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Drip loss from porcine muscle (M. longissimus dorsi) contained high concentrations of K+ (∼135
mM) and organic osmolytes, for example, taurine (∼15 mM), as well as significant amounts of protein
(∼125 mg‚mL-1). Thus, the drip reflects release of intramuscular components. To simulate events
taking place at the time of slaughter and leading to release of osmolytes and subsequent formation
of drip loss, C2C12 myotubes were exposed to anoxia and reduction in pH (from 7.4 to 6.0). Anoxia
and acidification increased the cellular Ca2+ concentration ([Ca2+]i) at a rate of 22-32 nM‚min-1.
The anoxia-induced increase in [Ca2+]i was mainly due to influx via sarcolemmal Na+ channels. As
mammalian cells swell and release lysophospholipids during anoxia, C2C12 cells and primary porcine
muscle cells were exposed to either hypotonic shock or lysophosphatidylcholine (LPC) and the release
of taurine was followed. The swelling-induced taurine efflux was blocked in the presence of the
anion channel blocker (DIDS), the 5-lipooxygenase inhibitors (ETH 615-139 and NDGA) but
unaffected by the presence of vitamin E. In contrast, the LPC-induced taurine release was unaffected
by DIDS but abolished by antioxidants (butylated hydroxytoluene and vitamin E). Thus, stress-
induced taurine release from muscles may precede by two different mechanisms, one being
5-lipooxygenase dependent and the other involving generation of reactive oxygen species. A model
for the cellular events, preceding formation of drip in meat, is presented.
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INTRODUCTION

The main constituent of meat is water, compromising
∼75% of its weight (1, 2). About 90% of the water is
bound in the muscle cell, and the rest is present in the
interstitium. As 80% of the volume of the muscle is
occupied by myofibrils, it is generally accepted that 90-
95% of the water in the muscle cell is present between
the myofibrils and 5% is chemically bound to the
charged groups of the intracellular muscle proteins (3).

The water-holding capacity (WHC), that is, the ability
of meat to retain water, affects the extent of water
exudation from the surface of the meat and thereby the
amount of expelled water in the finished retail packs.
This affects the appearance of the meat and thereby the
consumers’ perception of its quality. Moreover, the WHC
of meat may influence the sensory quality, as a high
cooking loss implies that the meat is sensed as being
less juicy and more tough (4). As loss in quality and
weight imply financial loss, the meat industry has a
huge interest in optimizing the WHC, that is, limiting
loss of fluids (drip loss) during slaughter and subsequent
manipulations (5).

Water loss, mainly evaporation from carcasses, during
2 days in chill, is estimated at 0.1-1.0% of the initial
weight (6). However, when the meat is cut, the muscle
surface is increased and the drip loss during 4 days

under chilling conditions increases to 2-6% of the lean
meat (7). The biochemical, physiological, and structural
events that are initiated by slaughtering and which lead
to drip loss are complex and poorly understood. How-
ever, loss of osmolytes and cell water, following osmotic
perturbation, hormonal stimulation, and limitation in
oxygen supply (anoxia), has been described in a variety
of mammalian cells. This knowledge provides an obvious
starting point in the understanding of the initial pro-
cesses leading to water reorganization in muscle during
its conversion to meat. Mammalian cells, exposed to a
hypotonic solution, swell initially as more or less perfect
osmometers; thereafter they regulate their cell volume
back toward the original value (see refs 8 and 9). The
initial cell swelling reflects the high water permeability
of the cells, whereas the subsequent reduction in cell
volume reflects net loss of osmotically active cytoplasmic
solutes (KCl, polyols, methylamines, and amino acids)
and cell water (see refs 8 and 9). Taurine, 2-aminoet-
hanesulfonic acid, is an important organic osmolyte in
many types of mammalian cells, and loss of taurine is
often taken to indicate a reduction in cell volume. The
functional properties of the transport pathways for
inorganic/organic osmolytes, as well as the mechanisms
by which they are activated by the cell swelling, are only
partly understood. For some cell lines it has been
demonstrated that swelling-induced activation of tau-
rine release involves phospholipase A2 (PLA2) and
5-lipoxygenase (5-LO) activities (see refs 10 and 11).
Ca2+ and calmodulin seem to play a key role in the
regulation of the activity of the phospholipase and
proteases, whereas reactive oxygen species (ROS) in-
terfere with the 5-LO activity, that is, leukotriene
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formation (see ref 12). Release of KCl from mammalian
cells is also initiated by an increase in the cellular free
Ca2+ concentration ([Ca2+]i) (see ref 9). More recently,
it has been shown that taurine is released also under
isotonic conditions following addition of lysophosphati-
dylcholine (LPC) (13, 14). Lysophospholipids, produced
by, for example, PLA2-mediated hydrolysis of membrane
phospholipids, are natural component of the serum.
However, accumulation of free LPC has been reported
in ischemic myocardium (15) and in oxidized lipopro-
teins (16). The physiological effect of LPC is concentra-
tion dependent; that is, specific controlled effects (gen-
eration of superoxides, Ca2+ mobilization, and release
of arachidonic acid and nucleotides) seem to dominate
at low LPC concentrations (<15 µM), whereas a general
membrane permeabilization (release of creatine kinase)
occurs at high LPC concentrations (>20 µM). In the case
of HeLa cells it appears that taurine release, elicited
by the addition of 5-10 µM LPC, occurs in a process
that involves ROS production, which is modulated by a
calmodulin/calmodulin-dependent kinase (CaMKII) as
well as tyrosine kinase (13, 14).

Anoxia/ischemia, which represents the situation in
muscle cells upon slaughter, is known from other cell
systems to be associated with (i) increases in [Ca2+]i and
the cellular Na+ concentration, (ii) activation of Ca2+-
dependent and Ca2+-independent forms of PLA2, (iii)
increases in cell volume, (iv) cellular acidification, and
(v) reduction in the cellular content of ATP and creatine
phosphate (PCr) (see ref 17). During stress situations
associated with transportation and stalling of livestock,
the stunning procedure, and handling of carcasses, the
muscles are inevitably exposed to massive hormonal
stimulation, anoxia, and metabolic stress. Taken to-
gether, we have a scenario that affects the muscular
content of osmolytes and cell water and which could lead
to the formation of drip loss.

The aim of the present study was to set up a model
for initial events in the formation of drip loss. We have
emphasized on (i) the qualitative characterization of
drip loss and (ii) the effect of anoxia, acidification,
osmotic perturbation, and exposure to lysophospholipids
on regulation of [Ca2+]i and the cellular content of
organic osmolytes. We have used the mouse myoblastic
cell line C2C12 and primary porcine muscle cells and
characterized systems responsible for anoxia-induced
increase in [Ca2+]i as well as signal pathways involved
in the release of organic osmolytes.

MATERIALS AND METHODS

Chemicals. Antibiotics, foetal bovine serum (FCS, no.
10106-169), trypsin, and Dulbecco’s modified Eagle’s medium
(high glucose) with L-glutamine (DMEM, no. 42430025) were
from Life Technologies (Naperville, IL). [14C]Taurine was from
NEN Life Science Products, Inc. (Boston, MA). Fura-2/AM,
Pluoronic F-127 and ionomycin were purchased from Molecular
Probes (Eugene, OR). Saxitoxin was obtained from Calbiochem
(Bad Soden/TS, Germany). ETH 615-139 was donated by Dr.
I. Ahnfelt-Rønne (Løvens Kemiske Fabrik, Denmark). Colla-
genase was from Medinova (Hellerup, Denmark). Matrigel was
from Becton Dickinson. All other compounds were from Sigma
Chemical Co. (St. Louis, MO).

Inorganic Media. Phosphate-buffered saline (PBS) con-
tained 137 mM NaCl, 2.6 mM KCl, 6.5 mM Na2HPO4, and 1.5
mM KH2PO4. Isosmotic KCl solution contained 150 mM KCl,
1.3 mM CaCl2, 0.5 mM MgCl2, and 10 mM HEPES. Hypos-
motic KCl solution was obtained by reduction of the KCl in
the isosmotic KCl solution to 95 mM, with the other compo-
nents remaining unchanged. Krebs-Hepes buffer (KHB)

contained 118.0 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 4.2
mM NaHCO3, 1.3 mM CaCl2, 1.2 mM MgSO4, 10.0 mM
HEPES, and 10 mM d-glucose. pH was in all solutions adjusted
at 7.40.

Muscle Cell Cultures. The taurine flux and Ca2+ mea-
surements were performed using a myoblast cell line (C2C12)
originally derived from the thigh muscle of the mouse (18;
American Type Culture Collection, Manassas, VA). A clone of
the cell line, which fused and formed myotubes, was isolated
and used in the experiments. The clone was raised in a 75
cm2 culture flask in 10 mL of medium consisting of DMEM
with 10% (v/v) FCS. The medium was supplemented with 100
IU/mL penicillin, 100 µg/mL streptomycin sulfate, 3 µg/mL
amphotericin B, and 20 µg/mL gentamycin. Cells were main-
tained in an atmosphere of 95% air and 5% CO2 at 37 °C. At
confluence, cells were split and seeded for either intracellular
Ca2+ level assays or taurine flux measurements. For the
intracellular Ca2+ measurements, cells were cultured on
laminin-coated glass coverslips (10 × 43 mm) in four-well
multidishes (Nunc 366148) with two coverslips in each well.
The initial plating density was 6000 cells/cm2, and cells were
grown to confluence on medium with 10% FCS. At confluence,
the coverslips were removed to new four-well multidishes with
medium and 4% FCS. Within 2-3 days cells fused to nonpro-
liferative, multinucleated myotubes and were used for estima-
tion of intracellular Ca2+ measurements. For the taurine efflux
measurements, cells were seeded in six-well Primaria multi-
well plates (35-mm diameter, Becton Dickinson Labware) at
a density of 2000 cells/cm2 and grown in media with 10% FCS
until near confluence; thereafter, the FCS was reduced to 4%
and the cells left to fuse into myotubes. Primary cells were
isolated from M. semimembranosus from Danish landrace pigs
using modifications of Bischoff’s original method (19). The
muscle tissue was excised, finely chopped, and digested three
times for 20 min in 20 mL of PBS containing 1% glucose, 1.5
mg/mL collagenase II, 0.25% trypsin, and 0.01% DNase.
Following digestion the cells were transferred to a primary
growth medium (PGM; DMEM with 10% FCS and 10% horse
serum), triturated, centrifuged (1000 rpm, 10 min, 4 °C),
resuspended, and filtered through a 200 µm and subsequently
a 50 µm Nytex filter. Filtered cell suspension was placed on a
20% Percoll layer and spun for 5 min at 20000g. The resultant
cell layer was retrieved and seeded at a density of 2000 cells/
cm2 in Nunc six-well plates (35-mm diameter) coated with
Matrigel and grown in PGM until near confluence. Nearly
confluent cells were left to fuse into myotubes in DMEM with
2% FCS and 1 µM insulin.

Determination of Free Cytoplasmic Ca2+ Concentra-
tion. The C2C12 cells grown on coverslips were washed in
KHB. The cells were incubated in KHB containing 3 µM fura-
2/AM and 0.04% Pluoronic F-127 for 1 h at 25 °C, washed three
times with KHB, and incubated for 15 min at room temper-
ature to allow de-esterification of the fura-2/AM. The coverslips
were mounted in a custom-made holder, placed vertically in a
10-mm path length cuvette, and analysis was performed on a
Perkin-Elmer LS50B luminescence spectrometer. The emission
wavelength was 510 nm, and the subsequent ratio after
excitation at 340 nm and 380 nm (the 340 nm/380 nm ratio,
R) were collected every 2 s. The background signal (cells
without fura-2) was subtracted from the fluorescence data
before the ratio values were converted to free Ca2+ concentra-
tions according to the equation [Ca2+] ) Kd(R - Rmin)/(Rmax -
R)(Sf,2/Sb,2) (20). For each series of eight experiments the ratio
signal was calibrated by adding 5 µM ionomycin (Rmax) and 8
mM EGTA (Rmin), respectively, and a Kd of 224 nM was
experimentally determined using a standard Ca2+ calibration
buffer kit (Molecular Probes). The linear increase in free
cytoplasmic Ca2+ concentration [Ca2+]i (nM‚min-1) was deter-
mined in the time range of 2-20 min following onset of the
experiment (see Figure 1A).

Efflux MeasurementssEstimation of Rate Constants.
Taurine efflux from C2C12 and primary porcine muscle cells
was measured at room temperature (∼20 °C) as described
previously (13, 21). Briefly, cells plated in polystyrene dishes
and adapted to 4% FCS serum were loaded with [14C]taurine
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(20 nCi/mL) for 2 h at 37 °C. The preincubation solution was
aspirated, and the cells were washed five times with isosmotic
KCl solution to remove excess extracellular [14C]taurine. One
milliliter of isosmotic solution was added to the dish after the
final wash. At 2 min time intervals a 1 mL aliquot was
transferred to a scintillation vial for estimation of 14C activity
(â-scintillation counting, Ultima Gold) and replaced by another
1 mL of experimental solution. The amount of [14C]taurine
remaining inside the cells was estimated at the end of the
efflux experiment by treating the cells with 1 mL of 0.5 M
NaOH for 1 h, washing the dishes two times with distilled
water, and estimating the 14C activity in the NaOH as well as
in water washouts. The natural logarithm to the fraction of
14C activity remaining in the cells at a given time (t) was
plotted versus time, and the rate constant for the taurine efflux
was estimated as the negative slope of the graph between time
point t and its preceding time point.

Estimation of Amino Acid and Potassium Content in
Drip Loss from Meat Samples. Danish landrace pigs
(halothane negative and halothane positive) were used for
quantitative and qualitative estimation of drip loss between
0 and 24 h, between 24 and 48 h, and between 48 and 72 h
post-mortem. The meat samples (M. longissimus dorsi, 5 cm
thick, 100 g) were removed from around the 10th rib, cut along
the direction of the fibers, weighed, and immediately sus-
pended in a net and sealed into an inflated plastic bag. After
hanging at 4 °C for the 24 h time periods, the drip was collected

and the meat slice reweighed. The drip loss was calculated as
the percentage drip loss of the original weight. Samples for
estimation of amino in meat 24 h post-mortem were weighed,
freeze-dried for 24 h, reweighed, and suspended in borate
buffer (pH 10.4). The content of taurine, alanine, glycine, and
aspartic acid in the drip loss and meat samples was estimated
by a standard OPA derivatization procedure followed by HPLC
separation (Gilson 3222 pump; UV-vis-155). Briefly, samples
were centrifuged (2000g, 4 °C, 10 min), the supernatant
deproteinized by addition of sulfosalicylic acid (3% final
concentration), placed on ice for 1 h, and centrifuged (2000g,
4 °C, 10 min). The final supernatant was filtered (Milex-GV,
0.45 µm) and 10 µL used for HPLC analysis. Separation was
performed on a Nucleosil column (Macherey-Nagel, C18, 250/
4, 5 µM), using a flow rate of 1 mL/min, and a eluent system
in which the fraction of acetronitrile in a 12.5 mM phosphate
buffer (pH 7.2) increased from 0 to 25% within 24 min and
from 25 to 50% within the following 5 min. The amino acid
concentration was estimated from the UV absorption (330 nm)
of the samples and standards. The potassium content in the
filtered supernatant was estimated by atomic flame photom-
etry (Perkin-Elmer atomic absorption spectrophotometer, model
2380) as previously described in detail (22). Protein content
was estimated using a standard Lowry procedure (23) with
bovine serum albumin as standard.

Statistics. All values are given as means ( SEM. For all
statistical evaluations significance was established at the 0.05
level. Statistical significance was evaluated with a Student t
test for taurine efflux and drip loss data. Statistical compari-
sons of Ca2+ data were performed with one-way analysis of
variance (ANOVA). When the ANOVA resulted in a significant
F value (P < 0.05), the significant difference between means
was located by the Fishers PLSD post hoc test. n is the number
of experiments.

RESULTS AND DISCUSSION

Qualitative and Quantitative Characterization
of Drip Loss. Drip loss has been related to the
sensitivity to halothane (24), glycogen content in the
muscle at the time of slaughter (25, 26), and perimortal
stress, which simultaneously accelerate the post-mor-
tem acidification and increase in muscle temperature
(27). To limit drip loss, various approaches have been
used, for example, rapid chilling of the carcass, different
forms of anesthetics before the animal is slaughtered,
and genetic selection as well as inclusion of antioxidants
in the food. However, the exact mechanism underlying
drip loss is poorly understood.

The drip loss from M. longissimus dorsi of halothane-
negative pigs was negligible within the first 24 h post-
mortem (data not shown). However, drip loss represents
4.8 and 7.4% of the initial weight within 24-48 and 48-
72 h post-mortem, respectively (Table 1). Thus, the rate
of drip loss increases with time. Table 1 shows that the
drip loss contains K+ and amino acids, including tau-
rine, as well as significant amounts of protein. Further-
more, the concentration, that is, the relative contribu-
tion, of the various compounds in the drip loss does not
vary with time within the first 72 h post-mortem (Table
1). In contrast, drip loss from pigs carrying the hal-
othane gene (heterozygous) showed, within 24-48 h
post-mortem, a >2-fold higher loss compared to the
halothane-negative pig (Table 1). This increased drip
loss could reflect an increased loss of K+ as well as
taurine (Table 1).

Appearance of salts, proteins, amino acids, and water
in the drip loss could reflect that a limited number of
cells underwent autolysis and subsequently released
their contents to the surroundings. Mammalian skeletal
muscle cells contain a high concentration of K+ (140 mM

Figure 1. Effect of anoxia on [Ca2+]i: (A) Time course for
[Ca2+]i in oxygenated cells and anoxic (N2 treated) cells; (B)
increase in [Ca2+]i (nM‚min-1) following different modes of
anoxia. C2C12 myotubes were loaded with fura-2 and [Ca2+]i
was followed with time. Anoxia was induced either by gassing
the experimental solutions with N2 or by the addition of
sodium azide (10 mM) or sodium dithionite (20 mM). Values
are calculated as the linear slope in the time range 2-20 min
following anoxia. The numbers of independent experiments for
oxygenated, N2, dithionite, and azide were six, eight, five, and
six, respectively. An asterisk (*) indicates significant difference
from the oxygenated value.
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≈ 90 mmol/kg of wet weight; 28), protein, and amino
acids. We have estimated the cellular taurine concen-
tration in meat samples from a standard Danish pig 24
h post-mortem at 10.5 ( 0.5 mM (≈7.8 ( 0.4 mmol/kg
of wet weight, n ) 3), offering taurine a potential role
as an organic osmolyte in muscle cells. From Table 1 it
is seen that the K+ and taurine concentrations in
halothane-negative pigs are in the ranges of 131-136
and 13-18 mM, respectively. As the cellular concentra-
tions and the concentration in drip are not different,
this is taken to reflect a genuine increase in the
permeability of the sarcolemmal membrane of the
muscle toward cellular osmolytes.

[Ca2+]i Increases during Anoxia. As an anoxic/
ischemic condition in muscles as well as cellular acidi-
fication is inevitably associated with the slaughtering
process, we have analyzed the consequence of anoxia
and reduction of extracellular pH on [Ca2+]i in the
mouse myoblastic cell line C2C12. From Figure 1A it is
seen that following anoxic exposure there is an initial
2 min lag phase whereafter [Ca2+]i increases linearly
with time. This observation supports previously re-
ported results on mouse neocortical neurons in primary
culture (29) and on whole muscle preparations (30). It
is estimated that the increase in [Ca2+]i in C2C12 cells
is 2.5 nM‚min-1 under oxygenated conditions and 32
nM‚min-1 when anoxia is induced by gassing the
experimental solutions with N2 (Figure 1B and Table
2). Inducing chemical anoxia by addition of the potent
reducing agent sodium dithionite or the respiratory
chain inhibitor sodium azide leads to an increase in
[Ca2+]i of similar magnitude (20-30 nM‚min-1; Figure
1B). The increase in [Ca2+]i following anoxia could be
due to Ca2+ release from intracellular stores or Ca2+

influx from the extracellular compartment. To dif-
ferentiate the possible sources of Ca2+, we investigated
the effect of addition of different ion channel blockers
and reduction in the extracellular [Ca2+] in combination
with anoxia (Table 2). Adding the sarcoplasmic reticu-
lum Ca2+ release channel blocker ryanodine (10 µM) did
not affect the anoxia-induced rise in [Ca2+]i. However,
cells incubated with low extracellular Ca2+ concentra-
tion (0.2 mM) showed a marked depression in the rate
of increase in [Ca2+]i, which strongly indicates that a
substantial part of the increase in [Ca2+]i is due to entry
from the extracellular compartment. Verapamil (10 µM),
which blocks the sarcolemma L-type Ca2+ channel, did
not affect the anoxia-induced rise in [Ca2+]i, indicating

that the anoxia-induced Ca2+ entry is not via the L-type
Ca2+ channels. However, it has recently been shown
that sarcolemma Na+ channels can shift the ion selec-
tivity to Ca2+ (31) and that excitation of skeletal muscle
induces a considerable influx of Ca2+ via the Na+

channels (32). We tested the hypothesis that the rise in
[Ca2+]i was due to entry of Ca2+ mediated by the Na+

channels, by blocking the sodium channels with tetro-
dotoxine (TTX; 1 µM) or saxitoxine (100 nM). From
Table 2 it is seen that TTX or saxitoxine almost
completely blocked (93 and 88%, respectively) the
anoxia-induced rise in [Ca2+]i. This indicates a crucial
role of the Na+ channel in the anoxia-induced rise in
[Ca2+]i. Previously, it was shown that Na+ channels are
susceptible to ROS and that one of the main features
was that cells, transiently exposed to H2O2, had signifi-
cantly elevated [Ca2+]i (33). Furthermore, it has been
shown that thiol oxidation in the cells played a crucial
role in the H2O2-induced Ca2+ dysregulation (34). The
increase in [Ca2+]i following exposure to oxidants seems
to be a ubiquitous phenomenon in various cell types,
including cardiomyocytes (35), vascular endothelial cells
(36), smooth muscle cells (37), and hepatocytes (38). It
is noted that the cellular Na+ concentration increases
during anoxia (see ref 17), but whether this increase in
cellular Na+ stimulates Ca2+/Na+ exchange, that is,
Ca2+ entry via a sarcolemma Na+-Ca2+ exchanger, was
not investigated in the present work.

Reducing the extracellular pH from 7.4 to 6.0 at
oxygenated conditions also leads to a considerable
increase in [Ca2+]i (Table 2). Whether the effect of pH
on [Ca2+]i reflects reduced activity of the sarcoplasmatic
reticulum Ca2+-ATPase (39, 40), reduced Ca2+ binding
capacity of calcequestrin (see 41), or a modification of
sarcolemma Ca2+ transporting systems was not exam-
ined further.

C2C12 Cells and Primary Porcine Muscle Cells
Possess Volume-Sensitive as well as LPC-Induc-
ible Leak Pathways for Taurine. C2C12 cells have
previously been shown to release taurine following
hypotonic exposure (42). This is confirmed in Figure 2A
and Table 3, where it is seen that dilution of the isotonic
solution to 67% with water leads to a 120-fold increase
in the rate constant for taurine efflux. It is noted that
we used solutions containing high concentrations of K+

in our taurine efflux experiments in order to prolong
the volume-activated response in hyposmotic media (43).
Panels A and B of Figure 2 demonstrate that taurine

Table 1. Weight Loss and K+, Amino Acid, and Protein Concentrations in Drip from M. longissimus dorsi

time,a h pig species wt loss in % K+, mM taurine, mM alanine, mM glycine, mM aspartic acid, mM protein, mg/mL n

24-48 normal 4.8 ( 0.4 136 ( 3 13 ( 3 10 ( 3 7 ( 2 6 ( 2 129 ( 4 8
halothane 11 ( 1 144 ( 3 23 ( 4 6 ( 1 9 ( 1 4.0 ( 0.8 114 ( 3 4

48-72 normal 7.4 ( 0.9 131 ( 3 18 ( 4 11 ( 3 8 ( 1 5.7 ( 0.3 123 ( 2 3
a Post-mortem.

Table 2. Effect of Channel Blocking Agents and Acidification on Anoxia-Induced Increase in [Ca2+]i in C2C12 Myotubes

treatment target of agent increase in [Ca2+], nM‚min-1 n Pa

oxygenated control 2.5 ( 0.7 6 <0.001
low pHb 24 ( 1 4 <0.001

anoxia anoxic control 32 ( 1 8
N2 buffered lowc extracellular Ca2+ 11 ( 3 5 <0.001

verapamil, 10 µM L-type Ca2+ channel 31 ( 2 4 NS
tetrodotoxin, 1 µM sarcolemma Na+ channel 4.7 ( 0.9 6 <0.001
saxitoxin, 100 nM sarcolemma Na+ channel 6 ( 1 5 <0.001
ryanodine, 10 µM SR Ca2+ release channel 31 ( 1 4 NS

a Values are compared to anoxic control value at pH 7.4. NS indicates nonsignificance at a 0.05 level. b The extracellular pH was
reduced from standard 7.40 to 6.00. c The extracellular free Ca2+ was reduced from standard 1.2 mM to 0.2 mM.
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release following hypotonic exposure is reduced in the
presence of the 5-LO inhibitors nordihydroguaiaretic
acid (NDGA; antioxidant-type of inhibitor; 12) and ETH
615-139 (direct inhibitor; 44). Thus, 5-LO activity is
required for the swelling-induced activation of taurine
release in C2C12 cells. On the other hand, swelling-
induced taurine release from C2C12 cells is not affected
in the presence of the lipophilic antioxidant VitE and
only marginally affected by the water soluble antioxi-
dant butylated hydroxytoluene (BHT).

An LPC-sensitive taurine efflux pathway, separate
from the volume-sensitive taurine efflux pathway, has
recently been demonstrated in HeLa cells (13), Ehrlich

cells (10, 14), and mouse fibroblasts (11, 13). Taurine is
also released from C2C12 cells under isotonic conditions
following the addition of 5 µM LPC (Figure 2C). Fur-
thermore, the effect of LPC is concentration dependent
(Table 3), impaired in the presence of the antioxidants
VitE and BHT (Figure 2C,D), and unaffected by the
addition of NDGA (Figure 2D). From Figure 2D it is
seen that the effect of LPC is potentiated in the presence
of ETH 615-139. The LPC-induced taurine efflux is also
potentiated in the presence of oxidants; that is, the
maximal rate constant for LPC (5 µM) induced taurine
efflux was increased 2.8 ( 0.2-fold in the presence of 2
mM H2O2 (n ) 5; P ) 0.04). Thus, it appears that LPC-
induced taurine release in C2C12 cells involves genera-
tion of ROS and is independent of 5-LO activity.
Whether the potentiating effect of the 5-LO inhibitor
ETH 615-139 on the LPC-induced taurine release
reflects an effect of ETH 615-139 on the ROS homeo-
stasis was not investigated. The swelling-induced tau-
rine release and the LPC-induced taurine release in
HeLa cells, for example, are distinguished by their
sensitivity to the anion channel blocker diisothiocyana-
tostilbene-2,2′-disulfonic acid (DIDS) (13). This is also
the case in C2C12 cells, where DIDS (100 µM) reduces
the volume-sensitive taurine efflux by 70%, whereas it
potentiates the LPC-induced taurine release (Figure
2B,D). Thus, C2C12 cells have at least two taurine
efflux pathways, that is, a volume-sensitive, DIDS-
sensitive pathway, which requires 5-LO activity for
activation, and an LPC-inducible, DIDS-insensitive
pathway, which involves production of ROS for activa-
tion.

Figure 2. Regulation of swelling- and LPC-induced taurine release from C2C12 myotubes: (A, C) typical time courses for taurine
release; (B, D) maximal rate constants for taurine release, after hypotonic cell swelling (B) or addition of LPC (D) in the absence
(control) or presence of inhibitors and antioxidants, estimated and given relative to the control value. Cells were loaded with
14C-labeled taurine for 2 h. The efflux was followed in isotonic KCl media with a shift, as indicated by the arrow, to either hypotonic
KCl medium (210 mOsm, panels A and B) or isotonic KCl medium containing LPC (5 µM, panels C and D). The anion channel
blocker DIDS (100 µM), the 5-LO inhibitors ETH 615-139 (10 µM) and NDGA (50 µM), and the antioxidants VitE (100 µg/mL)
and BHT (10 mM), were added at the time of initiation of the release experiments. The absolute rate constant (min-1) for the
taurine efflux was calculated as described under Materials and Methods. The numbers of paired experiments for DIDS, ETH
615-139, NDGA, VitE, and BHT were four, three, three, five, and five (B) and four, five, three, four, and four (D), respectively. An
asterisk (*) indicates significant difference from control value.

Table 3. Effect of Ca2+ Mobilization, Cell Swelling, and
Addition of LPC on [Ca2+]i and the Rate Constant for
Taurine Release in C2C12 Myotubes

increase in free
cellular [Ca2+],a

nM‚min-1

rate constant
for taurine

release,b min-1

isotonic, 300 mOsm
control 2.5 ( 0.7 (n ) 6) 0.0023 ( 0.0002 (n ) 52)
5 µM LPC 15 ( 2 (n ) 5)* 0.032 ( 0.005 (n ) 15)*
10 µM LPC 19 ( 1 (n ) 6)* 0.066 ( 0.010 (n ) 10)*
10 µM ATP 495 ( 64 (n ) 5)c* 0.004 ( 0.001 (n ) 3)

hypotonic, 210 mOsm
control 2.3 ( 0.4 (n ) 6) 0.028 ( 0.002 (n ) 17)*
10 µM ATP 0.061 ( 0.018 (n ) 5)#

a Ca2+ values are calculated as the linear slope in the time range
from 2 to 20 min following hypotonic exposure/addition of LPC. *,
significantly different from isotonic values. b Maximal rate con-
stant. #, significantly different from hypotonic value. c Peak value
following addition of ATP.
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From Figure 3 it is seen that primary porcine muscle
cells, just like the C2C12 cells, release taurine following
hypotonic exposure and addition of LPC. The hypotonic
taurine efflux is sensitive to DIDS and ETH 615-139
(Figure 3A), whereas the LPC-induced taurine efflux is
abolished in the presence of the antioxidant VitE
(Figure 3B). Thus, the presence of taurine and other
amino acids reported in the drip from Danish landrace
pigs (Table 1) could reflect loss from the muscle via the
volume-sensitive and/or the LPC-inducible leak path-
ways. The mechanisms responsible for the K+ appear-
ance in the drip were not investigated further.

Ca2+ Modulates the Swelling-Induced Taurine
Release. A pathological elevation of [Ca2+]i following
anoxia has been shown to activate several Ca2+-depend-
ent cytotoxic mechanisms, that is, disruption of the
cytoskeletal network as well as activation of catabolic
enzymes (proteases, e.g., calpains), endonucleases, and
phospholipases. Phospholipases catalyze the hydrolysis
of membrane phospholipids, and a number of studies
have indicated an accelerated phospholipid turnover
occurs during anoxia (45-47). Hence, a sustained
increase in [Ca2+]i can result in enhanced breakdown
of membrane phospholipids and, in turn, loss of cell
integrity. The [Ca2+]i during normal conditions is ∼100
nM; that is, the [Ca2+]i is 4 orders of magnitude lower
than the concentration in the extracellular compartment
and the sarcoplasmatic reticulum. The low cellular
concentration is maintained by various active transport
processes that remove Ca2+ from the cytosol, thereby
counteracting the influx of Ca2+ from both internal and

external stores. It has previously been shown that the
Ca2+ mobilizing agonist thrombin and hypotonicity
synergistically activate taurine efflux in proliferating
C2C12 cell cultures (42). On the other hand, the effect
of the thrombin-induced increase in [Ca2+]i on taurine
efflux vanishes as C2C12 cells differentiate into myo-
tubes (42). From Table 3 it is seen that swelling-induced
taurine release is not accompanied by any detectable
increase in [Ca2+]i, whereas LPC induces taurine release
as well as an increase in [Ca2+]i. An increase in [Ca2+]i
per se, induced by either addition of ATP (Table 3) or
addition of thrombin (42), does not elicit taurine release
in C2C12 myotubes suspended in isotonic solution. On
the other hand, the maximal rate constant for taurine
release following osmotic cell swelling is significantly
increased when 10 µM ATP is added at the time of
hypotonic exposure (Table 3). Thus, although an in-
crease in [Ca2+]i seems not to be a prerequisite for
activation of the volume-sensitive taurine-releasing
systems in C2C12 myotubes, it potentiates the rate of
the swelling-induced taurine release, that is, loss of
osmolytes and cell water.

Model for Initial Events Underlying the Forma-
tion of Drip Loss. Figure 4 is a putative model
illustrating events involved in the formation of drip loss
from porcine muscle. The data in Table 1 indicated that
the drip loss, obtained 24 h post-mortem, contained K+,
amino acids, and protein. It is emphasized that even
though the osmolytes first become detectable in the drip
∼24 h post-mortem, we assume that the processes
leading to the formation of drip loss are initiated already
during the transportation and stalling of livestock,
stunning procedure, and handling of the carcasses.

From the model in Figure 4 it is indicated that PLA2
activity leads to formation of arachidonic acid (AA) and
lysophospholipids, that is, LPC, and thereby plays a key
role in the swelling-induced as well as in the LPC-
mediated release of osmolytes. The true identity of the
activation mechanisms for the PLA2 involved in the
formation of drip loss are at present unknown. On the
basis of their molecular size, Ca2+-sensitivity, and
substrate specificity, the PLA2 have been divided into

Figure 3. Time courses for swelling- and LPC-induced taurine
release from porcine primary myotubes. Cells were loaded with
14C-labeled taurine for 12 h. The efflux was followed in isotonic
KCl medium with a shift, as indicated by the arrow, to either
hypotonic KCl medium (210 mOsm, panel A) or isotonic KCl
medium containing LPC (5 µM, panel B). The anion channel
blocker DIDS (100 µM), the 5-LO inhibitor ETH 615-139 (10
µM), and the antioxidant VitE (100 µg/mL) were added at the
time of initiation of the release experiments. The maximal rate
constant for the taurine efflux, calculated as described under
Materials and Methods, was estimated at 0.090 ( 0.015 min-1

(n ) 3) following hypotonic cell swelling and at 0.038 ( 0.002
min-1 following addition of LPC (n ) 3).

Figure 4. Hypothetical model for events in drip formation.
Abbreviations: PCr, creatine phosphate; PLA2, phospholipase
A2; LPC, lysophosphatidyl choline; AA, arachidonic acid; 5-LO,
5-lipooxygenase; ROS, reactive oxygen species. See text for
details.
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four types: (i) the secretory, Ca2+-dependent PLA2
(sPLA2); (ii) the cytosolic, Ca2+-dependent PLA2 (cPLA2);
(iii) the intracellular, Ca2+-independent PLA2 (iPLA2);
and (iv) phospholipases that prefer phospholipids with
short chains in the sn-2 position (see ref 48). Mam-
malian cells generally contain more than one type of
PLA2. As anoxia is accompanied by cell swelling, it is
assumed that one of the initial events in the formation
of drip loss (see Figure 4) is the activation of volume-
sensitive osmolyte-releasing systems. In this context it
should be noted that it appears to be a cPLA2 that is
involved in the volume regulatory processes in, for
example, Ehrlich cells (49). As cPLA2 and sPLA2 are
both Ca2+-dependent, they are activated following an
increase in [Ca2+]i or exposure to the high Ca2+ concen-
tration in the extracellular compartment. Free radicals
also activate PLA2 due to either peroxidation of lipids,
reduction in membrane fluidity, or oxidation of protein
side chains or SH formation (see ref 17). It is assumed
that in the propagation phase of drip loss formation,
sPLA2 and/or iPLA2 becomes involved in the formation
of LPC and that the activity of the enzymes is amplified
by a positive feedback mechanism involving the ROS.

Increased ROS production during anoxia/ischemia
could be caused by either an altered mitochondrial
function, cellular acidification, increased xanthine oxi-
dase activity, accumulation of monoamine, oxidation of
accumulated AA via the cyclooxygenase and/or the 5-LO
pathways, or activation of nitrogen oxide synthases (see
ref 17). An increase in ROS will inevitably affect
peroxidation of cellular membrane lipids and proteins
and thereby modulate the cell integrity, that is, perme-
ability of the plasma membrane toward osmolytes.

Events That Affect Drip Loss. To limit loss of
osmolytes, one should consider the limitation of (i) cell
swelling and the subsequent activation of PLA2/5-LO
and volume-sensitive osmolyte leak pathways, (ii) the
LPC-induced pathway involving ROS, and (iii) the
increase in [Ca2+]i. The initial cell swelling is most
probably due to the reduction in the availability of
energy-rich phosphate compounds (ATP, PCr) and a
subsequent net uptake of Na+ (Cl-) and water. Reducing
the ambient humidity and temperature would most
probably limit the initial cell swelling and the subse-
quent enzyme activity, as well as the activity of volume-
sensitive osmolyte transporters. In this context it is
noted that lowering the temperature from 37 to ∼20 °C
(room temperature) delays the onset and reduces the
magnitude of ion currents via volume-sensitive K+ and
Cl- channels in, for example, Ehrlich cells (50). The
presence of unspecific antioxidants and chilling would
reduce the effects mediated by the ROS. In this context,
it is noted that meat from pigs fed vitamin E has a
profoundly reduced drip loss (51). Anoxia-induced in-
crease in [Ca2+]i is unavoidable in muscle/meat consid-
ered for human consumption. However, as an increase
in [Ca2+]i seems to potentiate the initiation (amplifica-
tion of swelling-induced osmolyte release) and the
propagation (activation of proteases and phospholipases)
of drip formation, one should focus on limiting (i) stress-
induced Ca2+ mobilization and (ii) the Ca2+-amplified/
induced events in order to limit drip loss.

Conclusion. Using (i) the qualitative characteriza-
tion of drip and (ii) a C2C12 myotube muscle plus
primary porcine muscle cell systems to simulate the
physiological events taking place during slaughter, we
present a tentative model for events preceding the

formation of drip. Anoxia following slaughter is assumed
to induce a rise in [Ca2+]i, activation of PLA2, and
subsequent formation of AA and LPC. AA and LPC lead
to net loss of cellular osmolytes via 5-LO products and
ROS, respectively.
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