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ABSTRACT

There is a general need to detect toxic effects of drugs during preclinical screening. We propose that increased sensitivity of
xenobiotics toxicity combined with improved in vitro physiological recapitulation will more accurately assess potentially toxic
perturbations of cellular biochemistry that are near in vivo pharmacological exposure levels. Importantly, measurement of
such cytopathologies avoids activating mechanisms mediating toxicity at suprapharmacologic levels not relevant to in vivo
effects. We present a sensitive method to measure changes in oxygen consumption rate (OCR), a well-established parameter
reflecting a potential hazard, in response to exposure to pharmacologic levels of drugs using a flow culture system and state of
the art oxygen sensing system. We tested metformin and acetaminophen on rat liver slices to illustrate the method. The
features of the method include continuous and very stable measurement of OCR over the course of 48 h in liver slices in a
continuous flow chamber with the ability to resolve changes as small as 0.3%/h. Kinetic modeling of metformin inhibition of
OCR over a wide range of concentrations revealed both a slow and fast mechanism, where the fast mechanism activated only
at concentrations above 0.6 mM. For both drugs, small amounts of inhibition were reversible, but higher decrements were
irreversible. Overall the study highlights the advantages of measuring low-level toxicity so as to avoid the common
extrapolations made about drug toxicity based on effects of drugs tested at suprapharmacologic levels.
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A Critical Need For Improved Drug Testing

Toxic side effects of drugs harm patients and their families, and
cost pharmaceutical companies billions of dollars in lawsuits,
lost business and squandered research, and development effort.
Highly visible, late-stage drug attrition, and failures, particularly
during clinical testing and distribution, are only part of the pic-
ture. One of the great challenges facing the pharmaceutical

industry is the early detection of such toxicities prior to very
expensive preclinical animal safety and clinical trials
(Astashkina et al., 2012; McKim, 2010; Zemmel and Sheikh,
2010). However, detecting all potentially harmful side effects
during drug development, especially those that occur at levels
close to prescribed levels, is a challenge for currently available
technologies. We contend there is a need for a preclinical
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toxicity testing method that can provide unprecedented dose-
sensitivity (eg, well below cytotoxic doses), reveal a broad range
of cytopathologies (eg, beyond a specific biochemical end-
point), and define important pharmacokinetic effects (eg, rever-
sibility). We achieve these unprecedented capabilities using
critical refinements to our previously published methods
(Sweet et al., 2002a,b) for a highly sensitive measure of tissue
oxygen uptake during long-term, flow-through culture capable
of measuring small gradual changes in oxygen consumption. As
previously discussed (Sweet et al., 2004; Sweet and Gilbert, 2006),
we interpret decrements and increments of oxygen consump-
tion rate (OCR) as evidence of perturbed cell biochemistry that
may signal cytopathologies warranting further characterization
prior to drug development. Here, we describe recent and critical
technical improvements to achieve a combination of sensitivity
and stability to yield fundamental and quantitative character-
ization of drug effects and their reversibility as a critical tool for
pharmaceutical product development. For illustrative purposes,
we applied the methods to metformin and acetaminophen, 2
safe drugs that are widely used, but which have effects that
allowed the features of the approach to be assessed. (More toxic
drugs should yield similar data except that their dose response
curves should be shifted to the left.) Analysis of the data
showed that evaluating high levels of toxicity activated multiple
mechanisms, high sensitivity of the method resolved mecha-
nisms likely to occur in vivo, and the method provides unique
in vitro data useful in drug screening.

MATERIALS AND METHODS

Materials. Williams’ E Media (Sigma-Aldrich, St. Louis, Missouri)
supplemented with 10% heat-inactivated fetal bovine serum
(Atlanta Biologicals, Lawrenceville, Georgia), 2 mM glutamine
and 1% Pen/strep and 20 mM HEPES (Research Organics,
Cleveland, Ohio) was used for all perifusion analysis. Metformin
and acetaminophen were obtained as a generous gift from
Astra-Zeneca, London, UK and was added to the perifusion
media as indicated. The oxygen-sensitive dye, Pt(II) meso-
Tetra(N-Methyl-4-Pyridyl)Porphine Tetrachloride, was pur-
chased from Frontier Scientific (Logan, Utah).

Animals. Liver slices were harvested from Sprague–Dawley rats
(�250 g, Charles River) anesthetized by intraperitoneal injection
of sodium pentobarbital (35 mg/230 g rat). All procedures were
approved by the University of Washington Institutional Animal
Care and Use Committee.

Preparation of rat liver slices. Whereas we have developed our
flow culture system using a variety of tissue types (Du et al.,
2013; Han et al., 2012; Sahni et al., 2010; Sweet et al., 2005, 2008;
Weydt et al., 2006), we chose the rat liver slice preparation as rel-
evant for pharmaceutical development. All procedures were
performed under aseptic conditions in a laminar flow hood.
After anesthesia was induced, the midsection was opened up to
expose the liver. A piece of liver lobe (size¼ 4 cm3) was removed
with surgical scissors. The piece was laid out on a petri dish
containing William’s E Media, and after cutting away a layer of
capsule, multiple slices were diced [�0.25 � 1 mm (mass¼ 1–
2 mg per piece)] with a scalpel. Four of the pieces were loaded in
to the perifusion chamber for each analysis. After the end of
each experiment, the liver samples were weighed and OCR
measurements were normalized to this mass.

Flow culture system. The flow system is designed to maintain tis-
sue under conditions similar to a CO2 incubator, and was based
on the original design described previously (Sweet et al.,
2002a,b), but with a number of important modifications
designed to improve performance and accuracy (see Fig. 1 for
complete description of parts). Media was pumped through the
chamber at a flow rate of 80–100 ml/min using an 8-channel
Watson-Marlow peristaltic pump (Model 205U, Wilmington,
Massachusetts), which allowed very accurate and stable flow
rate control (CV¼ 1–2 percent) with little pulsatility. In order to
minimize bubble formation in the bicarbonate based media, a 2-
compartment plexiglass housing was constructed. The bottles
of media were placed in 1 compartment, where temperature
was maintained at 42�C using a Chromolox 2110 heating unit/
fan in order to ensure that media always moved from high to
lower temperature thereby avoiding a critical driving force for
degassing. The 2 compartments were separated by a plexiglass
divider, and the second compartment containing the gas equili-
bration system and the perifusion chambers was filled with
water maintained at 37�C by use of an immersion heater (VWR,
Radnor, Pennsylvania). To control gas tension in the perifusate,
just prior to entering the tissue chambers, the perifusate flowed
through an artificial lung consisting of 24 cm of gas-permeable
silastic tubing (1.6 mm i.d., 2.4 mm o.d.) loosely coiled in a 10 cm
long glass tube (diameter¼ 3 cm) that was continuously sup-
plied with 10 ml/min of 21% oxygen and 5% CO2 through ports
in the rubber plugs. Eight chambers were perifused in parallel.
All surfaces coming into contact with media including tubing,
tubing connectors, tissue chambers and media bottles were
sterilized using an autoclave, and the flow conduit systems
were pre-assembled in a laminar flow hood. Drugs were admin-
istered to the inflow by spiking the agent into the media bottles
using a P200 pipet.

Continuous detection of oxygen tension. Oxygen tension was meas-
ured by detecting the signal emanating from an oxygen-sensi-
tive dye painted on the inside of the glass perifusion chamber.
Excitation light was generated and emitted light was detected
using 4 Multi Frequency Phase Fluorometers (MFPF-2 Tau Theta,
Boulder CO, each unit can detect 2 channels simultaneously),
which assessed the oxygen-sensitive signal as the lifetime of
the decay of the optical signal in response to the excitation
light. The error and drift of this signal was very small (1–2%) and
contributed greatly to the stability and accuracy of the measure-
ment system. Data acquisition was driven by the use of a desk-
top computer with 4 USB ports, and the software supplied by
the manufacturer continuously plotted the 8 data graphs in real
time.

Mathematical and statistical analysis of kinetic curves. To quantify
the effects of drugs on OCR, kinetic responses were fit to a 2-
exponential model, where rates of decays were mediated by a
mechanism that is either slow or fast. The equation was as
follows

OCR ¼ OCRf � expð�kf tÞ þ OCRs � expð�kstÞ (1)

where kf and ks are rate constants of decay (in units of 1/time),
and where OCRf and OCRs are the portions of the total initial
OCR affected by each decay process. Data were plotted and fit to
the model using a non-linear optimization program contained
in Kaleidagraph (Synergy Software, Reading, Pennsylvania),
which is based on the Levenberg/Marquardt algorithm
(Flannery, 1989). Parameter estimates are reported with
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standard errors derived from a lack of fit that are calculated by
the program.

Error bars on kinetic data reflect the standard error calcu-
lated as the standard deviation over the mean divided by square
root of the number of replicates. Since the waveforms of the
kinetic data were complex, differences in drug effects were eval-
uated by comparing fitted parameters so that the entire profile
was analyzed rather than at single time points. Experiments
were done in general to illustrate features of the system, and
the numbers of replicates were not typically high enough to
reach statistical significance using standard t-tests. However in
1 instance (as indicated), the statistical significance of drug
effects were evaluated by comparison of the average over the
final 15-min interval using a t-test.

RESULTS

Optimal Time Window for Testing Drug Exposure
Accurately measuring and properly interpreting small changes
in tissue OCR in response to drug exposure requires both a

reliable perifusion system and a very stable baseline OCR.
Transient effects of tissue isolation would make small decre-
ments difficult to resolve while long-term decrements would
indicate unhealthy liver tissue. We routinely achieve such stabil-
ity as illustrated for a typical experiment in Figure 2 which shows
an initial upward drift, followed by a gradual decline in OCR
before stabilizing to a steady state level approximately 20 h after
liver isolation. We determined that the last 18-h period is the
most suitable for assessing subtle drug effects. To further maxi-
mize signal-to-noise during this period, we made 2 advances
over our previously published methods (Sweet et al., 2002a,b).

Increasing Signal to Noise: Removing Effects of Base Line Drift
Although the variation of oxygen sensor calibration is very
small, better methods to control for variations in inflow oxygen
content, temperature, barometric pressure, and flow rate of the
perifusion media were needed and these were addressed with 2
approaches.

Initially, we corrected for changes of media inflow by meas-
uring both inflow and outflow tensions of oxygen continuously.
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FIG. 1. Schematic of flow culture/assessment system. The components of the environmental housing of the flow system are contained in a plexiglass container (con-

sisting of a left and right compartments that contain the perifusate and is temperature controlled at 42�C by a convective fan and a heating strip (left) and the lung and

the perifusion chambers which are submersed in bath water that is temperature controlled at 37�C by an immersion heater (right). The parts of the flow conduit from

the pump inflow, through the bubble trap, lung and perifusion chamber to the fraction collector are shown as follows. 1, PEEK Tubing (1/16�0.04� 16 in, 1538XL, IDEX,

Lake Forest, Illinois). 2, Conical adaptor, 1/16” to 0.5–0.8 mm union (P-794, IDEX). 3, Tygon pump tubing (Masterflex Tygon E-LFL Tubing, 0.25 mm I.D.�15 in, 06447-12,

Cole-Parmer, Vernon Hills, Illinois). 4, PEEK Tubing (1/16�0.04�24 in, 1538XL, IDEX). 5, PharMed BPT Tubing (0.8 mm I.D.�0.75 in, L/S #13, 6508-13, Cole-Parmer). 6,

Stainless steel tubing (0.062 (O.D)/0.020 (I.D.)� 1.5 in, (WAT025592, Waters, Milford, Massachusetts). 7, Barbed connector (1/16 to 1/16 in, P-801X, IDEX). 8, Silastic

Laboratory Tubing, 0.062 I.D./0.095 O.D.�10 in, 508-007, Dow Corning, Midland, Michigan). 9, HPFAþ Tubing, 0.062 (O.D.)�0.02 (I.D.)�12 in (PM-1451-F, IDEX). 10,

Upchurch Scientific Reducer Barbed, 1/16� 1/8 (P-807X). 11, PharMed BPT Tubing (3.1 mm I.D�1 in. L/S #16, 6508-16, Cole-Parmer). 12, Frits for bubble trap: porous poly-

ethylene (1/4 in thick, SPEH-4894, Small Parts, Inc, Logansport, Indiana). 13, HPFAþ Tubing, 0.062 (O.D.)�0.02 (I.D.)�60 in (PM-1451-F, IDEX). Only 1 channel is shown,

but in practice, 8 channels were run at a time.
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However, we found it more practical and accurate to measure
the difference in oxygen tensions by temporarily altering the
flow rate (Fig. 3), typically by doubling it, and calculating the
inflow oxygen concentration using the equation

OCR ¼ FR� x O2in–O2outð Þ (2)

for each of the 2 flow rates (FR), and then solving the 2 resulting
equations. When carried out in triplicate (as shown in Fig 3), the
standard deviation in the estimated inflow oxygen concentra-
tion was about 1.5 nmol/ml or about 3% of the typical 50 nmol/
ml difference between inflow and outflow oxygen level. (Note
that the lifetime of the O2 lifetime signal is inversely propor-
tional to O2 tension, which is why increasing the flow rate
resulted in a decrease in O2 lifetime, but increased O2.) Such
flow rate changes were carried out every 18–24 h and the calcu-
lated inflow oxygen tension was linearized between
determinations.

Our second strategy to control for baseline drift was by peri-
fusing a control chamber in parallel based on the assumption
that most factors contributing to drift would affect test and con-
trol chambers identically. Thus, OCR profiles obtained in the
presence of drugs were normalized to their starting values just
prior to drug exposure, and then the normalized data was sub-
tracted from the normalized profiles of the control perfusions
(Fig. 4). The control perifusions were typically very stable (less
than 5% drift). Subtracting the normalized control signals fur-
ther increased the resolution of the effects of drug exposure on
OCR by effectively removing transient discontinuities. A repre-
sentative data set for low concentration (0.3 mM) of metformin
is shown in Figure 4. The detection limit for the final 12 h of the
experiment was about 3%, and the decrement in OCR due to
metformin reached the detection limit of 3% after approxi-
mately 6 h (Fig. 4, bottom curve) illustrating the increased reso-
lution of low-level OCR that occurs by increasing durations of
assessment (Fig. 4). Thus, in the remainder of the results are
reported as percent decrements in OCR relative to control.

We have used these enhanced high-resolution, stable meas-
urement methods to make unprecedented observation of low-
concentration drug effects that we suggest may be important
evidence for latent drug perturbations not available by conven-
tional toxicity testing methods. We demonstrate these novel
capabilities using 2 widely used drugs, metformin, an anti-
diabetic oral agent, and acetaminophen, an analgesic and anti-
pyretic drug, both of which have been determined to be safe,
but have effects on OCR that allows the highlighting of the
important features of our method.
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High Resolution of Low-Level Perturbations Induced by Metformin
As can be seen in Fig. 5 (Top), the methodological improvements
described above allowed us to demonstrate clear time- and con-
centration-dependent effects of metformin over a 100-fold range
of concentrations from 0.05 to 5.0 mM. Six concentrations of met-
formin were tested per run while the remaining 2 channels were
used as controls. A clear effect of 0.15 mM was resolved (Fig. 5
(Bottom)), which is a small percentage of the accepted half-inhib-
itory concentration (IC50) of 2–4 mM for metformin’s inhibition of
OCR and well below the 1 mM level which has been undetectable
by other cell respiration methods (El-Mir et al., 2000; Silva et al.,
2010). To demonstrate reproducibility of the data, we chose 1 con-
centration where a high enough n was carried out to assess stat-
istical significance. At the low dose of 0.3 mM, a decrement of
OCR was detected in all 9 liver preparations ranging from 4 to
12%, (mean 6 SE, 7.9 6 1.1%, P< .001) demonstrating the high-
sensitivity, reproducibility and reliability of our improved assay.

The high-temporal resolution and stability of our methods
suggests another important advantage our methods have over
currently batch perifusion methods is that we can detect and ana-
lyze different drug effect by differences in their kinetics. Kinetic

responses to metformin were not adequately fit to a simple, one-
exponential decay as might be expected from a single toxicity
mechanism. However, the data was nicely described by a 2 expo-
nential model (equation 1) as shown in Fig. 5 (Top), revealing both
fast- and slow-exponential decay processes. The low-dose OCR
perturbation associated with the slow component of decay had an
IC50 (� 0.3 mM) that was significantly lower than the IC50 for the
fast component (> 0.6 mM) (Fig. 5 (Bottom); Table 1A).

Reversibility of Drug Effects
A further advantage of our continuous long-term perifusion
method is the ability to characterize reversibility of drug effects.
For example, we measured the reversibility of metformin effects
at both the low (0.3 mM) concentration (when only the slow
component of decay was activated) and high (2.5 mM) concen-
tration (when both the fast and slow component were activated)
(Fig. 6). At the lower concentration of metformin, the modest
decrement in OCR was completely reversible, and following
removal of the drug the OCR returned to pre-exposure levels. In
contrast, at the higher concentration of metformin, the

ks

kf

[Me�ormin]

5 mM, N = 2

2.5 mM, N = 2

0.6 mM, N = 2
0.3 mM, N = 9 **
0.15 mM, N = 4
0.05 mM, N = 4

Me�ormin
added

Fig. 5. OCR by rat liver during exposure to various concentrations of metformin.

Top, After equilibrating the liver in the flow system for 20 h, metformin was

added to the inflow at various concentrations as indicated, and the responses

of OCR were continuously assessed during 10 h of drug exposure. The n shown

for each concentration indicates the number of separate perifusions run on

different days using liver slices from different animals. Sufficient replicates

were carried out at 0.3 mM metformin (n¼ 9) to run statistical analysis on the

OCR decrement average over the final 15 min of the experiment (** denotes

P< .001). Data were fitted to the multi-exponential decay model (equation 1)

for each concentration of metformin. Bottom, Kinetic and dose–response anal-

ysis of OCR profiles: distinguishing multiple mechanisms. Values of rate con-

stants for the slow and fast inhibition are plotted as a function of metformin

concentration.

TABLE 1. Dose Dependency of Fast and Slow Components of
Metformin (A) and Acetaminophen (B) Effects

(A) Metformin (mM) OCRf kf OCRs ks

0.15 0.095 6 0.1 0.011 6 0.01 0.91 6 0.002 0.0007 6 0.00031

0.31 0.092 6 0.1 0.009 6 0.01 0.9 6 0.002 0.0055 6 0.0003

0.625 0.085 6 0.011 0.16 6 0.017 0.91 6 0.012 0.0044 6 0.0007

2.5 0.24 6 0.013 0.23 6 0.004 0.77 6 0.014 0.004 6 0.0005

5 0.5 6 0.001 0.62 6 0.005 0.52 6 0.001 0.013 6 0.0003

(B) Acetaminophen (mM)

0.165 0.028 6 0.03 �0.38 6 0.004 0.97 6 0.03 0.01 6 0.0002

0.32 0.034 6 0.04 �2.8 6 0.13 0.97 6 0.03 0.0066 6 0.0004

0.64 0.1 6 0.0007 �2.05 6 0.027 0.92 6 0.0003 0.0079 6 0.0007

2.5 0.22 6 0.0025 �3.17 6 0.063 0.84 6 0.0007 0.017 6 0.0002

5 0.33 6 0.0021 �4.19 6 0.044 0.74 6 0.0005 0.028 6 0.00014

12.5 0.84 6 0.006 �3.11 6 0.04 0.35 6 0.002 0.0014 6 0.0012

Equation 1 was fit to the data as shown in Figure 5 (Top) (metformin) and Figure

7 (acetaminophen). Best estimates of the 4 parameters of the model, OCRf, kf,

OCRs, and ks are tabulated plus or minus the standard error. The rate constants

kf and ks are in units of 1/h and OCRf and OCRs are the portions of the total initial

OCR affected by each decay process.

FIG. 6. Reversibility after exposure to 0.3 or 2.5 mM metformin. After exposure to

metformin for 10 h, the liver was perifused in the absence of the drug for an

additional 12 h. Data are average of 3 separate experiments done on different

days and the error bars are plus or minus the SE.
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decrement in OCR was irreversible during the 12-h washout
period. These data suggest that the fast, but not the slow, com-
ponent is irreversible, supporting the importance of measuring
low level perturbations in order to avoid activating low affinity
mechanisms that would not occur in clinical settings. It is possi-
ble that irreversibility would have to be tested for longer times
in order to ensure there was not a slow washout of intracellu-
larly sequestrated drug, and the flow system could be employed
to do this.

High Resolution of Low-Level Perturbations Induced by
Acetaminophen
As with metformin, clear time- and dose-dependent effects of
acetaminophen were observed between 0.32 and 12.5 mM con-
centrations (Fig. 7). The resolution of effects from 0.32 mM is
well below the 3 mM level which has been detectable by other
cell respiration methods (Thedinga et al., 2007) and about 2
times pharmacological levels (Cmax¼ 0.07–0.15 mM, (Kolawole
et al., 2002; Malan et al., 1985; Stangier et al., 2000)). At all but the
highest concentration tested, the initial decrement in OCR
caused by exposure to the drug waned over time (Fig. 7). This
indicates that a single time measurement would likely miss
that maximum effect and tests of exposure lasting on the order
of 6 h or more might not reveal toxic effects of a drug. The data
was fit to 2 exponentials, and the dependency of the decre-
ments in OCR on the concentration of acetaminophen was
strongly reflected in the magnitude of the fast exponential
parameter (OCRf) (Table 1B). Surprisingly, little change was seen
in the parameters reflecting the exponential recovery (OCRs

and ks) except at 12.5 mM, when no recovery of OCR was
observed. The IC50 of the overall response (>5 mM) was signifi-
cantly higher than pharmacological levels of acetaminophen,

and typical analysis at the IC50 would not provide information
relevant to the safety of the drug.

DISCUSSION

Features of the Approach
We have optimized our continuous flow OCR measurement by
both minimizing the effects of perifusate flow fluctuations and
drift, and establishing an optimal window of stability such that
we can measure changes of OCR as small as 5% over 18 h. Our
system is suitable for multiple tissue types and does not depend
on the introduction and equilibration of exogenous chemical
agents (eg, fluorescent dyes) that limit measurement duration.
Furthermore, acquisition of real time data over extended peri-
ods permits kinetic analysis that can distinguish multiple
effects in dose-sensitivity, kinetics and reversibility, as well as
the response to simulated drug pharmacokinetic profiles. A key
premise and feature of our method is that it provides a global,
rather than mechanism-specific, assay of cell function that is
sufficiently sensitive to expose unexpected perturbations of cell
function whose specific mechanisms warrant further study in
the context of pharmaceutical development.

Benefit of measuring drug effects of the full range of concentrations
An important demonstration of our study is that the mecha-
nism of a drug at high concentrations on the order of the IC50

for cell death may not be same as those at lower concentrations.
High concentrations of metformin induced rapid and irreversi-
ble loss of OCR, whereas those below 0.3 mM induced only a
slow and fully reversible OCR decrement. Thus, the IC50 estab-
lished by standard toxicity testing exposes mechanisms that
are not operative at clinical dose levels while masking a more

Acetaminophen
added

12.5 mM

5 mM
2.5 mM
0.64 mM
0.32 mM

[Acetaminophen]

0.16 mM

FIG. 7. OCR by rat liver during exposure to various concentrations of acetaminophen. After equilibrating the liver in the flow system for 20 h, the continuous responses

to acetaminophen of OCR during 7 h of continuous assessment. Data was fitted to the multiexponential decay model (equation 1) for each concentration of

acetaminophen.
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clinically relevant low-dose toxicity. The maximal metformin
concentration seen in the blood at prescribed doses (Cmax, about
20 mM) is well below the 150 mM concentration at which we
observed detectable decrements in OCR, which is consistent
with metformin being a widely used and safe drug. However,
the median blood levels during an overdose ranges between
250 mM (median for survivors) and 670 mM (median for nonsurvi-
vors). Clearly, measuring low-level effects of a drug that has
some, albeit small, effects on OCR near the Cmax, and in the
ranges of blood values for patients that have undergone an
overdose (Dell’Aglio et al., 2009), will be especially useful.
Likewise for acetaminophen, one of the most commonly used
drugs, the decrement in OCR at Cmax was undetectable.
However, it is also one of the most common drugs to result in
toxic effects of the liver (Lee, 2012). This is consistent with the
slim margin between the lowest concentration eliciting an
observable decrement in OCR and the Cmax (0.16 vs 0.32 mM),
suggesting that only a small excursion of the plasma levels
could lead to effects on the liver. Studies are underway on a
range of drugs to determine significant decrements in OCR at
the Cmax and to distinguish between harmless and toxic OCR
effects.

Effect of the Presence of CO2 in Media
Our methods use a CO2-based media, a feature not available in
any commercially available system. Bicarbonate and CO2-aera-
tion are essential for a variety of biochemical processes and
functions including gluconeogenesis (Utter and Keech, 1960),
fatty acid synthesis in liver (Abu-Elheiga et al., 2001), insulin
secretion in pancreatic islets (Henquin and Lambert, 1975, 1976)
and the citric acid cycle in muscle (Davis et al., 1980). In general,
bicarbonate-buffered culture media are essential for cell growth
and maintenance (Ehmann and Misfeldt, 1983; Mitaka et al.,
1991). A study on retina observed that without CO2 buffering,
experiments were limited to an experimental duration of about
1.5 h (Adijanto and Philp, 2014).

Comparison of Our Flow Culture System to Static (Nonflowing) OCR
Measurement Methods
With the recognition that cellular OCR measures are useful for
in vitro drug testing (Schoonen et al.,2009, 2012; Wang et al., 2015;
Wills et al., 2013), other OCR methods are available in static,
closed systems in which oxygen depletion is measured within a
well-stirred vessel containing a suspension of cells or isolated
mitochondria (Jacobus et al., 1982). Although the precision and
sensitivity of such systems is good, they are limited by a short
duration of OCR measurement (1–2 h at most), and a low
throughput (2 experiments can typically be carried out concom-
itantly). A second type of static system uses an oxygen sensor in
each of the closed wells of a multiwell plate to measure OCR.
After each determination, wells are opened to refresh the oxy-
gen supply and the measurements are repeated at intervals.
The most commonly used system of this design is the commer-
cially available Seahorse extracellular flux analyzer which sup-
ports high-throughput analysis of small amounts of biological
material (Gerencser et al., 2009), but other such systems have
been described (Diepart et al., 2010; Wolf et al., 2013). We
anticipate that our flow system’s ability to measure precise
kinetic waveforms over extended durations will be a powerful
complement to the higher throughput methods such as the
Seahorse and dye based assays used in high content screening
(Attene-Ramos et al., 2013; Diepart et al., 2010).

Metformin’s Mechanisms of Action Mediating OCR Decrement
Although real time imaging (Schickinger et al., 2013) for instance
with high content screening (O’Brien, 2014) has resolved intra-
cellular events over short durations, accurately measuring the
kinetics of sublethal effects likely to occur over a range of hours
to days has been difficult. By continuously analyzing the entire
modeled pharmacokinetic profile following exposure and
removal of the drug, multiple mechanisms of action can be dis-
criminated, and ones that are operational near typical blood lev-
els can be the focus of the in vitro analysis. The mechanisms
mediating metformin’s effect on lowering blood sugar are not
well established. Metformin, at high concentrations has been
reported to rapidly inhibit Complex 1 in the electron transport
chain (El-Mir et al., 2000; Owen et al., 2000). Consistent with this
effect, the kinetic response to 2.5 and 5 mM had an inflection
point very rapidly following exposure to the drug and dramati-
cally decreased OCR. This was followed by a slower rate of
decrease. At lower concentrations, the decrease was steady and
linear; notably the slopes of the decrease in OCR after 12 h of
exposure to metformin were not very dependent on the drug’s
concentration. The data are consistent with direct inhibition of
the respiratory chain at high levels of metformin, accounting
for the rapid and irreversible effect, followed by a second mech-
anism that induced a slow but reversible loss of OCR, possibly
due to a decrease in function and associated ATP usage. A
recent report suggests that at concentrations closer to the phar-
macological levels, metformin inhibits the redox shuttle
enzyme mitochondrial glycerophosphate dehydrogenase,
resulting in an altered hepatocellular redox state and decreased
hepatic gluconeogenesis (Madiraju et al., 2014). An alternate
explanation for metformin’s actions was offered, such that the
increase in cytosolic NADH may not reflect halting of glycero-
phosphate shuttle activity, but rather production of NADH by
cytosolic glycerophosphate dehydrogenase running in the
opposite direction (Baur and Birnbaum, 2014). Irrespective of
the mechanism, a decrease in ATP usage due to suppressed glu-
coneogenesis would be consistent with a reversible decrement
in OCR. The data that we obtained cannot support or discredit
this explanation. However, the difference in concentration
dependency between the fast and slow component of metfor-
min illustrates the point that measuring the toxicity of a drug
and extrapolating to what the effects would be at lower concen-
tration is wholly invalid.

Choice of Tissue Model: Rat Liver Slice
Our perfusion apparatus and OCR measurement methods can
accommodate many different cell/tissue models including sus-
pended cells (Sahni et al., 2010), attached cell lines (Han et al.,
2012), and tissue preparations such as brain slices (Weydt
et al., 2006), pancreatic islets (Sweet et al., 2005, 2008), retina (Du
et al., 2013) and muscle fibers. For demonstrating applications
for drug toxicity testing, we opted for very thin slices of liver
that are routinely used as a model for drug toxicity testing
(Parrish et al., 1995). The major advantages for this choice are
that it is primary tissue, and to some extent the 3-dimensional
structure and cell-to-cell interaction is retained. Consistent
with other studies (Vickers et al., 2011), the tissue remained via-
ble over 72 h (as assessed by the stability of OCR). Future studies
will be carried out on human liver slices, as well as applying the
approach to other tissues commonly damaged by drugs includ-
ing kidney and heart.
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Conclusions
We have presented a unique and highly sensitive approach to
evaluating effects of drugs on tissue. By use of lifetime detection
of oxygen consumption, protocols of extended duration, and
taking the difference between the kinetic profiles OCR in the
presence and absence of drug, we have achieved an unprece-
dented sensitivity to resolve drug effects. Importantly we have
illustrated that the method can resolve multiple mechanisms
mediating drug effects and that measuring at supra-pharmaco-
logical levels can activate mechanisms that have no bearing on
what occurs at lower, more clinically relevant concentrations.
These findings support the critical need for assays with
increased sensitivity and highlight the utility of the approach.
We predict that the high sensitivity of the method will reveal
effects that will be important in the selection of lead com-
pounds, screening of drugs and in the optimization of drug
delivery to increase efficacy while minimizing side effects.
Thus, our technology is positioned to provide global, early-
warning signs of unintended drug effects that may need to be
understood and resolved by drug developers. The use of the
technology will be further enhanced as we gain understanding
of how to distinguish ‘safe’ effects on mitochondria (perhaps by
the criteria of reversibility) from those that ultimately go on to
induce cytotoxic effects in vivo and we will investigate this in
the future by analyzing drugs from the entire range of toxicity
levels.
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