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Autofluorescence properties of isolated rat hepatocytes under
different metabolic conditions
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The contribution of endogenous fluorophores – such as proteins, bound and free NAD(P)H, flavins, vitamin A,
arachidonic acid – to the liver autofluorescence was studied on tissue homogenate extracts and on isolated
hepatocytes by means of spectrofluorometric analysis. Autofluorescence spectral analysis was then applied to
investigate the response of single living hepatocytes to experimental conditions resembling the various phases of the
organ transplantation. The following conditions were considered: 1 h after cells isolation (reference condition); cold
hypoxia; rewarming–reoxygenation after cold preservation. The main alterations occurred for NAD(P)H and flavins,
the coenzymes strictly involved in energetic metabolism. During cold hypoxia NAD(P)H, mainly the bound form,
showed an increase followed by a slow decrease, in agreement with the inability of the respiratory chain to reoxidize
the coenzyme, and a subsequent NADH reoxidation through alternative anaerobic metabolic pathways. Both
bound/free NAD(P)H and total NAD(P)H/flavin ratio values were altered during cold hypoxia, but approached the
reference condition values after rewarming–reoxygenation, indicating the cells capability to restore the basal redox
equilibrium. A decrease of arachidonic acid and vitamin A contributions occurred after cold hypoxia: in the former
case it may depend on the balance between deacylation and reacylation of fatty acids, in the latter it might be related
to the vitamin A antioxidant role. An influence of physico-chemical status and microenvironment on the fluorescence
efficiency of these fluorophores cannot be excluded. In general, all the changes observed for cell autofluorescence
properties were consistent with the complex metabolic pathways providing for energy supply.

Introduction
Biological substrates submitted to excitation in the UV-Visible
range give rise to an autofluorescence emission. This phe-
nomenon is due to the presence of biomolecules acting as
endogenous fluorophores, which can be involved either in the
histological organization of the tissues, such as constitutive
proteins, or in metabolic processes, such as nicotinic coenzymes,
flavins, lipopigments and porphyrins.1–3

The features of autofluorescence emission, in terms of
amplitude and spectral shape, depend on nature, amount,
physico-chemical state, intratissue distribution of endogenous
fluorophores, and on the properties of the microenvironment,
in close relationship with the morphological and metabolic
conditions of cells and tissues. Autofluorescence can thus be
considered as an intrinsic parameter of biological substrates
that can be exploited for a real time investigation of tissue
and cell morpho-functional state. The earliest application of
autofluorescence analysis concerned the study of the dynamic
evaluation of metabolism directly in single living cells. The
reduced pyridine nucleotide NAD(P)H was localized and quan-
titatively evaluated in intact cells through its autofluorescence
emission, which showed changes, for example, in dependence on
the aerobic or anaerobic conditions, or on glucose supply.4,5

At present, autofluorescence-based techniques are widely
investigated for the direct, in situ diagnosis of tissue diseases, in
particular neoplasias and differentiated condition.6–13 Interest
is rising also on the study of the relationship between the
metabolic engagement and tissue autofluorescence properties,
in view of developing a method to monitor organ functional
conditions during the different phases of transplantation. The

clinical transplantation procedure consists in: withdrawal from
the donor, preservation, grafting in the recipient. In the case of
liver, the preservation phase, based on cold hypoxia and nutrient
depletion, and the reperfusion following grafting in the recipient
can induce major liver injuries, which are possible causes of
transplant dysfunction.14–16

The alterations occurring in the liver functional conditions
modify the content and physico-chemical state of the endoge-
nous fluorophores engaged in the metabolic processes, thus
affecting tissue autofluorescence properties. Therefore, autoflu-
orescence spectroscopic analysis is expected to provide a valid
tool for a real time monitoring of liver functional condition.
Studies are reported in the literature on the relationship between
the autofluorescence properties of hepatocytes – attributable
to the coenzymes linked to the energetic metabolism, such as
NAD(P)H and flavins – and the redox state of the cells.17 A
relationship was also evidenced between the hypoxic conditions
and tissue autofluorescence properties, both in vivo and ex vivo
in the explanted intact liver.18–19

Actually, the multiple and diversified functions exerted by
the organ – biosynthesis, catabolism and detoxification – imply
complex interactions between various metabolic paths which
involve the contribution of endogenous fluorophores other
than NAD(P)H and flavin coenzymes, and namely fatty acids,
lipopigments, vitamins, biliary salt derivatives. In this work a
spectrofluorometric study on liver extracts and on isolated hep-
atocytes was performed with the aim to characterize the nature
of the fluorophores and the dependence of their contributions
on the experimental conditions mimicking those of the various
phase of the organ transplantation.D
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Materials and methods
Chemicals

Vitamin A (All-trans-retinoic acid) and arachidonic acid,
as pure compounds, were dissolved directly in chloroform
(0.5 mg ml−1) and diluted to 0.025 mg ml−1 for spectroflu-
orometric analysis. NADH and Flavin adenine dinucleotide
(FAD) solutions were prepared as already described.1 Briefly,
NADH was dissolved at the concentration of 10 mg ml−1 in
tris(hydroxymethyl)aminomethane (TRIS) buffer (0.1 M, pH 8),
because NADH is stable under basic conditions. This solution
was diluted 1 : 1 with the same buffer or with an alcohol
dehydrogenase solution (E.C. 1.1.1.1, 10 mg ml−1 in the same
buffer), for the free and bound conditions, respectively. FAD
was dissolved in phosphate buffer (0.05 M, pH 7.4) at the
concentration of 5 mg ml−1. Collagenase (Type I; E.C. 3. 4.
24. 3), and all the chemicals were purchased from Sigma Chem.
Co., MO, USA.

Liver tissue homogenates

The tissue samples were collected from livers of male Wistar rats
(250–300g; Harlan-Nossan, Correzzana, Italy). The animals had
free access to water and food. The use and care of animals in
this experimental study was approved by the Italian Ministry
of Health and by the University Commission for Animal Care
following the criteria of Italian National Research Council.
Rats were anaesthetized with ip injection of penthobarbital
(40 mg kg−1). The liver samples (about 150 mg each) were
quickly removed and frozen immediately in liquid nitrogen and
stored at −80 ◦C, until they were processed for homogenisation.
A moderate ionic strength homogenisation medium was used
consisting in: an anti-oxidant (dl-dithiothreitol, 20 mM), a
proteolytic inhibitor (phenylmethane sulfonyl fluoride, 1 mM),
a chelating agent (EDTA, 5 mM) and a detergent for protein
solubilization (Triton X-100, 0.01% w/v) dissolved in 0.005 M
phosphate buffer (pH 7.4), according to a previously-described
procedure.8 Tissue samples, immersed in the medium (150 tissue
mg : 1 medium ml), were homogenised using an Ultra Turrex T25
tissue homogeniser (Janke and Kunker, Stauffen, Germany).
Homogenates were centrifuged at 5000 g for 15 min. The
supernatant acqueous phase was collected and submitted to
spectral analysis, after a 1 : 100 dilution in the same buffer
in the absence of Triton, so that the interference of the buffer
components with fluorescence measurements is negligible.8

For the extraction of the lypophilic components, the pellet was
resuspended in 3 ml of a mixture of chloroform–water (2 : 1),
shaken vigorously, and centrifuged. The organic solvent phase at
the bottom of the tube and the unsoluble material were collected
separately and submitted to spectral analysis.

Isolated hepatocytes

Hepatocytes were isolated by collagenase perfusion of rat livers
as described by Moldeus et al.20 The cell viability at the
beginning of the experiments was 85–90%, as estimated by
means of Trypan blue exclusion test. After isolation, cells were
suspended in a Williams E medium supplemented with 0.1 mg
ml−1 streptomycin, 100 U ml−1 penicillin and 5 mM N-(2-
hydroxyethyl)-piperazine-N ′-(2-ethanesulfonic acid) (HEPES),
pH 7.4, and plated on Petri dishes (5 × 105 ml−1), each one
containing a polylysine-coated 30 mm ∅ glass coverslip. Cells
were maintained in an incubator at 37 ◦C for 1 h to allow cell
attachment and equilibration. Subsequently, part of these slides
were directly submitted to measurements (reference samples),
and part submitted to hypoxic treatment prior measurement.
In the latter case, hepatocytes were rinsed twice in phosphate
saline buffer (PBS) and incubated in conventional University of
Wisconsin solution, UW (ViaSpan R©; Pomona, NY, USA).21 The
slides were mounted up-down in the chamber described below

for the measurements at short, prefixed times, or kept up to
20 h in an anoxia chamber under N2 saturation at 4 ◦C. At the
end of the cold hypoxic phase, cells were incubated at 37 ◦C in
Krebs–Henseleit buffer, saturated with a 95% O2 and 5% CO2 gas
mixture (rewarming–reoxygenation condition) and submitted
to measurements. Cell viability was monitored by measuring
the activity of LDH relesed into the medium as described
by Bergmeyer.22 Maximal LDH release was determined after
exposing the cells to 10% of Triton X-100 (50 lL into 2 ml
medium). Cell death was 15 ± 2.7% and 40 ± 7.3% at the
end of cold hypoxia and after rewarming reoxygenation phases,
respectively (values are means ±SE, n = 4).

Cell morphology and glycogen content

The cell morphology and glycogen content were investigated on
hepatocyte reference samples, on hepatocytes at the end of cold
hypoxia and after the rewarming–reoxygenation phase. Cells
were fixed with 2% p-formaldehyde after the removal of the
culture medium, and stained with conventional hematoxylin and
eosin or periodic acid–Schiff (PAS) reactions.

Spectrofluorometric analysis

Excitation and emission spectra of aqueous and organic
phases of liver homogenate were recorded by means of a SP-
2 spectrofluorometer (Applied Photophysics, London, UK),
equipped with a single-photon counting system (EG&G-Ortec,
Oak Ridge, TN). Excitation spectra were corrected for the
wavelength-dependent intensity of the excitation light source
by means of a quantum counter (Rhodamine B, 4 g l−1 in
ethylene glycol). Excitation and emission spectra of vitamin
A and arachidonic acid in chlorophorm solution were also
recorded with the same apparatus and used for fitting analysis,
as described below.

Microspectrofluorometric analysis of liver homogenate unsol-
uble material remaining after organic extraction, and of single
cells was performed under epi-illumination conditions by means
of a Leitz microspectrograph (Wetzlar, Germany) equipped with
an Optical Multichannel Analyzer (OMA, EG&G, Princeton
Applied Research, Princeton, NJ), mounting a Jarrell-Ash
Monospec 27 spectrograph (Allied Analytical System, Waltham,
MA; mod. 82–499, H150 g mm−1 grating), with a 512 element
intensified diode array detector (mod. 1420/512). A 100 W
Hg lamp (Osram, Berlin, Germany), combined with KG1 and
BG38 anti-thermal filters, was used as an excitation source. The
following excitation conditions were used: 366 nm (interference
filter, T = 25%; 390 nm dichroic mirror, T 366 < 2%); 405 nm
(interference filter, T = 40%; TK 405 dichroic mirror, T 405 =
10%); 436 nm (interference filter, T = 40%; TK 450 dichroic
mirror, T 436 < 2%); 480 nm (interference filter, T = 40%; TK
515 nm dichroic mirror, T 436 < 2%).

The liver homogenate unsoluble material collected after
organic extraction was put on a slide to be submitted to
microspectrofluorometric analysis, using a 25X PL Fluotar Leitz
objective (N.A. 0.60).

For single cell autofluorescence analysis slides were mounted
up-down in a chamber with two ports, which allowed medium
exchange. The chamber was filled with the Krebs–Henseleit
buffer for untreated and reoxygenated/rewarmed cells, and with
the N2-saturated cold UW solution for hypoxic condition. To
avoid photobleaching and possible negative effects of irradi-
ation, at microscope, cells were centred under low intensity
tungsten lamp, and only one measurement was performed
for each cell. The spectrofluorometric measurements were
performed by means of an oil-immersion 95X Neofluar Leitz
objective, with incorporated iris diaphragm (NA 1.10–1.32).
Cell autofluorescence measurements were taken on fixed areas
(60 lm2) of the cell cytoplasm, to give an estimation of the
fluorophore’s concentration per cell area unit. Emission spectra
were recorded in the visible range, the starting wavelength
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being chosen according to the excitation wavelength used. Each
spectral acquisition lasted for 10 sequential scans of 200 ms each,
for a total measuring time of 2 s.

Spectral fitting analysis

Autofluorescence spectra recorded on the hepatocytes were
submitted to a curvefitting analysis to evaluate the relative con-
tribution of each fluorophore involved in the overall emission.
Before fitting, spectra were corrected for the set-up response, and
converted into wave-number units, supposing an in-homogenous
line broadening in frequency. Analysis was performed by means
of an iterative non-linear curve-fitting procedure (PeakFit,
SPSS Science, Chicago, IL) based on the Marquardt–Levenberg
algorithm,23 through the finding of the true absolute minimum
value of the sum of squared deviations (v2). A linear combination
of GMG (half-Gaussian modified Gaussian) spectral functions
was used. For each single, pure fluorophore, GMG functions
were obtained after subsequent adjustments, to match the best
fit for the line shape of the experimental spectrum. The GMG
function parameters were then used to estimate the relative
contribution of each single spectral component to the whole
fluorescence emission: after a first subjective matching of the
contribution of the individual GMG bands, the fit of the spectral
components was adjusted and verified by the iterative process,
until a satisfying goodness of fit was obtained, according to both
r2 and residual analysis.

Spectra of pure fluorophores were obtained under the same
experimental conditions used for single cell autofluorescence
analysis, as already described.1 The reference spectra of NADH,
FAD, vitamin A and arachidonic acid were obtained from
the solutions previously described. The reference spectrum for
lipopigments was obtained from rat brain tissue, according to
Armstrong et al.24 As to protein contribution, a minor function
at wavelengths shorter than 450 nm was considered.13 The
spectral functions describing the emission profiles of the single
fluorophores are shown in Fig. 1.

Fig. 1 Emission spectrum functions of the fluorophores used for
autofluorescence fitting analysis: (a) proteins; (b) NAD(P)H in the free
and (c) in the bound form; (d) fatty acids; (e) vitamin A; (f) flavins; (g)
lipopigments. Curves are normalized to the peaks’ amplitudes.

Results
Spectral analysis of homogenates

The aqueous phase of liver tissue homogenates showed well
defined excitation bands whose peak position was dependent
on the measuring wavelength. In particular, bands at about
280, 340, and 380 + 460 nm, were recorded at the measuring
wavelengths of 440, 470, and 525 nm, respectively (Fig. 2A).
These spectral features are very similar to the typical excitation
profiles described in the literature for proteins, NAD(P)H, and
flavins.8,25,26

Excitation at 280 nm resulted in a main emission band
centered at 350 nm, attributable to proteins, and a wide tail
in the 400–540 nm region. Excitation at 366 nm gave rise
to a broad emission band at 430–540 nm, corresponding to

Fig. 2 Fluorescence properties of liver homogenate aqueous phase.
(A) Excitation spectra were recorded at 440 (a), 470 (b) and 525 nm (c).
Spectra are corrected for the set-up response and normalized to peak
amplitude. (B) Emission spectra under excitation at 280 (a), 366 (b) and
470 nm (c).

the emission regions of NAD(P)H (440–480 nm) and flavins
(520 nm). Excitation at 470 nm evidenced a main band centered
at about 520 nm, corresponding to the emission of flavins, and
two minor bands at about 625 and 670 nm, that may be ascribed
to the presence of porphyrins and Heme metabolism-related
compounds (Fig. 2B).

The organic phase of liver homogenate showed an excitation
band in the 300–380 nm region when measured at 480 nm
(Fig. 3A). This excitation band fitted with the convolution of
the excitation spectra of two non-polar fluorophores, vitamin
A and arachidonic acid. Vitamin A exhibits a wide excitation
band peaked at about 340 nm. Arachidonic acid exhibits a more
structured excitation spectrum with two main bands centered
at about 315 and 350 nm with a shoulder at about 300 nm.
The organic phase homogenate excitation spectrum did not
show appreciable shape changes when measured at 440, 470
and 525 nm. Fitting analysis of the emission spectrum under
excitation at 366 nm confirms the contribution of vitamin A
and arachidonic acid to the fluorescence of the organic phase
homogenate (Fig. 3B).

The tissue remnants collected after organic extraction showed
different emission bands depending on the excitation wavelength
(Fig. 4). Excitation at 366 nm evidenced two well defined bands
centered at about 460 and at 520 nm. The former may be
attributed to the tail of protein emission modified according
to the profile of the excitation barrier filter. The emission at
520 nm was evidenced also by excitation at 405 and 436 nm,
and can be tentatively attributed to protein-bound flavins and
lipopigments. The emission in the 535–650 nm region induced by
480 nm excitation is consistent with the presence of lipopigments
and phospholipids.8,27,28

Lipopigments are a heterogeneous group of insoluble sub-
stances characterized by a fluorescence emission at wavelengths
longer than 500 nm, with spectral profiles dependent on their
oxidation and polymerisation degrees.27–28

All the excitation conditions produced a further emission
band of different amplitudes at wavelengths longer than 650 nm,
which can be attributed to heme catabolism related porphyrin
derivatives.29,30

Microspectrofluorometric cell analysis

The autofluorescence properties of single isolated hepatocytes
were analysed under 366 nm excitation, that is at a wavelength in-
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Fig. 3 Fitting analysis of fluorescence excitation (A, recorded at
480 nm) and emission (B, excited at 366 nm) spectra recorded on the
liver homogenate organic phase. The curves measured (a) and generated
by means of fitting procedure (b) are shown, along with the GMG
functions representative of the best fitting for the emission of pure
vitamin A (c), pure arachidonic acid (d), and proteins (e). Single GMG
functions contributing to the arachidonic acid spectrum are also shown
(d′, grey lines). Fitting analysis gave an estimation of the contributions
of vitamin A, arachidonic acid, and proteins of about 67, 19 and 15%,
respectively, for excitation spectrum, and of about 78, 17 and 3%,
respectively, for emission spectrum. The results of residual analysis are
shown at the bottom of each spectral presentation. Fitting r2 coefficient
of determination: 0.998 (A); 0.997 (B).

Fig. 4 Emission spectra obtained by microspectrofluorometric analysis
of the tissue remnants collected after organic extraction of liver tissue
homogenates, under excitation at 366 (a), 405 (b), 436 (c), and 480 nm
(d). The spectra are corrected for the set-up response and normalized to
the peak amplitude.

volving the most part of the endogenous fluorophores, although
to a different extent.

The autofluorescence was investigated on cells under the
following experimental conditions: cells isolated from the tissue,
kept in Williams E medium and let to adhere to the slides
(reference condition); during incubation in hypoxic UW solution
at 4 ◦C (cold hypoxia); at 1 h of incubation in oxygenated
Williams E medium at 37 ◦C after 20 h of cold hypoxia
(rewarming–reoxygenation condition). The applied experimen-
tal conditions induced changes both in intensity and spectral
shape of the cell autofluorescence emission. With respect to the
reference condition (100%), the early phase of cold hypoxia
was characterized by an immediate, marked increase in the
whole emission signal, up to 160% after 1 h. This was followed
by a slow decrease down to about 60% at 20 h of hypoxia,
and by a further, faster decrease to about 50% at the end of

the rewarming–reoxygenation treatment. The time course of
fluorescence intensity is shown in Fig. 5.

Fig. 5 Time course of the whole fluorescence emission intensity
evaluated on single isolated hepatocytes: reference condition (t = 0),
cold hypoxia (4 ◦C; t = 5 min–20 h), rewarming–reoxygenation (37 ◦C;
t = 20–21 h). Each point of the curves is the mean of three independent
experimental sets, with a minimum of 5 cells measured for each time
point, per experiment. SE ≤ 5%.

Fitting analysis showed that autofluorescence emission of iso-
lated hepatocytes is to be ascribed to the contributions of bound
and free NAD(P)H, vitamin A, flavins and fatty acids, namely
arachidonic acid (Fig. 6). A very good fit of the fluorescence
spectra was obtained by considering an additional function at
wavelengths shorter than 440 nm, plausibly attributable to the
emission tail of proteins. Changes in both absolute and relative
contributions of the single fluorophores to the overall emission
occurred, depending on the experimental conditions considered.
The results at key time points (reference condition, cold hypoxia,
and rewarming–reoxygenation) are summarized in Table 1.

Fig. 6 Curve fitting analysis of a spectrum recorded from single isolated
living hepatocytes. The curves refer to: measured spectrum (a), spectrum
generated by the fitting analysis (b), NAD(P)H in the free (c), and bound
(d) forms, proteins (e), vitamin A (f), arachidonic acid (g), and flavins
(h). The results of residual analysis are shown at the bottom of each
spectral presentation. Fitting r2 coefficient of determination = 0.998.

The time-course of the changes in the absolute contribution
of each fluorophore is shown in Fig. 7. The first phase of rising in
the autofluorescence signal during cold hypoxia can be mainly
ascribed to the marked increase in the absolute contributions
of NAD(P)H, in the bound and in the free form. An increase
occurs also for oxidised flavins, which is followed by a temporary
decrease and a new increase after two hours. An initial increase
is also observed for fatty acids and vitamin A. At the longest
time of cold hypoxia considered (20 h), the overall signals of all
fluorophores decrease; a further slight decrease is observed after
rewarming–reoxygenation.

A decrease of both cells eosinophilia (data not shown) and
PAS-reactivity (Fig. 8) indicate a loss respectively of cell protein
and glycogen during the preservation phase.

The changes in the relative contributions of bound and free
NAD(P)H, and of oxidized flavins can mirror the alteration
of redox state of the cells. Ratios calculated between bound
and free NAD(P)H values increased soon after cold hypoxia,
the maximum being found at 1 h of cold hypoxia, followed by
a slow decrease at the end of the rewarming phase to values
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Table 1 Fitting analysis of hepatocytes average spectra, from three repeated, independent experimental setsa

Fluorophores fitting
parameters

Reference condition
(Williams E medium,
adhered cells, 2 h)

Cold hypoxia
(UW solution, 20 h)

Rewarming–
reoxygenation
(Krebs medium, 1 h)

NAD(P)H bound (k = 444 nm; FWHM = 105 nm)
Area (arbitrary units) 2573 1536 1445
Area (%) 16.60 15.64 17.10

NAD(P)H free (k = 463 nm; FWHM = 115 nm)
Area (arbitrary units) 6545 3094 3185
Area (%) 42.23 36.00 40.00

Flavins (k = 526 nm; FWHM = 81 nm)
Area (arbitrary units) 589 889 313
Area (%) 3.80 8.67 4.20

Vitamin A (k = 488 nm; FWHM = 102 nm)
Area (arbitrary units) 3255 2425 2028
Area (%) 21.00 23.50 21.50

Arachidonic acid (fatty acids) (k = 470 nm; FWHM = 90 nm)
Area (arbitrary units) 1900 1269 1098
Area (%) 12.26 12.09 13.00

Other fluorophores (Proteins) (k < 440 nm)
Area (arbitrary units) 637 485 380
Area (%) 4.11 4.10 4.20

Total area (arbitrary units)b 15499 9698 8449
Area (%)b 100 62 54
r2 0.998 0.989 0.997

a For each experiment, a minimum of 5 cells was measured for each time point. The SD of each spectral component contribution [area (%)], calculated
from the results of the curve-fitting of the averaged spectra, was ≤ 5%; the contribution of lipopigments was undetectable. b Range: 420–620 nm.

Fig. 7 Time course of the real fluorescence contribution of each single
fluorophore, evaluated by means of fitting analysis on the average spec-
trum from three repeated, independent experimental sets. A minimum
of 5 cells was measured for each time point, for each experiment.
Reference condition (t = 0), cold hypoxia (4 ◦C; t = 5 min–20 h),
rewarming–reoxygenation (37 ◦C; t = 20–21 h). A minimum of 5 cells
was measured for each time point. NAD(P)H free (�), NAD(P)H bound
(�), vitamin A (�), arachidonic acid (�), flavins (�), proteins (×).

Fig. 8 Typical patterns of hepatocytes after PAS reaction for glycogen
staining. (A) reference condition (t = 0), (B) cold hypoxia (4 ◦C;
t = 5 min–20 h), (C) rewarming–reoxygenation (37 ◦C; t = 20–21 h). The
presence of glycogen is revealed by the reaction positivity (dark areas).

comparable to the control. The ratio values calculated between
the whole contribution of NAD(P)H, after correction for the
different quantum yield of free and bound form (bound : free =
3 : 1),31 and flavins showed an immediate drop with cold hypoxia,
remained at low level during all the treatment, and increased to
value similar to that of the control at the end of the rewarming
phase (Fig. 9).

Fig. 9 Time course of [NAD(P)Htotal/flavins] (�) and of
[NAD(P)Hbound/NAD(P)Hfree] (�) ratio values. NAD(PH) values
are corrected for the quantum efficiency of bound and free forms,
3 : 1. Reference condition (t = 0), cold hypoxia (4 ◦C; t = 5 min–20 h),
rewarming–reoxygenation (37 ◦C; t = 20–21 h).

Discussion
Analysis of fluorescence excitation and emission spectra of liver
tissue homogenates after extraction in different media indicated
the presence of fluorophores with different physico-chemical
nature.

Among hydrophilic compounds, the main contributions are
given by proteins, NAD(P)H and flavins. The occurrence of
emission bands at wavelengths longer than 650 nm indicates also
the presence of porphyrin derivatives under different physico-
chemical conditions, possibly related to heme catabolism.

Among the hydrophobic compounds, spectral analysis
demonstrated the involvement of vitamin A and of arachidonic
acid. The large contribution of vitamin A is consistent with
its well established presence in both Ito cells and hepatocytes,
in relation with the role of liver in the accumulation and
metabolism of rethynil esters.32 Arachidonic acid is known to
be present in the liver, an organ that plays an important role
in its biosynthesis from essential fatty acids, having a central
position in the traffic, storage and metabolism of polyunsatu-
rated fatty acids.33,34 In the present work arachidonic acid, as
a pure compound, was demonstrated to exhibit fluorescence
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properties, despite the fact that lipids are generally considered
not to be fluorescent. As a consequence, its participation as
a fluorophore to the liver fluorescence cannot be neglected.
Microspectrofluorometric analysis indicated also the presence
of insoluble compounds such as lipopigments.

At cellular level, spectral fitting analysis demonstrated that
under excitation at 366 nm the contributions of NAD(P)H,
flavins, vitamin A, fatty acids and proteins account for the
whole fluorescence emission of living hepatocytes. Cell aut-
ofluorescence properties were affected by the induction of the
cold hypoxia condition, and the main changes concern the
contributions of bound and free NAD(P)H, and of flavins. These
coenzymes are fluorescent in the reduced and in the oxidized
state, and their redox state is strictly dependent on the metabolic
reactions in which they are involved, with particular reference
to the cell energy production. As a consequence, the analysis of
their fluorescence properties would allow a direct investigation
of the redox state of the cells.

Hypoxia at 37 ◦C is reported in the literature to induce a rapid
increase of fluorescence emission in isolated hepatocytes that is
followed by a spontaneous decline when hypoxia is prolonged
for more than 60 min.35 This latter effect was attributed mainly
to a series of events leading to a decrease in cell viability.
Mitochondrial damage and a loss of NADH-enzyme association
was suggested to account for the decrease in fluorescence
emission, since the free NAD(P)H is known to exhibit a three
times lower quantum efficiency with respect to the bound form.31

In our case, cell viability is preserved up to 20 h of cold
hypoxia, in keeping with the slowing down of metabolic
reactions by hypothermic storage and with the liver preservation
efficacy of UW solution.36 In the cold preservation phase, the
low concentration of oxygen does not allow for an efficient
flow of the NAD(P)H-carried electrons by the electron transfer
chain in mitochondria, thus causing a temporary accumulation
of reduced bound form. The subsequent slow decrease of the
NAD(P)H signal suggests that – despite the low tempera-
ture, which slows down the metabolism but does not stop
it completely37 – coenzyme reoxidation takes place possibly
by alternative, anaerobic pathways, such as that catalysed by
lactate dehydrogenase. It is well accepted that in perfused livers
carbohydrate metabolism is significantly modified by oxygen
supply. In particular, glycogenolysis to lactate was described
for pericentral-like hepatocytes, that is hepatocytes of the liver
functional unit receiving the lowest oxygenation supply in
physiological conditions.38 In the intact organ, glycogenolysis
to lactate was already reported to provide energy to the liver in
anaerobic conditions.39

The temporal trend of the autofluorescence signals of free
and bound NAD(P)H may depict the foreseeable behaviour of
a cell able to adapt and survive under hypoxic conditions. As
a matter of fact, it has been demonstrated that a reduction
in cellular oxygen can be sensed and translated by cells into
enhancing the activity of the transcription hypoxia-inducible
factor 1 (HIF-1). Under hypoxic conditions HIF-1 activates
genes encoding for several biomolecules, among which are
the glycolitic enzymes, which produce energy from glucose
in the absence of oxygen.40,41 HIF activation by hypoxia was
demonstrated in isolated hepatocytes.42

In our case, hypoxia might induce a fast HIF-1 activation,
resulting in an enhancement of glycolytic enzymes expres-
sion, that leads to a NADH production in the cytosol (free
form) through the gliceraldehyde-3-phosphate dehydrogenase
reaction. Glucose used during the hypoxic period would be
available from the glycogen stores, as revealed by the PAS
reaction. The oxidation of NADH – required to continue the
glycolytic path for ATP production under anaerobic conditions
– would be allowed by lactate dehydrogenase, a further target of
HIF-1.40,41

In general, the changes in bound/free NAD(P)H ratio may
be related to the different engagement of aerobic or anaerobic

pathways of NAD(P)H reoxidation, in relation with cell energy
production. In fact, anaerobic reactions involve less interaction
between coenzymes and enzymes than the aerobic ones, as
confirmed by the loss of binding sites for NAD(P)H reported for
malignant cells, where anaerobic metabolism is more favoured
than in normal cells.31,43

Both the bound/free NAD(P)H and total NAD(P)H/flavins
ratios are markedly affected during cold hypoxia. However, after
the rewarming–reoxygenation phase they approach those of the
reference condition, indicating that the cells successfully attempt
to restore the basal redox equilibrium.

During cold hypoxia, an increase in the fluorescence con-
tributions of both NAD(P)H and oxidized flavins is observed.
This is in apparent contrast with the fact that the absence of
oxygen is expected to result in an increase of the reduced forms
of both coenzymes. A reduced state of flavins was reported to
accompany the reduction of NAD(P)H upon impairment of
hepatocyte oxidative phosphorylation by potassium cyanide, the
so-called chemical anoxia.17 The differences in the experimental
conditions applied (Krebs medium, 37 ◦C for Thorell; UW
solution, 4 ◦C in our case), along with the complexity of the
metabolic pathways and equilibria involved may influence the
cells response to the treatments. Actually, hypoxic conditions
were already found to induce a transient increase in the
oxidized state of flavins, that accompanied a quite immediate
accumulation of NAD(P)H in the reduced form in the 3T3
cell line.44 The reciprocal behaviour of the redox state of
NAD(P)H and flavins was already defined ‘bistable’, to indicate
its dependence on the previous metabolic steady-state.31 In
addition, the activation of alternative oxidases and the possible
involvement of extramitochondrial flavins cannot be ruled out
to explain our findings.

As to the other fluorophores, that is proteins, arachidonic acid,
and vitamin A, the main changes consisted in a decrease of their
contributions at the end of cold hypoxia. In the case of proteins,
a loss of intracellular material is shown by the cytological pattern
of reduced eosinophilia. Such an evidence is consistent with the
starvation condition of the cells, which induces degradation of
proteins, in addition to glycogenolysis – reduction of the PAS
reactivity- to provide for energy production.

The decrease of arachidonic acid is consistent with the already
reported loss of phospholipids from cell membranes under
ischemic condition. The possible influence of the continuos
balance between deacylation and reacylation of fatty acids
occurring in the cells in dependence on the energetic condition
may play a role, although the reactions catalyzed by phospho-
lipase A2 and leading to the formation of arachidonic acid
was shown to play a minor role in preservation/reperfusion
injury to cold-stored hepatocytes.45 The complexity of these
reactions, along with the lack of detailed information on
photophysical properties of different, and possibly fluorescent
fatty acids, at present make the data difficult to be more clearly
interpreted.

In the case of vitamin A, changes in its signal amplitude
might be related to its role of antioxidant.46 Indeed, cold-
storage of hepatocytes has been shown to induce the formation
of reactive oxygen species and depletion of glutathione, an
intracellular antioxidant;47,48 one cannot rule out that vitamin
A is consumed along with other cellular antioxidants in order to
protect hepatocytes from oxidative damage. Furthermore, one
cannot exclude variation of the vitamin A fluorescence efficiency
upon interaction with retinol-binding proteins. Actually, modi-
fications both in physicochemical status and micro-environment
were already reported to affect the fluorescence properties of
vitamin A.49

The results provide the basis to develop a diagnostic
technique exploiting tissue autofluorescence properties for
the real time monitoring of liver functional-metabolic con-
ditions under the different transplantation phases (work in
progress).
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