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ABSTRACT

Fatty liver disease (FLD), the most common chronic liver disease in the US, may be caused by alcohol or
the metabolic syndrome. Alcohol is oxidized in the cytosol of hepatocytes by alcohol dehydrogenase
(ADH), which generates NADH and increases cytosolic NADH/NAD" ratio. The increased ratio may be
important for development of FLD, but our ability to examine this question is hindered by methodological
limitations. To address this, we used the genetically-encoded fluorescent sensor Peredox to obtain
dynamic, real-time measurements of cytosolic NADH/NAD® ratio in living hepatocytes. Peredox was
expressed in dissociated rat hepatocytes and HepG2 cells by transfection, and in mouse liver slices by tail
vein injection of adeno-associated virus (AAV)-encoded sensor. Under control conditions, hepatocytes
and liver slices exhibit a relatively low (oxidized) cytosolic NADH/NAD" ratio as reported by Peredox.
The ratio responds rapidly and reversibly to substrates of lactate dehydrogenase (LDH) and sorbitol
dehydrogenase (SDH). Ethanol causes a robust dose-dependent increase in cytosolic NADH/NAD™ ratio,
and this increase is mitigated by the presence of NAD*-generating substrates of LDH or SDH. In contrast
to hepatocytes and slices, HepG2 cells exhibit a relatively high (reduced) ratio, and show minimal
responses to substrates of ADH and SDH. In slices, we show that comparable results are obtained with
epifluorescence imaging and 2-photon fluorescence lifetime imaging (2p-FLIM). Live cell imaging with
Peredox is a promising new approach to investigate cytosolic NADH/NAD™ ratio in hepatocytes. Imaging
in liver slices is particularly attractive because it allows preservation of liver microanatomy and metabolic

zonation of hepatocytes.
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NEW AND NOTEWORTHY

We describe and validate a new approach for measuring free cytosolic NADH/NAD" ratio in hepatocytes
and liver slices: live cell imaging with the fluorescent biosensor Peredox. This approach yields dynamic,
real-time measurements of the ratio in living, functioning liver cells, overcoming many limitations of
previous methods for measuring this important redox parameter. The feasibility of using Peredox in liver
slices is particularly attractive because slices allow preservation of hepatic microanatomy and metabolic

zonation of hepatocytes.
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INTRODUCTION

Fatty liver disease (FLD) is the most common cause of chronic liver disease in the United States, and its
incidence is increasing in the rest of the world(25). FLD may be caused by alcohol (alcoholic fatty liver
disease, AFLD) or by the metabolic syndrome consisting of obesity, insulin resistance, hypertension, and
dyslipidemia (non-alcoholic fatty liver disease, NAFLD). Due to the increasing incidence of obesity and
diabetes, NAFLD has reached epidemic proportions in the United States, with as many as one-third of
Americans estimated to have NAFLD(5). Management of FLD is based on modification of risk factors, as
there are no effective therapies. There is a critical need to understand the underlying mechanisms of FLD
in order to devise effective treatments.

Alcohol is oxidized in the cytosol of hepatocytes by alcohol dehydrogenase (ADH), which
converts NAD" to NADH and leads to increased cytosolic NADH/NAD™ ratio(23). The increased ratio
promotes triglyceride accumulation in hepatocytes by inhibiting fatty acid p-oxidation(23), and may thus
contribute to development of AFLD. Furthermore, data from patients and animal models suggest that
cytosolic NADH/NAD" ratio in hepatocytes is also increased in NAFLD(26, 36), and manipulations that
increase NAD* content may improve NAFLD(11, 34). However, whether cytosolic NADH/NAD® ratio is
increased in the setting of chronic alcohol exposure remains somewhat controversial(10, 22, 24, 31, 32,
35). Ultimately, the precise significance of increased cytosolic NADH/NAD® ratio in the pathogenesis of

FLD remains unresolved.

The ability to examine this question is limited by methodology, as current approaches (chiefly
biochemical and autofluorescence-based) do not permit direct measurements of free cytosolic
NADH/NAD" ratio in living, functioning hepatocytes. Commercially available enzymatic assay kits can
be used for direct biochemical detection of NADH and NAD", but they require destruction of cells under
study, precluding dynamic measurements in living cells or in vivo. The assays conditions are usually

denaturing such that the protein-bound pool of NADH and NAD" is released and detected, obscuring the
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smaller but physiologically relevant free pool. Finally, such assays cannot distinguish cytosolic from
mitochondrial NADH/NAD" ratio (unless subcellular fractionation is previously performed) and therefore
yield measurements that are heavily weighted towards the larger and substantially more reduced
mitochondrial pool of NADH/NAD™(38). Indirect biochemical approaches are based on measurement of a
redox couple assumed to be in equilibrium with the cytosolic NADH/NAD" ratio via a cytosolic enzyme;
classically, the lactate/pyruvate couple via lactate dehydrogenase (LDH). While this does reflect the free
cytosolic NADH/NAD™ ratio, and thus yields a more meaningful measurement, it still necessitates

destruction of cells or tissue, again precluding dynamic measurements in living cells or in vivo.

In addition, biochemical approaches cannot provide ratio measurements in a cell-specific or
microanatomic context, which is an important shortcoming since the mammalian liver exhibits
microanatomic “zones” of hepatocytes with distinct metabolic programs: for example, fatty acid B-
oxidation and oxidative phosphorylation occur predominantly in the periportal region (zone 1), while
glycolysis and lipogenesis occur predominantly in the centrilobular or perivenous region (zone 3)(16, 19,
20, 33). Many liver diseases in humans show zonal predilection; specifically, FLD preferentially affects
zone 3. Among existing approaches, direct optical measurements of NADH autofluorescence can be
performed in living cells and in a microanatomic context. However, autofluorescence measurements
cannot reliably distinguish between NADH and NADPH, or between cytosolic and mitochondrial pools
of NAD(P)H; some strategies are available for approximating these pools, but the characterizations are
imperfect. Autofluorescence measurements are thus primarily an indication of mitochondrial NAD(P)H,

which is the larger pool.

These limitations can be overcome by using a genetically-encoded fluorescent sensor (Peredox)
that enables specific measurement of free cytosolic NADH/NAD® ratio directly and dynamically, in
intact, physiologically relevant systems(9, 17, 18, 28). In the present study, we have used live cell
imaging with Peredox to directly examine cytosolic NADH/NAD? ratio in liver cells, which had not been

previously accomplished. We examine the ratio as reported by Peredox in dissociated rat hepatocytes, in
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the human hepatocyte-derived cell line HepG2, and in mouse liver slices, using epifluorescence imaging
and 2-photon fluorescence lifetime imaging (2p-FLIM). We find that live cell imaging with Peredox is a
promising new approach to investigate hepatocyte cytosolic NADH/NAD" ratio, particularly in liver

slices, which allow preservation of liver microanatomy and metabolic zonation.
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MATERIALS AND METHODS

Animals

Experiments were conducted on male C57BI/6N mice (aged 2-6 weeks) and adult female Lewis rats
(Charles River Laboratories, Wilmington, MA). Animals were held in a 12-hour light-dark cycle at room
temperature (20-25°C) and fed ad libitum. Peredox was expressed in mouse liver by tail vein injection of
Adeno-Associated Virus (AAV) 2/8 or 2/9 encoding Peredox under control of the CAG promoter (titer:
3.48x10"-2.97x10® GC/mL). Mice were deeply anesthetized with isoflurane and euthanized by
decapitation. Animal procedures were reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) at Harvard University and Massachusetts General Hospital. All chemicals and

reagents were purchased from Sigma (St. Louis, MO) unless otherwise indicated.

Isolation, transfection, and culture of rat hepatocytes

Rat hepatocytes were freshly isolated by collagenase digestion, as described(27). Hepatocytes were plated
on fibronectin-coated glass coverslips (0.75 M cells/well in a 6-well plate) and incubated for 4 hours in
C+M medium (DMEM-high glucose with 10% FBS, 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 pg/mL streptomycin, and
50 ug/mL gentamycin) at 37°C and 5% CO,. Hepatocytes were transfected with 1.0 pg Peredox-mCherry
in pcDNAS3.1 using Effectene transfection reagent (Qiagen, Hilden, Germany) following manufacturer’s
instructions. After 12-14 hours, the transfection reaction was removed and fresh C+M medium was

added. Experiments were carried out 24-32 hours afterwards (36-48 hours after isolation).

Transfection and culture of HepG2 cells
HepG2 cells were plated on protamine-coated glass coverslips and incubated in DMEM-high glucose

with 10% BCS (Thermo Scientific, Waltham, MA), 2 mM HEPES, and 100 U/ml penicillin plus 100
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ug/ml streptomycin (Lonza, Basel, Switzerland) at 37°C and 5% CO,. The following day, cells were
transfected with 0.4 pg Peredox-mCherry in pcDNA3.1 using Effectene transfection reagent. The
following day, the transfection reaction was removed and fresh medium was added. Experiments were
carried out 1-2 days afterwards (3-4 days after plating). Cell line authentication and testing for

mycoplasma contamination were not performed.

Preparation of mouse liver slices

2 weeks after tail vein injection of AAV-encoded Peredox, mice were sacrificed, and the liver was
dissected and submerged in ice-cold Krebs-Henseleit Bicarbonate (KHB) buffer with 10 mM glucose.
KHB (in mM): 115 NaCl, 25 NaHCOs3, 5 KCI, 2 CaCl;, 1.2 NaH;PQO4, 1 MgCly, pH 7.4 when bubbled
with 95% 02/5% CO,. Two ~0.2 x 0.2 x 0.2 cm fragments of liver from the left lobe or the left middle
lobe were cut with a scalpel and placed on a block of agar that served as “backstop” during slicing. The
base of the tissue fragments and the agar block were glued onto the metal platform of a 7000-smz2
vibrating slicer (Campden Instruments, Lafayette, IN). The slicing chamber was filled with ice-cold KHB
with 10 mM glucose bubbled with 95% 0O./5% CO,. ~10-15 slices were cut (200 um thickness, 80 Hz
frequency, 2 mm amplitude, 0.04 mm/s speed) and immediately transferred to a recovery chamber, filled
with KHB with 10 mM glucose at 37°C bubbled with 95% O2/5% CO, in which slices rested on a mesh.
The entire procedure took approximately 20-30 min. Slices were used for imaging experiments between

30 min and 4 hours after slicing.

Epifluorescence imaging of Peredox in rat hepatocytes and HepG2 cells

Wide-field time-lapse epifluorescence experiments were performed in a diamond-shaped solution
chamber mounted on the headstage of an inverted microscope (Nikon, Tokyo, Japan) under continuous
perfusion (1.2 mL/min flow rate) heated at 37°C. Glass coverslips containing plated cells were cracked
with a diamond-tip pen and shards were placed in the recording chamber. Bath solution (in mM): 140

NaCl, 10 HEPES, 5 KCI, 2 CaCl,, 1 MgCly; pH 7.4 with 1 M NaOH. Glucose and substrates of cytosolic
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dehydrogenases were added as indicated. Glass shards were preincubated in bath solution plus 10 mM
glucose at 37°C for 10 min prior to placing in the recording chamber. Emitted light was collected with an
Andor Revolution DSD spinning disk unit (Andor, Belfast, UK) using a x20/0.75NA objective
illuminated with a LED light source (Lumencor, Beaverton, OR). Peredox-mCherry consists of Peredox
(based on a green fluorescent protein) plus a red fluorescent protein (mCherry) fused to its C-terminus to
serve as a control for sensor expression. The green and red fluorophores of Peredox-mCherry were
excited using 405/10 nm and 578/16 nm band-pass filters, emission was collected through 525/50 nm and
629/56 nm band-pass filters, and excitation and emission light were separated with 490-nm and 590-nm
short pass dichroics, respectively. Images were acquired with iQ (Andor) every 15 s at 50 ms exposure
and 4x4 binning. Fluorescence intensity was quantified with ImageJ as the mean over a region of interest
(ROI) drawn around each analyzed cell.

Peredox signal was obtained by dividing green fluorescence by red fluorescence. For each cell,
the signal was then normalized with an internal calibration approach as follows: the minimum value or
“floor” was obtained in 10 mM pyruvate, and the maximum value or “ceiling” was obtained in 10 mM
ethanol for hepatocytes or 10 mM lactate for HepG2 cells. Normalized Peredox signal was then expressed
as a percent scale of 0-100, where 0 is the “floor” and 100 is the “ceiling”. Where indicated, red
fluorescence was ignored in the data analysis and normalized Peredox signal was obtained from the green

fluorescence alone.

Epifluorescence imaging of Peredox in mouse liver slices

Wide-field time-lapse epifluorescence experiments were performed in a dual-perfusion chamber mounted
on the headstage of an upright Olympus BX51WI microscope (Olympus, Center Valley, PA) and heated
at 34-36°C. Each slice was placed on a metal grid (Supertech Instruments, Zurich, Switzerland) and held
down by a slice anchor or “harp” (Warner Instruments, Hamden, CT). The chamber contains two solution
inputs, one above and one below the slice, so that the slice receives continuous perfusion from above and

below. Each line contained KHB bubbled with 95% O./5% CO; at a flow rate of 2.5 mL/min (total flow

9
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rate 5 mL/min). Glucose and substrates of cytosolic dehydrogenases were added as indicated. Peredox
(containing the green fluorophore only) was excited using a Xenon lamp and monochromator with a 12.5
nm Polychrome IV band-pass (TILL Photonics, Hillsboro, OR) at 405 nm. A triple-band dichroic (69002,
Chroma Technology Corp, Bellows Falls, VT) was used to separate emission light that was collected with
a CCD camera (IMAGO-QE, TILL Photonics) using a x4/NA objective. Images were acquired with
TILLVision v4.0.1 (TILL Photonics) every 15 s at 10 ms exposure and 4x4 binning. Fluorescence
intensity was quantified with ImageJ as the mean over a ROI drawn around each analyzed slice. The
strings from the slice anchor or “harp” were deliberately excluded from the ROI.

Peredox signal was obtained as green fluorescence. For each slice, the signal was then normalized
with an internal calibration approach as follows: the minimum value or “floor” was obtained in 10 mM
pyruvate, and the maximum value or “ceiling” was obtained in 10 mM ethanol. Normalized Peredox

signal was then expressed as a percent scale of 0-100, where 0 is the “floor” and 100 is the “ceiling”.

Two-photon fluorescence lifetime imaging of Peredox in liver slices
Two-photon fluorescence lifetime imaging (2p-FLIM) experiments were performed in a single-perfusion
chamber mounted on the headstage of a modified Thorlabs Bergamo Il microscope (Thorlabs Imaging
Systems, Sterling, VA) with hybrid photodetectors R11322U-40 (Hamamatsu Photonics, Shizuoka,
Japan) under continuous single perfusion (5 mL/min flow rate) heated at 34°C. The light source was a
Chameleon Vision-S tunable Ti-Sapphire mode-locked laser (80 MHz, ~75 fs; Coherent, Santa Clara,
CA). The photodetector signals and laser sync signals were preamplified and then digitized at 1.25
gigasamples per second using a field-programmable gate array board (PC720 with FMC125 and FMC122
modules, 4DSP, Austin, TX) with custom firmware. Each slice was attached to a poly-lysine coated glass
coverslip and placed in the chamber. The chamber was perfused with KHB bubbled with 95% 0./5%
COs.. Glucose and substrates of cytosolic dehydrogenases were added as indicated.

For each slice, 8-10 hepatocytes expressing Peredox were selected for analysis within a single
20x field (360x360 pm). The fields were located in the centrilobular (zone 3) region, since the higher

10
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levels of Peredox expression in that region resulted in higher photon counts and thus more robust lifetime
measurements. Images were acquired every 15-20 seconds. Laboratory-built firmware and software
performed time-correlated single photon counting to determine the arrival time of each photon relative to
the laser pulse; the distribution of these arrival times indicates the fluorescence lifetime(28). Lifetime
histograms were fitted using nonlinear least-squares fitting in MATLAB (Mathworks, Natick, MA), with
a two-exponential decay convolved with a Gaussian for the IRF(42). Microscope control and image
acquisition were performed by a modified version of the Scanlmage software written in
MATLAB(29)(provided by Bernardo Sabatini, and modified by GY). Image analysis was performed
using MATLAB software developed in the Yellen laboratory. ROIs were defined around individual
hepatocytes, and photon statistics were calculated for all pixels within the ROI. Typical ROIls
encompassed 100-900 image pixels, in images of 128x128 or 256x256 pixels acquired at a scanning rate
of ~2 ms per line. Most data points in the time series plots of lifetimes are for the mean value of 20

sequentially acquired frames.

Conversion of Peredox signal to cytosolic NADH/NAD™ ratio

For epifluorescence experiments, the precise correspondence between Peredox signal and cytosolic
NADH/NAD" ratio is obtained from prior in vitro experiments where purified Peredox protein was
incubated with known concentrations of NADH and NAD®, and the resulting fluorescence was
measured(17). We compared the Peredox signal from our experiments to the signal from the in vitro
experiments in order to obtain values of cytosolic NADH/NAD™ ratio in hepatocytes. We adapted the
equation from Hung and coworkers(17, 18), derived from the equilibrium constant for the LDH reaction,
for a percent scale of normalized Peredox signal. For epifluorescence experiments in dissociated

hepatocytes, we used the LDH equilibrium constant (Keq) at 37°C, yielding the following equation:

0.01

Peredox Signal )

NADH:NAD+ ratio =
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For epifluorescence experiments in liver slices, we used the LDH Keq at 35°C, yielding the
following equation:

0.008

Peredox Signal )

NADH:NAD+ ratio =

For 2p-FLIM experiments, the correspondence between Peredox lifetime and cytosolic
NADH/NAD" ratio is obtained from prior in vitro experiments where purified Peredox protein was
incubated with LDH and known concentrations of lactate and pyruvate, and the resulting lifetime values
were measured(28). The prior raw protein data (obtained in the same experimental setup) was reanalysed
in parallel with the liver slice data, in order to control for differences in the fits to lifetime histograms.
The relationship between lifetime and cytosolic NADH/NAD™ ratio is obtained from fitting the lifetime
data with the following Hill plot, using the LDH Keq at 35°C:

Lifetime,,,, — Lifetime,,;,

(0.00017 X NADH: NAD+ratio)H
1+ e
1/2

Lifetime = Lifetime,,;, —

where Lifetimemax=2.343 ns, Lifetimemin=1.527 ns, K1»=20.4 ns, and H=1.774.

Throughout this paper, the term “cytosolic NADH/NAD" ratio” specifically refers to the free
cytosolic NADH/NAD? ratio, which is the pool that is sensed by Peredox. A higher or increased cytosolic
NADH/NAD" ratio indicates a more reduced cytosolic redox state, and a lower or decreased cytosolic
NADH/NAD" ratio indicates a more oxidized cytosolic redox state. For convenience, the NADH/NAD"
ratio is reported as the inverse of the NAD*/NADH ratio (e.g. NADH:NAD*=1:200), given that cytosolic

NAD" far exceeds NADH in almost all conditions.

Data analysis
Data analysis was performed using Excel 2010 (Microsoft, Redmond, WA). Data are shown as
mean+SEM. For dose-response curves, a Hill function was fit to the data using the Solver function in

Excel. Statistical significance was assessed by Student’s t-test, with p<0.05 considered significant.
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RESULTS

Live cell imaging with Peredox reports cytosolic NADH/NAD? ratio in primary hepatocytes

Peredox is a genetically-encoded fluorescent sensor of cytosolic NADH/NAD® ratio engineered by
circular permutation of a green fluorescent protein to a bacterial protein (Rex) which binds NADH or
NAD?(17, 18). The structural conformation of Rex when bound to each species is transmitted to the green
fluorescent protein, such that the NADH-bound form emits more fluorescence than the NAD"-bound
form. Thus, green fluorescence emitted by a cell expressing Peredox is directly dependent on the ratio of
the two forms of the sensor (NADH- and NAD"-bound), which in turn is determined by the free
NADH/NAD® ratio in the cytosol. Live cell imaging with Peredox yields dynamic, real-time
measurements of free cytosolic NADH/NAD" ratio in dissociated primary neurons and astrocytes in
culture(17) and in acute brain slices(9, 28). This approach should in principle be applicable to hepatocytes
and liver slices, offering important advantages over existing approaches to measure cytosolic
NADH/NAD" ratio in the liver.

To investigate this, we first expressed Peredox-mCherry by transfection in dissociated rat
hepatocytes in short-term culture (Fig. 1A), which are a convenient, widely used experimental model to
study hepatocyte biology. We used wide-field epifluorescence microscopy in a flowing solution chamber
to dynamically examine the cytosolic NADH/NAD" ratio (as reported by Peredox fluorescence) of
hepatocytes exposed to substrates of cytosolic dehydrogenases known to be highly expressed in
hepatocytes (Fig. 1B). The green fluorescence of Peredox-mCherry is directly dependent on the cytosolic
NADH/NAD" ratio, while red fluorescence is unchanged and serves as a control for the level of sensor
expression, allowing comparison between cells; thus, Peredox signal is measured as green fluorescence
divided by red fluorescence over time. For each cell, we drove Peredox signal to maximum and minimum
values (“ceiling” and “floor”, respectively) to obtain a normalized Peredox signal with values between 0-

100, allowing comparison between cells (Fig. 1C, D). Values for cytosolic NADH/NAD® ratio are then
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obtained by comparing the normalized Peredox signal in hepatocytes with that from prior experiments
with purified Peredox protein and known NADH/NAD" ratios(17, 18).

Under control conditions (glucose present), rat hepatocytes exhibit a relatively low (oxidized)
cytosolic NADH/NAD® ratio (Fig. 1E). The ratio we obtained (NADH:NAD'=1:391+32, n=43
hepatocytes) compares favourably with previous indirect measurements obtained from lactate/pyruvate
ratios in freeze-clamped rat liver(15, 38). These measurements are based on the assumption that the
lactate/pyruvate couple is in equilibrium with the cytosolic NADH/NAD® ratio via lactate dehydrogenase
(LDH). As expected for mammalian cells in general, the ratio in hepatocytes reported by Peredox
responds rapidly and reversibly to substrates of LDH: lactate increases it (NADH:NAD=1:54+6, n=9
hepatocytes), while pyruvate decreases it (NADH:NAD"=1:568+25, n=41 hepatocytes). Importantly, the
ratio also responds to substrates of other cytosolic dehydrogenases that are highly expressed in
hepatocytes: sorbitol dehydrogenase (SDH) and alcohol dehydrogenase (ADH). For SDH, xylitol
increases the ratio and fructose decreases it, while for ADH, ethanol increases the ratio. At a
concentration of 10 mM, both xylitol (NADH:NAD'=1:18+2, n=15 hepatocytes) and ethanol
(NADH:NAD*=1:7+0.3, n=43 hepatocytes) drive the ratio to higher (more reduced) values than lactate.

The initial version of Peredox (Peredox-mCherry) included a red fluorescent protein attached at
the C-terminus to normalize for sensor expression, but we have since found that normalization is similarly
achieved by obtaining the “floor” and “ceiling” for each experiment from internal calibration steps, as
described. Since Peredox protein expression does not significantly change during the timecourse of
experiments (30-60 min), the additional red fluorophore is not needed. To confirm this, we reanalyzed the
dissociated hepatocyte data using only the green fluorescence from Peredox-mCherry (obviating the red
fluorescence), which yielded the same results (hashed bars in Fig. 1E). Following the design and
characterization of the initial version of Peredox(17, 18), the Yellen lab designed a simpler Peredox
version containing only the green fluorophore(9, 28). This version is more versatile because it enables

simultaneous imaging with other sensors based on red fluorescent proteins.
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Peredox reports cytosolic NADH/NAD? ratio in HepG2 cells

We used Peredox to examine cytosolic NADH/NAD® ratio in another convenient, widely used
experimental hepatocyte model: HepG2 cells, a human hepatocyte-derived transformed cell line. As with
rat hepatocytes, we expressed Peredox-mCherry in HepG2 cells by transfection (Fig. 2A) and carried out
wide-field epifluorescence microscopy in a flowing solution chamber. The cytosolic NADH/NAD" ratio
in HepG2 cells as reported by Peredox responds to LDH substrates (lactate and pyruvate), as expected
(Fig. 2B, C). However, HepG2 cells exhibit important differences with respect to primary hepatocytes.
First, HepG2 cells exhibit a relatively high (reduced) cytosolic NADH/NAD" ratio under control
conditions (NADH:NAD*=1:136+11, n=33 cells). Second, HepG2 cells exhibit minimal responses to
ethanol, consistent with known low levels of ADH expression in this cell line(40). And finally, we
observed minimal responses to xylitol, suggesting that SDH is also expressed at low levels, although to
our knowledge the expression of SDH in HepG2 cells has not been specifically examined. Overall, these
results suggest that, compared to rat hepatocytes, HepG2 cells are a less suitable experimental model to

investigate cytosolic NADH/NAD ratio.

Ethanol oxidation by ADH robustly increases cytosolic NADH/NAD? ratio in rat hepatocytes
We examined in more detail the effects of ethanol on cytosolic NADH/NAD" ratio in rat hepatocytes.
Ethanol causes a robust dose-dependent increase in cytosolic NADH/NAD® ratio (Fig. 3A, B) with an
apparent half-maximal value (Ki2) of 68+17 uM (n=7 hepatocytes) (Fig. 3C). 1 mM ethanol yields
essentially a maximal effect, consistent with perfused liver studies showing that the lactate/pyruvate ratio
in the eluate saturates at ~1-2 mM ethanol(41). The effect of ethanol is prevented by the ADH inhibitor 4-
methylpyrazole (4-MP) (Fig. 3D, E), demonstrating that the increase in cytosolic NADH/NAD" ratio is
mediated by ADH.

Since cytosolic dehydrogenases have access to the same pool of cytosolic NADH/NAD?, the
effects of ethanol on the ratio should be affected by the activity of other cytosolic dehydrogenases.

Indeed, the effect of ethanol on cytosolic NADH/NAD" ratio is mitigated by the presence of NAD*-
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generating substrates of either LDH (pyruvate) or SDH (fructose) (Fig. 3C). Pyruvate, in particular,
causes a remarkable right-shift of the ethanol dose-response. The Ki;; in 10 mM fructose was 580+85 uM
(n=8 hepatocytes, p=0.0002 vs. 10 mM glucose). The Ki, in 10 mM pyruvate could not be reliably
calculated from individual experiments for statistical analysis, but was estimated at ~3 M from the fit to

the average data (n=6 hepatocytes).

Peredox reports cytosolic NADH/NAD™ ratio in mouse liver slices

Liver diseases in humans tend to exhibit zonal distribution. In particular, FLD preferentially affects the
centrilobular region (zone 3), where synthesis of fatty acids and triglyceride is highest(19, 20). To
adequately examine the role of cytosolic NADH/NAD" ratio in the pathogenesis of FLD, it would be
optimal to use an experimental system that, unlike dissociated hepatocytes, preserves liver architecture
and zonal distribution of disease. To address this, we adapted live cell imaging with Peredox to acute liver
slices from mice. AAV-encoded Peredox was injected via tail vein, and 200-um liver slices were cut with
a vibratome while submerged in ice-cold buffer. No agar embedding or tissue fixation was used. Slices
were imaged in a flowing solution chamber with double perfusion (above and below the slice). For slice
experiments, we used the simplified version of Peredox which contains the green fluorophore only.

We found that AAV-encoded Peredox delivered via tail vein injection is broadly expressed in
hepatocytes in liver slices, with preferential expression in zone 3 (Fig. 4A, B). This pattern of expression
is not unique to Peredox or fluorescent proteins: it is generally observed in mouse liver when proteins
encoded by AAV capsid serotypes 8 or 9 are delivered via tail vein or portal vein(3, 7, 8). As expected,
hepatocytes in liver slices exhibit a relatively low (oxidized) cytosolic NADH/NAD™ ratio as reported by
Peredox (NADH:NAD*=1:416+26, n=53 slices from N=18 mice) (Fig. 4C-E). The ratio in slices also
responds rapidly and reversibly to substrates of LDH, SDH, and ADH (Fig. 4C, D). The preferential
expression of Peredox in zone 3 facilitates identification of liver microanatomy in slices and allows for
differential measurement of cytosolic NADH/NAD® ratio in zone 1 (the periportal region) vs. zone 3 (the
centrilobular region). We found that the ratio under control conditions is very similar between zone 1 and
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zone 3 (NADH:NAD*=1:399+22 vs. 1:365+19, n=17 slices from N=9 mice). The ratio is slightly more
reduced in zone 3, but the difference is not statistically significant (p=0.225).

As in dissociated hepatocytes, ethanol dose-dependently increases cytosolic NADH/NAD™ ratio
in slices (Fig. 5A, B). The ethanol dose-response in slices is somewhat right-shifted compared to
dissociated hepatocytes (K12=378+23 uM, n=21 slices from N=9 mice) (Fig. 5C) but, as in dissociated
hepatocytes, it saturates in the expected range (~1-2 mM) based on perfused liver studies(41). Generation
of NAD" by pyruvate via LDH also mitigates the effects of ethanol in slices, causing a marked right-shift
of the ethanol dose-response curve (Ki, estimated at ~200 mM based on the fit to the average data, n=11
slices from N=7 mice). Thus, the slice preparation yields dynamic measurements of cytosolic
NADH/NAD" ratio in hepatocytes in the context of metabolic zonation, providing a more physiologically

relevant experimental model for the study of cytosolic NADH/NAD® ratio in the liver.

Peredox lifetime imaging reports cytosolic NADH/NAD™ ratio in mouse liver slices

Our results thus far indicate that epifluorescence imaging with Peredox is a useful approach to measure
cytosolic NADH/NAD® ratio in living hepatocytes. However, we decided to further validate the approach
of live cell imaging with fluorescent biosensors in hepatocytes by carrying out 2-photon fluorescence
lifetime imaging (2p-FLIM) experiments with Peredox in liver slices. Fluorescence lifetime is the dwell
time of a fluorescence protein in the excited state, i.e. the time between absorption of an excitation photon
(or two photons, in the case of 2p-FLIM) and emission of a photon(43). Some fluorescent sensors exhibit
a change in fluorescence lifetime upon analyte binding, in addition to a change in fluorescence intensity;
the change in lifetime may be due to reduced quenching of the fluorophore in the analyte-bound
configuration. Compared to epifluorescence (which measures fluorescence intensity), lifetime imaging is
a more quantitative approach because it yields an absolute measurement of sensor state that is generally
independent of sensor expression level or instrumentation(43). Peredox is amenable to 2p-FLIM because
it exhibits a substantial increase in its lifetime when NAD" is exchanged for NADH; thus, an increase in
Peredox lifetime indicates an increased (more reduced) cytosolic NADH/NAD? ratio. 2p-FLIM is more
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technically challenging than epifluorescence imaging, but the Yellen lab has successfully developed an
approach to carry out 2p-FLIM with Peredox in brain slices(9, 28). We thus applied the same approach to
liver slices.

As expected, hepatocytes in mouse liver slices expressing Peredox exhibit a relatively low
Peredox lifetime value under control conditions (1.77+0.01 ns, n=11 slices from N=4 mice), which
indicates a relatively oxidized cytosolic NADH/NAD" ratio (NADH:NAD'=1:464+16) (Fig. 6A).
Peredox lifetime rapidly responds to substrates of LDH, SDH, and ADH in the expected manner: lactate,
xylitol, and ethanol increases the lifetime, while pyruvate decreases it (Fig. 6B, C). Either 10 mM xylitol
or 10 mM ethanol are sufficient to achieve the maximum lifetime value (2.34 ns based on purified protein
experiments), indicating a maximally reduced cytosolic ratio. The values for cytosolic NADH/NAD" ratio
obtained by 2p-FLIM are in close agreement with those obtained by epifluorescence imaging (Fig. 6D).
Some divergence is observed at the extremes of cytosolic NADH/NAD? ratio (ceiling and floor), which is
due to the difficulty in obtaining precise values at the extremes since Peredox response “flattens out” at
the extremes of the ratio(17), but there is close agreement in the more physiologically meaningful range
of ratio values (for example, in the presence of glucose). The small difference in the 10 mM lactate values
is likely due to the fact that ratio values from 2p-FLIM in the mid-portion of the range are slightly right-
shifted compared to the ratio values from epifluorescence, with 2p-FLIM values being slightly more
reduced; this is because lifetime measurements include low-occupancy states in the average. This
guantitative difference between lifetime and ratiometric measurements is discussed in detail in the

appendix to Mongeon et al.(28).
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DISCUSSION

In this study we describe and validate a new experimental approach to investigate free cytosolic
NADH/NAD" ratio in experimental liver systems. We show that live cell imaging with the fluorescent
biosensor Peredox yields dynamic, real-time measurements of cytosolic NADH/NAD™ ratio in living,
functioning rat hepatocytes and mouse liver slices. As described in the Introduction, use of Peredox
overcomes several limitations of existing methods to assess cytosolic NADH/NAD" ratio, in particular the
destruction of cells or tissue under study; the inability to specifically detect the physiologically
meaningful, smaller free pool of NADH/NAD"; and the confounding effects of the mitochondrial
NAD(P)H pool. An additional advantage of Peredox is that it is well suited to lifetime imaging (2p-
FLIM), which enables intrinsic quantitation of sensor state without need for internal normalization or
calibration of each experiment(28, 43). We show that there is robust agreement between 2p-FLIM and
epifluorescence measurements using Peredox in liver slices, particularly in the physiological range of
cytosolic NADH/NAD™ ratio. This is valuable because, although 2p-FLIM is a more robust approach,
epifluorescence is simpler and more accessible, and would likely be the choice of technique for most liver
biology laboratories interested in using Peredox to investigate cytosolic NADH/NAD® ratio.

While our approach has several advantages over prior methods, for the purposes of its validation
we have compared our results to those obtained with existing techniques. Our results are very similar to
previous results using lactate/pyruvate ratios in freeze-clamped rat liver(15, 38). Both dissociated
hepatocytes and liver slices exhibit a relatively low (oxidized) ratio under control conditions and respond
rapidly and robustly to substrates of cytosolic dehydrogenases known to be highly expressed in
hepatocytes: LDH, SDH, and ADH. We have used substrates of these cytosolic dehydrogenases as
experimental tools to acutely manipulate hepatocyte cytosolic NADH/NAD® ratio in a predictable
manner, in order to validate our sensor-based approach. While characterization of these cytosolic
dehydrogenases is not the primary focus of the paper, the behavior we observed with our approach is
generally in agreement with previous work. Biochemical studies of ADH have yielded Michaelis-Menten
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constants for ethanol that are very similar to our K, value for ethanol effect on cytosolic NADH/NAD*
ratio in slices: 480 uM for rat liver ADH(4, 6), 420 uM for C57BL/10 mouse liver ADH(30), and 530 uM
for perfused rat liver(41). The right-shifted dose-response for ethanol in liver slices compared to
dissociated hepatocytes may be due to different rates of ethanol oxidation, perhaps due to relative hypoxia
within slices(13), or other factors such as ethanol diffusing into dissociated hepatocytes more readily.
When steady-state conditions for ethanol metabolism are carefully maintained, the lactate/pyruvate ratio
in perfused rat liver saturates at ~1-2 mM ethanol(41), which is in agreement with our results. Since
cytosolic dehydrogenases have access to the same pool of NADH/NAD® in the cytosol(39), the effects of
ethanol on the ratio are mitigated by generation of NAD™ via other cytosolic dehydrogenases. The robust
ability of LDH to compete with ADH in the reverse direction (pyruvate provided) suggests a preferential
directionality of LDH in hepatocytes, given that in the forward direction (lactate provided) LDH appears
to be less powerful than SDH or ADH. Indeed, rat liver LDH is ~30-fold faster in the reverse direction,
and has a ~50-fold higher affinity for pyruvate in the reverse direction than for lactate in the forward
direction(1). The activity of the malate-aspartate shuttle and the glycerol-3-phosphate shuttle could also
mitigate the effects of lactate on the ratio by shuttling reducing equivalents into mitochondria.

An attractive aspect of the sensor-based approach is that it is well suited to liver slices, which,
unlike dissociated hepatocytes, allow for preservation of hepatic microanatomy and metabolic zonation of
hepatocytes. This would be particularly relevant to FLD, which preferentially affects the centrilobular
(zone 3) region. Using live cell imaging with Peredox, cytosolic NADH/NAD® ratio can be
simultaneously examined in separate metabolic zones in slices. We found that cytosolic NADH/NAD*
ratio under control conditions in mouse liver slices is similar in the centrilobular region (zone 3)
compared to the periportal region (zone 1). This is in agreement with previous studies using the indirect
method of redox couples from intact liver, which have shown no significant difference between the two
zones(2, 12). Whether there are zonal differences in the ratio in the context of FLD is an interesting
question that can be explored with Peredox in slices. Although dissociated hepatocytes in culture are not
in a microanatomic context and experience time-dependent loss of hepatocyte phenotype, the fact that
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they behave very similar to slices in our study (after ~2 days in culture) suggests that they are a useful
experimental model for at least some aspects of NADH/NAD™ biology. HepG2 cells, on the other hand,
show a higher (more reduced) ratio under control conditions and exhibit minimal response to ethanol,
making them less attractive as an experimental model.

Imaging with Peredox in perfused liver or in vivo may ultimately prove a superior experimental
system, but both pose nontrivial technical challenges to overcome. Until such approaches are developed,
the slice preparation shows promise as a relatively intact system that is fairly accessible from a technical
standpoint. Liver slices exhibit high activity of key enzymes of alcohol metabolism (including ADH),
exhibit redox changes comparable to perfused livers, and accumulate triglyceride when incubated with
alcohol(21). While we have focused on cytosolic NADH/NAD" ratio in the present study, we expect our
sensor-based approach to be broadly applicable to other intracellular metabolites of interest in liver
biology. For example, genetically-encoded fluorescent biosensors for measuring ATP/ADP ratio(37) and
reduced/oxidized glutathione ratio(14) are already available, and should in principle be adaptable to live
cell imaging in liver slices.

In summary, we have adapted the technique of live cell imaging with fluorescent biosensors to
liver cells by using Peredox to investigate cytosolic NADH/NAD? ratio in hepatocytes and liver slices. As
reported by Peredox, the ratio responds rapidly and reversibly to substrates of cytosolic dehydrogenases
that are highly expressed in hepatocytes, in particular ADH. Peredox yields similar results whether used
with epifluorescence imaging (which is a relatively simple approach but which requires internal
calibration) or lifetime imaging (which does not require internal calibration but is technically more
complex), demonstrating the robustness and versatility of the approach. The ability to use Peredox in
slices is particularly promising because slices allow preservation of hepatic microanatomy and metabolic
zonation of hepatocytes, thus providing a more physiologically relevant experimental system. Live cell
imaging with Peredox and other biosensors in experimental liver systems has the potential to yield novel

insight into hepatic redox biology.
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FIGURE CAPTIONS

Figure 1. Peredox reports cytosolic NADH/NAD? ratio in dissociated rat hepatocytes.

A: Bright field and epifluorescence images of cultured rat hepatocyte expressing Peredox-mCherry. B:
Cytosolic dehydrogenases of interest, with substrates. LDH, lactate dehydrogenase; SDH, sorbitol
dehydrogenase; ADH, alcohol dehydrogenase. C-D: Timecourse of Peredox-mCherry response in one
hepatocyte exposed to substrates of cytosolic dehydrogenases. Fluorescence intensity of Peredox (green,
at 405 nm excitation) and mCherry (red, at 578 nm excitation) was measured every 15 s (C). Peredox
signal (green fluorescence over red fluorescence) is normalized to lowest value (“floor”, with 10 mM
pyruvate) and highest value (“ceiling”, with 10 mM ethanol) and expressed as a percentage (0-100%) (D).
Dividing green fluorescence by red fluorescence corrects Peredox response for small changes in sensor
expression or cell shape during the time of the experiment, but is not essential. E: Average Peredox
response in hepatocytes (mean+SEM, n=9-43 hepatocytes). Solid bars were obtained using green and red
fluorescence from Peredox-mCherry; hashed bars were obtained using green fluorescence only. All

concentrations in mM.

Figure 2. Peredox reports cytosolic NADH/NAD™ ratio in HepG2 cells.

A: Bright field and epifluorescence images of HepG2 cell expressing Peredox-mCherry. B: Timecourse of
Peredox response in one HepG2 cell exposed to substrates of cytosolic dehydrogenases. Fluorescence was
measured every 15 s. Peredox signal (green fluorescence over red fluorescence) is normalized to lowest
value (“floor”, with 10 mM pyruvate) and highest value (“ceiling”, with 10 mM lactate) and expressed as
a percentage (0-100%). C: Average Peredox response in HepG2 cells (mean+SEM, n=5-13 cells). All

concentrations in mM.

Figure 3. Ethanol oxidation by alcohol dehydrogenase increases cytosolic NADH/NAD* ratio in rat
hepatocytes.
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A-B: Effects of ethanol on cytosolic NADH/NAD" ratio in cultured rat hepatocytes in the presence of 10
mM glucose (A) or 10 mM pyruvate (B). C: Hill plot for ethanol effect. Data points are mean+SEM for
n=6-8 hepatocytes. Lines are least-squares fits to data points (values for slope H and half-maximal
concentration Ky are shown on the right). D: Timecourse showing effect of ADH inhibitor 4-
methylpyrazole (4-MP) on ethanol response in one hepatocyte. E: Average 4-MP data in hepatocytes
(mean+SEM, n=7-8 hepatocytes, *: p<5x10° vs. control). All concentrations in mM unless otherwise

indicated.

Figure 4. Peredox epifluorescence reports cytosolic NADH/NAD* ratio in mouse liver slices.

A: Bright field and epifluorescence images of mouse liver slice expressing Peredox (simpler construct
with green fluorophore only). B: Peredox expression in liver slices is higher in the centrilobular region or
zone 3 (bounded by yellow dotted line). Darker areas correspond to the periportal region or zone 1. C-D:
Timecourse of Peredox response in two separate liver slices exposed to substrates of cytosolic
dehydrogenases. Fluorescence was measured every 15 s. Peredox signal (green fluorescence) is
normalized to lowest value (“floor”, in 10 mM pyruvate) and highest value (“ceiling”, in 10 mM ethanol)
and expressed as a percentage (0-100%). E: Average Peredox response in liver slices (meantSEM, n=9-

53 slices from N=18 mice). All concentrations in mM.

Figure 5. Ethanol oxidation by alcohol dehydrogenase increases cytosolic NADH/NAD* ratio in
mouse liver slices.

A-B: Effects of ethanol on cytosolic NADH/NAD" ratio in liver slices (assessed by epifluorescence
imaging with Peredox) in the presence of 10 mM glucose (A) or 10 mM pyruvate (B). C: Hill plot for
ethanol effect. Data points are mean+SEM of n=3-14 slices from N=10 mice. Lines are least-squares fits
(values for slope H and half-maximal concentration Ky, are shown on the right). All concentrations in

mM unless otherwise indicated.
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Figure 6. Peredox lifetime imaging reports cytosolic NADH/NAD? ratio in mouse liver slices.

A: Lifetime images of mouse liver slice expressing Peredox. Images are pseudocolored according to
Peredox lifetime values (color scale bar to the right shows range of lifetime values). B: Timecourse of
Peredox lifetime response in one mouse liver slice. Data points represent mean+SEM of 9 hepatocytes in
the imaging field. C: Average Peredox lifetime response in liver slices (mean+SEM of n=8-11 slices from
N=4 mice). D: Cytosolic NADH/NAD" ratios obtained in liver cells in the indicated conditions using live
cell imaging with Peredox. For convenience, ratios are expressed as NAD*/NADH ratios, since NAD*
greatly exceeds NADH under most conditions. Data points are mean£SEM of n=8-11 slices from N=4
mice (slices, lifetime), n=9-53 slices from N=18 mice (slices, epifluorescence), and n=9-43 hepatocytes.

All concentrations in mM.
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