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BACKGROUND AND PURPOSE
The sarcoplasmic reticulum Ca2+-ATPase (SERCA) plays a role in thermogenesis. The exogenous compound capsaicin increased
SERCA-mediated ATP hydrolysis not coupled to Ca2+ transport. Here, we have sought to identify endogenous compounds that
may function as SERCA uncoupling agents.

EXPERIMENTAL APPROACH
Using isolated SR vesicles from rabbits, we have screened for endogenous compounds that uncouple SERCA. We have also
studied their ability to deplete cytoplasmic ATP from human skeletal muscle cells in culture.

KEY RESULTS
Studies on SR vesicles showed that the endogenous lipid metabolite N-arachidonoyl dopamine (NADA) was a potent
stimulator of SERCA uncoupling. NADA stabilized an E1-like pump conformation that had a lower dephosphorylation rate, low
affinity for Ca2+ at the luminal sites and a specific proteinase K cleavage pattern involving protection of the C-terminal p83C
fragment from further cleavage. Moreover, we found a significantly decreased cytoplasmic ATP levels following treatment of
skeletal muscle cells with 100 nM NADA. This effect was dependent on the presence of glucose and abolished by
pretreatment with the specific SERCA inhibitor thapsigargin, regardless of the presence of glucose.

CONCLUSIONS AND IMPLICATIONS
NADA is an endogenous molecule that may function as SERCA uncoupling agent in vivo. Members of the endocannabinoid
family exert concerted actions on several Ca2+-handling proteins. Uncoupling of SERCA by exogenous compounds could be a
novel post-mitochondrial strategy for reduction of cellular ATP levels. In addition, signalling networks leading to SERCA
uncoupling can be explored to study the importance of this ion pump in pathophysiological conditions related to
metabolism.

Abbreviations
DMEM, Dulbecco’s modified Eagle’s medium; ECM, extracellular matrix; FCS, fetal calf serum; NADA, N-arachidonoyl
dopamine; PrtK, proteinase K; SERCA, Sarco(endo)plasmic reticulum Ca2+-ATPase; Na+/K+-ATPase, sodium- and
potassium- activated adenosine triphosphatase; TRPV, transient receptor potential vanilloid; TCA, trichloroacetic acid
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Introduction
Many cellular events are associated with dynamic changes in
cytoplasmic calcium concentration. In the working muscle,
sarcoplasmic reticulum (SR) Ca2+-ATPase (EC 3.6.3.8, SERCA1)
rapidly clears cytoplasmic Ca2+ to ensure prompt muscle
relaxation. SERCA uses energy from ATP hydrolysis to build
up a Ca2+ gradient across the SR membrane, which can reach
up to four orders of magnitude. Early biochemical and
molecular biology studies (Andersen, 1995; MacLennan et al.,
1997; Kühlbrandt, 2004) as well as structural studies over the
last 11 years (Toyoshima et al., 2000; 2004; Olesen et al.,
2004; 2007) have made SERCA the best characterized P-type
pump.

In rabbit skeletal muscle, cold acclimatization studies
have unambiguously identified SERCA as a primary element
in oxygen consumption and non-shivering thermogenesis
(Arruda et al., 2008). In contrast to the wealth of information
known about its structure and mechanism, the regulation of
thermogenesis by SERCA is poorly understood. Indeed, an
increase in cytoplasmic Ca2+ concentration through passive
routes is usually considered a prerequisite for stimulation of
SERCA and dissipation of heat as a by-product. For consis-
tency, excessive heat generation by SERCA in malignant
hyperthermia is a consequence of anomalous Ca2+ influxes
through an abnormal ryanodine receptor 1 (McCarthy et al.,
2000). Hence, Ca2+ mobilization is considered an essential
mediator of thermogenesis.

Uncoupling between Ca2+ transport to the SR lumen and
ATP hydrolysis has been studied intensively in vitro (Mitidieri
and de Meis, 1999; Barata and de Meis, 2002; de Meis et al.,
2005). The mechanistic basis for uncoupling involves either a
SERCA-independent increase in passive Ca2+ permeation
across the SR membrane (such as in malignant hyperthermia)
or an increase in passive permeation through SERCA, the
latter presumably leading to ATP regeneration (cycle reversal)
and not associated with thermogenesis. An alternative mode
of SERCA uncoupling in the absence of passive Ca2+ leak
occurs in SERCA reconstituted into liposomes and it was
postulated that hydrolytic cleavage can proceed without Ca2+

translocation to the SR lumen (Yu and Inesi, 1995). Under
these conditions, the energy from ATP hydrolysis dissipates as
heat.

We have previously shown that capsaicin, a plant-derived
vanilloid, increases ATP hydrolysis by SERCA without effects
on Ca2+ accumulation. We have proposed that increased ther-
mogenesis that follows capsaicin may occur through a direct
effect on SERCA (Mahmmoud, 2008). Now the question arises
how uncoupling of SERCA, if any, can be ligand-controlled in
living cells and, if so, does SERCA uncoupling occur in muscle
tissue by yet unrecognized effectors? We anticipated the exist-
ence of endogenous ligands that may behave similarly to
capsaicin, and we have consequently investigated several
compounds for their ability to stimulate ATP hydrolysis by
SERCA. The screening was based on the fact that capsaicin is
functionally homologous to several endogenous lipid
metabolites of the multifunctional endocannabinoid family
of molecules, which are effectors of the cannabinoid recep-
tors in the CNS (Scotter et al., 2010), and vanilloid receptors
in sensory neurons (Szallasi and Blumberg, 1999). Interest-
ingly, several members of the endocannabinoid family have

been detected in human plasma (Balverg et al., 2009).
N-arachidonoyl dopamine (NADA) has also been described in
rat brain (Huang et al., 2002). Here, we present NADA as a
potential stimulator of ATP hydrolysis by SERCA and we
show that NADA uncoupled SERCA by a mechanism distinct
from that of capsaicin. In addition, NADA significantly
decreased ATP levels in cultures of human skeletal muscle
cells in a manner that was dependent on the presence of
functional SERCA. Hence, SERCA-uncoupling compounds
may be considered a tool in studies involving transient or
sustained depletion of cellular ATP, downstream of the con-
ventional ATP depletion strategy that involves the use of
non-specific macrolide inhibitors of ATP synthesis in
mitochondria.

Methods

Enzyme preparation and hydrolytic activity
All animal care and experimental procedures complied with
the guidelines described by the Danish center for animal
welfare. The results of all studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (McGrath et al.,
2010). Rabbits (males or females of the Danish farm strain,
aged about 2 years; total number, 4) were killed by an autho-
rized person using a captive bolt device. SR vesicles were
prepared from rabbit fast twitch skeletal muscle (quadriceps
femoris). The preparation method involves mincing and
blending the tissue (~400 g) in a buffer (1200 mL) containing
100 mM KCl, 2 mM EDTA, 2.5 mM KH2PO4, and 2.5 mM
K2HPO4, followed by differential centrifugation, as described
previously (de Meis and Hasselbach, 1971). The purified SR
vesicles used in this study was a generous gift of Professor
Jesper V. Møller. Purified SR proteins were treated with DMSO
or the compound of interest, followed by ATPase measure-
ments. Ca2+-dependent SERCA-mediated ATP hydrolysis was
measured in a reaction mixture containing 20 mM 3-(n-
morpholino)propanesulfonic acid (MOPS), pH 7, 80 mM KCl,
20 mM NaCl, 5 mM MgCl2, 0.5 mM EGTA, 2–4% DMSO
(including drugs). Free Ca2+ concentrations are shown in
separate figure legends. In all experiments described in this
study, the final concentration of DMSO did not exceed 4%.

Pig kidney Na+/K+-ATPase was prepared as described pre-
viously (Klodos et al., 2002) from tissue obtained from a
licensed abbatoir. Ouabain-specific Na,K-ATPase was mea-
sured in the presence of 20 mM histidine buffer, pH 7,
100 mM NaCl, 20 mM KCl, 3 mM MgCl2, 3 mM ATP, 2 mg pig
renal medulla membranes. Phosphate liberated from ATP
hydrolysis was measured using a calorimetric method, as
described previously (Mahmmoud and Christensen, 2011).

Phosphorylation/dephosphorylation reactions
Phosphorylation from inorganic phosphate (Pi) was per-
formed in a buffer (500 mL) containing 25 mM MOPS,
pH 6.5, 1 mM EGTA, 50 mg SR protein, 10 mM MgCl2, the
phosphate concentrations indicated in Fig. 3A and either
DMSO control or 20 mM NADA. The reaction was terminated
with the addition of 1.5 mL stopping solution containing
24% TCA and 6 mM Pi (sodium salt). After washing and
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collection, the radioactivity associated with the protein was
determined by scintillation counting. For dephosphoryla-
tion, the phopshorylated enzyme was diluted 10 times in
dephosphorylation buffer and the reaction was stopped
with acid after different time intervals, before washing and
collection.

Proteolytic cleavage
SDS-PAGE was performed as described previously (Mahm-
moud, 2008). Phosphorylation was performed in 44 mM
MOPS buffer, 50 mM KCl, 2 mM EGTA, 2 mM MgCl2,
0.72 mM ATP and 50 mg SR protein. The free Ca2+ concentra-
tion was adjusted to 40–45 mM. Following incubation at room
temperature for 5 min, 1 mg proteinase K (PrtK) was added
and the mixture incubated for 40 min at 24°C. For phospho-
rylation from Pi, the reaction was the same as mentioned
earlier except that 5 mM Na2HPO4 replaced ATP, Ca2+ was
omitted, and the phosphorylation reaction proceeded for
15 min before the addition of PrtK. The reaction stopped with
SDS sample buffer containing 1% TCA to ensure complete
deactivation of PrtK. Samples were separated by electrophore-
sis on 8% tricine-based gels and stained with Coomassie blue.
Scanning and intensity determination of the autoradiograms
was performed using ImageQuant TL image analysis software
(Amersham Biosciences, Buckinghamshire, UK).

Human study subjects
Muscle biopsies (200–300 mg) were obtained from the vastus
lateralis muscle by needle biopsy under local anaesthesia
from five healthy lean men (age between 44–53 years). All
subjects gave written informed consent, and the local ethics
committee of Funen and Vejle County approved the study.

Cell culture
Cell cultures were established as previously described (Gaster
et al., 2001a,b). In brief, muscle tissue was minced, washed,
and dissociated for 60 min by three treatments with 0.05%
trypsin-EDTA. The harvested cells were pooled and fetal calf
serum (FCS) was added to stop trypsination. The cells
obtained were seeded at a density of 4000 cells·cm-2 in extra-
cellular matrix (ECM) gel-coated dishes after 30 min of pre-
plating. Cell cultures were established in DMEM medium
supplemented with 10% FCS, 50 U·mL-1 penicillin,
50 mg·mL-1 streptomycin and 1.25 mg·mL-1 amphotericin B.
After 24 h, cell debris and non-adherent cells were removed
by change of growth medium to DMEM supplemented with
2% FCS, 2% Ultroser G, 50 U·mL-1 penicillin, 50 mg·mL-1

streptomycin and 1.25 mg·mL-1 amphotericin B. Cells were
subcultured twice before final seeding (4–6 weeks). At 75%
confluence, the growth medium was replaced by basal
medium (DMEM supplemented with 2% FCS, 50 U·mL-1

penicillin, 50 mg·mL-1 streptomycin, 1.25 mg·mL-1 amphoteri-
cin B and 25 pM insulin) in order to induce differentiation.
The cells were cultured in humidified 5% CO2 atmosphere at
37°C, and medium was changed every 2–3 days.

Treatment with drugs and ATP determination
Human myotubes were allowed to differentiate under physi-
ological conditions of insulin (25 pM) and glucose (5.5 mM).
All myotube cultures were used for analysis 4 days after onset

of differentiation. Myotubes were exposed to 0.1 mM NADA
supplemented with or without 400 nM thapsigargin and with
or without 5 mM glucose followed by determination of myo-
cellular ATP content after different time periods (Gaster,
2007). ATP was determined with the ATP monitoring reagent
(ATPlite from PerkinElmer, Turku, Finland) in 96-well plates
and determined by luminescence on a Microbeta counter
(PerkinElmer).

Data analysis
Data in Figures 1, 2A and 3A were fitted using a hyperbolic

function; y
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+
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baseline and maximum activity and x is the concentration of
inhibitor. Ki is the inhibitor concentration that gives 50%
inhibition and nH is the Hill coefficient. Data in Figure 4
were fitted using a single exponential decay function;
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0 , K is the rate constant of
phosphoenzyme decay. Experiments were repeated at least
five times, each in duplicate. Results shown are means � SEM
of five independent measurements. ATP measurements were
performed on several cell cultures and were repeated at least
10 times. Differences between means were assessed with the
unpaired t-test. Statistical analysis was performed by one- or
two-way ANOVA, followed by Bonferroni’s test of multi com-
parisons. P-values are indicated in the legends to the figures,
when appropriate. P-values less than 0.05 were considered as
significant. For results presented in Figure 6, additional
unpaired t-test was performed to compare a set of two groups.
All procedures were taken from Graph Pad Prism (GraphPad
Software, Inc., San Diego, CA, USA). The nomenclature for
Ca2+-ATPase follows Alexander et al., (2011).

Materials
Dulbecco’s modified Eagle’s medium (DMEM), FCS,
penicillin-streptomycin-amphotericin B, and trypsin-EDTA
were obtained from Invitrogen (Scotland, UK). Ultroser G was
purchased from Pall Biosepra (Cergy-Saint-Christophe,
France). Protein assay kit was purchased from Bio-Rad (Her-
cules, CA, USA). ECM gel was purchased from Sigma (St Louis,
MO, USA). Bovine serum albumin was from VWR. N-oleoyl
dopamine and N-palmitoyl dopamine were purchased from
Cayman Chemical Company (Ann Arbor, MI, USA). NADA
was purchased from Sigma as well as from Cayman. Capsai-
cin, thapsigargin, resiniferatoxin (RTX), SB 36679 and cap-
sazepine were all from Sigma.

Results

NADA increases ATP hydrolysis by SERCA in
tight SR vesicles in the absence of fluoride,
but not in its presence
Treatment of SR vesicles with increasing concentrations of
NADA resulted in a robust increase in SERCA-mediated ATP
hydrolysis, compared with untreated control (Figure 1A).
N-oleoyl dopamine and N-palmitoyl dopamine, which are
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structurally related to NADA but are shorter (C18 and C16,
respectively) and lack hydrocarbon chain polyunsaturation,
were also tested for their ability to stimulate ATP hydrolysis
by SERCA. At a concentration of 5 mM, N-palmitoyl dopam-
ine had little effect compared with that of NADA, whereas
N-oleoyl dopamine did not cause any detectable change in
SERCA activity, demonstrating the specificity of NADA as a
stimulator of ATP hydrolysis by SERCA.

The energy from SERCA-mediated ATP hydrolysis can
either be used to pump Ca2+ in the SR lumen (coupled trans-
port), or be dissipated as heat (uncoupled transport). The
probability of uncoupling increases as Ca2+ accumulates in
the SR lumen. It has been shown that uncoupled transport
can be dissected from coupled transport by treatment with
fluoride, which has been shown to selectively inhibit
uncoupled transport but increase the stoichiometric effi-
ciency of Ca2+ transport across the SR lumen (Reis et al.,
2001). In other words, only the fraction of pumps involved in
active transport of Ca2+ are active in the presence of fluoride,
and pumps sustaining ATP hydrolysis not coupled to trans-
port are inhibited (Reis et al., 2001). NADA did not stimulate
SERCA activity in the presence of fluoride, indicating that the
NADA did not affect coupled ATP hydrolysis, at least at con-
centrations below 2 mM. This indicates that the drug stimu-
lates uncoupled ATP hydrolysis (Figure 1B). NADA has no
appreciable effect on ATP hydrolysis by the closely related
Na+/K+-ATPase (Figure 1C), measured at optimum substrate
concentrations (see. Mahmmoud and Christensen, 2011). As
was the case with capsaicin, NADA did not increase the per-
meability of liposomes subjected to an electrochemical gra-
dient for Na+ measured using oxonol IV fluorescence,
indicating that NADA per se has no effect on membrane
permeability in the absence of SERCA (data not shown).

The effect of Ca2+ and Ca2+ gradient on the
interaction of NADA with SERCA
An increase in the cytoplasmic Ca2+ concentration is the
trigger for activation of the pumping activity of SERCA under
physiological conditions. We therefore studied the in vitro
relationship between extravesicular (cytoplasmic) Ca2+ con-

centration and the equilibrium binding constant for NADA.
The extra-vesicular Ca2+ concentration strongly affected the
equilibrium binding constant for NADA (Figure 2A). Thus, an
80-fold decrease in the extra-vesicular Ca2+ concentration
(from 40 to 0.5 mM) resulted in ~54-fold decrease in the Kd of
NADA (from 17.8 � 1.6 mM to 0.33 � 0.09 mM).

Under conditions of an existing Ca2+ gradient across the
SR membrane, Ca2+ transport to the SR lumen (associated
with the E1P → E2P transition) becomes rate-limiting and the
stoichiometric efficiency of SERCA decreases. We have
studied how dissipation of the Ca2+ gradient using a Ca2+

ionophore would affect the stimulation of SERCA by NADA.
Results in Figure 2B point to a fundamental difference
between NADA and capsaicin (Mahmmoud, 2008); although
NADA stimulated ATP hydrolysis by SERCA in the presence of
a Ca2+ gradient, i.e., at concentrations of A23187 <
0.2 mg·mL-1, no stimulation was observed in the absence of

Figure 1
(A) NADA stimulates ATP hydrolysis by SERCA. Ca2+-dependent SERCA-mediated ATP hydrolysis was measured in the presence of the indicated
concentrations of NADA, N-palmitoyl dopamine (PDA), or N-oleoyl dopamine (ODA). For NADA, a hyperbolic equation was fitted to the data
points, producing a Kd value of 0.36 � 0.12 mM. (B) Effects of NADA on SERCA activity was measured as in A, but in the presence of 20 mM NaF.
The free Ca2+ concentration was calculated as 0.5 mM. (C) Effect of NADA on pig kidney Na,K-ATPase activity (NKA), in the presence of the
indicated NADA concentrations.

Figure 2
Extravesicular Ca2+ and Ca2+ gradient across SR membranes are
important determinants of NADA activation. (A) Stimulation of
SERCA activity by increasing concentrations of NADA was measured,
in the presence of the indicated fixed free Ca2+ concentrations. The
Kd values for the different activation curves were determined by
fitting the Hill function to the data, which were then plotted against
[Ca2+], as shown. (B) The effect of A23187 on stimulation of ATP
hydrolysis by NADA. SERCA activity was measured as in panel A, but
in the presence of 12 mM free Ca2+, and with or without 5 mM NADA.
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the gradient, at concentrations of A23187 > 0.2 mg·mL-1,
implying that uncoupled ATP hydrolysis was not stimulated
in the absence of a Ca2+ gradient across the membrane.

NADA shifts the conformational equilibrium
of SERCA towards the E1 form
The dependence of E2P formation on Pi was measured in the
absence and in the presence of NADA (Figure 3A), showing
that NADA increased the Kd for phosphorylation from Pi by
more than twofold. The Kd for stimulation of EP formation
was 142 � 10 mM for the control and 364 � 29 mM for the
NADA-treated enzyme respectively. This indicates that NADA
increases the steady state concentration of the E1 form, as the
phosphorylation reaction was performed in the absence of
Ca2+ and at the same pH for the control and the NADA-treated
enzyme, that is under conditions of identical concentration
of ions (see later).

The inhibition by luminal Ca2+ of phosphoenzyme
formed from Pi was also investigated to further specify the
conformational preference of the NADA stabilized form.
Thus, SR vesicles were incubated under conditions favouring
the formation of E2P. The intracellular ion binding site is
locked in the phosphorylated enzyme and low-affinity Ca2+

sites are open at the luminal side (Sørensen et al., 2004).
Hence, Ca2+ ionophore is added together with increasing Ca2+

concentrations to measure the dephosphorylation induced
by luminal Ca2+. As seen in Figure 3B, Ca2+ inhibition of E2P
formation required significantly higher Ca2+ concentrations
in the presence of NADA than in its absence. Thus, the Ki

values for the control and the NADA-treated enzyme were 2.8
� 1.0 mM and 12.3 � 1.1 mM respectively. Hence, NADA
decreases Ca2+ interaction with the luminal site(s) by directly
affecting the luminal sites or shifting the conformation of
SERCA towards the E1 conformation (at which the luminal
sites are closed).

NADA decreases the dephosphorylation rate
The effect of NADA on the dephosphorylation of enzyme
phosphorylated from ATP was investigated. Interestingly,
NADA sustains the opposite effect of capsaicin, namely, the
dephosphorylation rate of the NADA-treated enzyme is less
than untreated controls. Thus, the addition of excess EGTA
(to remove extra-vesicular Ca2+) to a phosphoenzyme mixture
under steady state conditions, resulted in rapid dephospho-
rylation of SERCA (k ~ 0.24 s-1). This dephosphorylation rate
decreased fivefold after treatment with NADA (k ~ 0.04 s-1,
Figure 4A). Similar results were obtained when 1 mM ADP
replaced EGTA, showing that interaction of ADP with the
NADA-treated enzyme was decreased (Figure 4B). Analysis of
the data using monoexponential decay function yielded a
rate constant of 0.821 � 0.11 s-1 for the control enzyme and
and 0.229 � 0.02 s-1 for the NADA-treated enzyme.

Cleavage with PrtK
Following incubation of SERCA in the E1 conformation with
PrtK, a cleavage between Thr242 and Glu243 occurs, producing
a C-terminal p83C fragment and an N-terminal p28N frag-
ment (Møller et al., 2002). An additional cleavage at Leu119-
Lys120 is observed in the E2 conformation, producing p95C
and p14N fragments (Lenoir et al., 2004). We have used PrtK
cleavage as a tool to confirm that NADA directly interacted
with SERCA and modified its conformation. Hence, control
and NADA-treated SR vesicles were phosphorylated from
either ATP or Pi, followed by 30 min incubation with PrtK
before gel electrophoresis. Phosphorylation was performed at
either acidic or neutral pH. At pH 6.2 (Figure 5, left panel),
NADA increased accumulation of the p83C fragment, both
for enzyme phosphorylated from ATP and Pi. The effect was
more pronounced in the ATP phosphorylated enzyme (see

Figure 3
NADA reduces interaction of Ca2+ with the luminal sites. (A) Phos-
phorylation from Pi was measured, in the presence of either DMSO
control or 20 mM NADA. A hyperbolic function was used to analyse
the data. ****P < 0.0001, significantly different from DMSO control;
two-way ANOVA. (B) Phosphorylation from Pi was measured as in A.
After incubation for 10 min, 1 mg·mL-1 A23187 plus the indicated
Ca2+ concentrations were added and the mixtures incubated for
further 5 min before reaction termination and further processing.
***P < 0.001, significantly different from DMSO controls; two-way
ANOVA.

Figure 4
Dephosphorylation of SERCA phosphorylated from ATP. (A) Phospho-
rylation was performed as described in Methods. The phosphoen-
zyme reaction mixture (500 mL) was quenched with dilution buffer
(1.5 mL of 25 mM MOPS containing 21 mM EGTA/Tris) allowing for
rapid Ca2+ chelation and bringing the free Ca2+ concentration to the
pM range. This was followed by acid quenching after the indicated
time intervals. Data were analysed by a single exponential decay
function. ****P < 0.0001, significantly different from DMSO controls;
two-way ANOVA. (B) Phosphorylation was performed as in A but
the dilution buffer yielded a final concentration of 1 mM ADP.
****P < 0.0001, significantly different from DMSO controls; two-way
ANOVA.
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legend to Figure 5). The level of the p95C fragment also
increased following NADA treatment. Thus, the level of the
p83C fragment increased by 50.2 � 5.9% in enzyme phos-
phorylated from ATP and 20.7 � 3.7% in enzyme phospho-
rylated from inorganic phosphate. On the other hand, the
level of the p28N fragment increased by 10.1 � 1.1% in
enzyme phosphorylated from ATP and decreased by 25.1 �

3.2% in enzyme phosphorylated from inorganic phosphate
(Figure 5B). The decrease in the level of the p28N fragment
occurs concurrently with an increase in the level of the p83C
and p95C fragments at pH 7 (Figure 5, right panel), NADA
had no detectable effect on accumulation of the p83C frag-
ment in enzyme phopshorylated from Pi. However, enzyme
phosphorylated from ATP was protected from cleavage, as
previously described (Inesi et al., 2008). NADA seems to
increase the protection of enzyme phosphorylated from ATP
at neutral pH, an effect opposite to that obtained with cap-
saicin (Mahmmoud, 2008).

Effects of SERCA uncoupling drugs on
cytoplasmic ATP levels
One of the primary aims of our work was to validate the
anticipated consequences of SERCA uncoupling by NADA. To
this end, we have investigated the effect of NADA on ATP
levels in human cultured skeletal muscle cells. As seen in
Figure 6A, 100 nM NADA was enough to sustain a drastic
decrease in cytoplasmic ATP levels, by ~60% after 4 h of
treatment. This effect was not observed in the presence of
glucose (Figure 6B) and abolished by pretreatment with
400 nM thapsigargin, either in the absence or the presence of
glucose (Figure 6C and D). The maximum concentration of
NADA used in another set of experiments was 5 mM, which
decreased by ~85% the ATP levels, after 4 h of treatment in
the absence of glucose. Treatment with 10 mM capsaicin
resulted only in a 30% drop in ATP levels (data not shown).
Under all conditions, no decrease in cell number or viability
was observed. Unpaired t-test revealed that thapsigargin had

Figure 5
Cleavage with PrtK. (A) SDS-PAGE after cleavage with PrtK. Phosphorylation from ATP was performed as described in Methods. The pH was either
pH 6.2 (left panel) or 7.0 (right panel), A representative trace from of five independent experiments is shown. (B) The effect of NADA on the
accumulation of the proteolytic fragments p83C and p28N at pH 6.2, expressed as percentage of intensity change induced by NADA compared
with cleavage in the presence of DMSO (control), indicated by the dashed line at 100%. Data are mean � SEM of five measurements. *P < 0.05,
**P < 0.01, significantly different from DMSO controls; two-way ANOVA.

Figure 6
NADA decreased ATP levels in cultured human skeletal muscle cells.
Human myotubes were exposed to 0.1 mM NADA supplemented
without (panels A and C) or with (panels B and D) 5 mM glucose and
without (panel A and B) or with (panels C and D) 400 nM thapsi-
gargin (TG) followed by determination of myocellular ATP content
(ATP cyt) after the indicated incubation periods. Myotube isolation
and treatment was performed as described in Methods. Data are
depicted as a percentage of control, measured at time zero before
the addition of ligands. (A) ***P < 0.001, ****P < 0.0001, significantly
different from glucose treated cells; two-way ANOVA. (C) **P < 0.01,
***P < 0.001, significant effect of thapsigargin; two-way ANOVA.

BJPATP depletion by SERCA uncoupling drugs

British Journal of Pharmacology (2012) 166 2060–2069 2065



no statistically significant effect on ATP levels in the presence
of glucose (P > 0.05), but the effect was significant in its
absence (P < 0.05). Glucose had a significant effect on ATP
levels either in the presence or in the absence of thapsigargin.

NADA affects at least two Ca2+ transporting proteins in
muscle membranes. Thus, additional control experiments
were performed to estimate the effect of NADA on transient
receptor potential vanilloid (TRPV) channels, expressed in
sarcolemma (Brinkmeier, 2011). Treatment with the vanilloid
receptor agonist resiniferatoxin (RTX, 5 mM) resulted in a
thapsigargin–sensitive 16% decrease in ATP levels after 4 h
(Figure 7), probably representing the component activated by
increased passive Ca2+ flux and indirect stimulation of the
pumping activity of SERCA. The vanilloid receptor antagonist
SB-36679 had no effect on ATP levels and addition of NADA
decreased ATP levels in cells pretreated with the antagonist,
showing that NADA was able to decrease ATP levels, when the
TRPV channels were blocked. Experiments using purified SR
vesicles established that neither RTX nor SB-36679 modified
SERCA-mediated ATP hydrolysis (data not shown). It is also
noteworthy to mention that neither RTX or SB-36679 had
any effect on the hydrolytic activity of the closely related
Na+/K+-ATPase, in contrast to the TRPV antagonist cap-
sazepine, which is a potent inhibitor of Na+/K+-ATPase.

Discussion and conclusions

NADA synthesis and the mechanism of
SERCA modulation
In this study, we provide the first evidence for SERCA uncou-
pling and consequent ATP depletion mediated by an endog-
enous compound, NADA, a member of the endocannabinoid

family, which has many mechanisms for synthesis, transport
and degradation (Wang and Ueda, 2009). NADA is synthe-
sized in brain by conjugation of arachidonic acid with
dopamine, a process in which fatty acid amide hydrolase
plays an important role (Hu et al., 2009). However, alternative
pathways for the synthesis of NADA are possible, for instance,
conjugation of arachidonoyl CoA with dopamine or the con-
version of arachidonoyl amino acid to NADA. Although fatty
acid-binding protein 3 has been shown to act as intracellular
carrier for anandamide (Kaczocha et al., 2008), the precise
mechanism whereby these molecules are transported across
the different cellular compartments is unclear.

Uncoupling of SERCA was inferred from the fact that
NADA had no effect on SERCA treated with 20 mM of the
uncoupling inhibitor fluoride (Figure 1B). Uncoupling of
SERCA implies that energy from ATP hydrolysis dissipates as
heat rather than being used to actively transport Ca2+ to the
SR lumen. Indeed, our measurements with NADA are in good
agreement with a previously published model for the uncou-
pling of SERCA reconstituted into liposomes (Yu and Inesi,
1995). In this model, low stoichiometric efficiency of Ca2+

transport (which inevitably leads to increased thermogenesis)
was postulated in the absence of passive Ca2+ leak under
conditions of high Ca2+ concentration in the liposome
lumen. The existence of an alternative pathway for dephos-
phorylation that operates at a lower rate than that of the
coupled pathway and is associated with Ca2+ release to the
cytoplasm, was therefore postulated. Similarly, we observed
no activation by NADA in the absence of a Ca2+ gradient
(Figure 2B). NADA decreased the Ca2+ affinity of the luminal
sites (Figure 3B) and significantly decreased the dephospho-
rylation rate upon removal of Ca2+ (or addition of ADP) to the
phosphorylation medium (Figure 4). Because Ca2+ occlusion
is indispensable for energy utilization, Ca2+ occlusion fol-
lowed by ADP dissociation and Ca2+ release to the cytoplasm
is crucial for uncoupling to proceed. Mechanistically, this
may explain why the effect of NADA was more prominent at
lower extra-vesicular Ca2+ concentrations (Figure 2A), a con-
dition at which deocclusion of Ca2+ back to the cytoplasm is
not hindered.

Two related compounds, that have similar structures
exerted little or no effect on the hydrolytic activity of SERCA,
compared with NADA (Figure 1A), suggesting the require-
ment of a long chain polyunsaturated fatty acid chain for
optimum interaction with the pump. We have recently docu-
mented the importance of the position of unsaturation in
C18 fatty acids in sustaining important regulatory interac-
tions with Na,K-ATPase (Mahmmoud and Christensen,
2011). Hence, small variations in a group of structurally
related molecules can have significant functional differences.
It would be valuable to systematically investigate the effect of
anandamide and other dopamine amides on vanilloid- and
cannabinoid receptors as well as the SERCA pump, as this
may provide important pharmacological information in
terms of potency and specificity of these molecules against
these targets (see below).

NADA modifies the conformational
equilibrium of SERCA
As indicated from the inhibition of E2P formation, the
decrease in luminal Ca2+ interaction (Figure 3B), and the

Figure 7
Effect of vanilloid receptor modulators on ATP levels. Human myo-
tubes were exposed to 0.1% DMSO (vehicle control), 5 mM RTX,
10 mM SB-366791, or 10 mM SB-366791 plus 5 mM NADA, as indi-
cated. Following treatment, myotubes were incubated for 4 h, fol-
lowed by ATP measurement of ATP (ATP cyt), as described in
Methods. **P = 0.001, significantly different from control; one-way
ANOVA.
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effect on cleavage with PrtK (Figure 5) induced by NADA, it is
clear that NADA stabilizes an E1 like form of SERCA.
However, the NADA-induced accumulation of the p95C at
acidic pH (Figure 5, left panel) indicates that the loop con-
taining Leu119 is exposed, suggesting a shift to a conforma-
tion in which the M2 domain is away from the M3-M4
domains. Based on earlier data on the role of the A-domain
M2 link in dephosphorylation (Lenoir et al., 2004) and the
role of A domain M1 link in Ca2+ release and the E1P → E2P
transition (Daiho et al., 2007), we believe that NADA disrupts
the regular communication between the A and P domains
such that following Ca2+ occlusion and phosphoryl transfer,
both the E1P → E2P transition and ADP interaction is
impaired. The latter is indicated from the decreased dephos-
phorylation rate following quenching with ADP of the
NADA-treated enzyme (Figure 4B). NADA was found to
protect the p83C complex from cleavage at acidic pH
(Figure 5). This is in contrast to capsaicin, which destabilized
the complex (Mahmmoud, 2008). Indeed, the protection by
NADA of the p83C also implies a modified interaction
between the N and P domains.

SERCA uncouplers as novel
ATP-depleting agents
An adequate supply of metabolic substrates must be pro-
vided to cells to generate ATP, which is obtained by oxida-
tive phosphorylation of pyruvate in mitochondria through
the citric acid cycle. In the absence of glucose, oxidative
phosphorylation can proceed through acetyl CoA obtained
from fatty acids or amino acids. In tissues that have fluctu-
ating energy demands such as skeletal muscle, several
systems ensure the prevention of sudden falls in ATP levels
under high-intensity muscular activity, and hence ATP
levels has to be kept within a narrow range. For instance,
the creatine phosphate/kinase system ensures efficient ATP
regeneration, such that creatine phosphate levels have to
decrease by 90% before normal ATP levels decrease by only
10%. However, in the presence of macrolides that directly
inhibit ATP synthesis, ATP levels fall significantly. We
now show that increased uncoupled activity of ATP
hydrolysing housekeeping enzymes such as SERCA also
influenced steady state ATP levels in the absence of com-
pensatory mechanisms that can restore ATP synthesis
(Figure 6).

Previous reports have recognized ATP levels as a major
determinant of the mechanism of cell death (Eguchi et al.,
1997). In addition, the combination of ATP depletion and
cancer chemotherapy has been shown to significantly
enhance treatment (Martin and Koutcher, 2001). The post
mitochondrial strategy proposed here provides a signifi-
cantly different alternative to the conventional inhibition
of proton fluxes in mitochondria. The most widely used
ATP-depleting agent, oligomycin, is highly toxic and has
low specificity. Indeed, oligomycin injection to rats,
although reported to decrease O2 consumption by 50%, did
not affect the level of glucose, pyruvate or lipid metabolites
(Kramar et al., 1984). The potential use of capsaicin in
cancer treatment may also be related to its hyperthermic
effect (Kobayashi et al., 1998), which is not expected to be
sustained by macrolides.

Importance of SERCA function in metabolism
and metabolic disease control
Recent studies have shown that SERCA is an important
control point for the regulation of energy balance in fast- and
slow-twitch skeletal muscle in mouse, accounting for 50% of
the basic metabolic rate in these cells (Norris et al., 2010).
Indeed, decreased SERCA activity in insulin-resistant rats
(Wold et al., 2005) as well as restoration of glucose tolerance
and euglycemia, induced by overexpression of SERCA 2b in
the liver of obese mice (Park et al., 2010) highlights the
importance of SERCA in the regulation of endoplasmic reticu-
lum stress and energy balance. We propose that SERCA
uncoupling occurring under conditions of low cytoplasmic
Ca2+ concentration may represent an important mechanism
for energy interconversion in resting muscle.

Endocannabinoids have functional effects on several Ca2+

handling proteins. For instance, NADA has been shown to
inhibit human T-type Ca2+ channels expressed in HEK 293
cells (Ross et al., 2009). Hence, auxiliary effects of NADA on
Ca2+ channels cannot be ruled out. In fact, molecular biology
studies on cardiac myocytes have described a highly orga-
nized transcriptional cross talk and remodelling of Ca2+ sig-
nalling following reduction of SERCA 2 expression (Seth et al.,
2004). Clearly, some of the effects of endocannabinoids are
likely to be mediated through their effects on passive Ca2+

transport (TRPV channels). Nonetheless, our data indicate
that SERCA uncoupling mediated by these endogenous mol-
ecules accounts for at least a major part, as shown by the effect
of the specific inhibitor thapsigargin on ATP levels. We have
found that arachidonylethanolamide, another endocannab-
inoid member, also stimulates uncoupled SERCA activity (Y.A.
Mahmmoud, unpubl. obs.), suggesting that several members
of this family can play a similar role. Together with the fact
that TPRV modulators exert differential effects on SERCA, it is
likely that endocannabinoid members will have differential
effects on several Ca2+ handling proteins. Biophysical studies
on the effect of several endocannabinoids on reconstituted
SERCA are in progress to understand the effect of these mol-
ecules on pre steady state events in the Ca2+-ATPase cycle.
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