake and oxidative respiration, and lipogenesis hallmarks of mild 

mitochondrial stress. (F) Gene expression analysis in E6/E7LOW hepatocytes shows β-

oxidation genes CPT1, COX2, UPC2, and CYP2E1 are inhibited by Stavudine suggesting a 

slow transcriptional suppression of lipid oxidation.
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