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The evolutionarily conserved soluble adenylyl cyclase (sAC, ADCY10) mediates cAMP signaling exclusively in
intracellular compartments. Because sAC activity is sensitive to local concentrations of ATP, bicarbonate, and
free Ca2+, sAC is potentially an important metabolic sensor. Nonetheless, little is known about how sAC regulates
energy metabolism in intact cells. In this study, we demonstrated that both pharmacological and genetic sup
pression of sAC resulted in increased lactate secretion and decreased pyruvate secretion in multiple cell lines and
primary cultures of mouse hepatocytes and cholangiocytes. The increased extracellular lactate-to-pyruvate ratio
upon sAC suppression reflected an increased cytosolic free [NADH]/[NAD+] ratio, which was corroborated by
using the NADH/NAD+ redox biosensor Peredox-mCherry. Mechanistic studies in permeabilized HepG2 cells
showed that sAC inhibition specifically suppressed complex I of the mitochondrial respiratory chain. A survey of
cAMP effectors revealed that only selective inhibition of exchange protein activated by cAMP 1 (Epac1), but not
protein kinase A (PKA) or Epac2, suppressed complex I-dependent respiration and significantly increased the
cytosolic NADH/NAD+ redox state. Analysis of the ATP production rate and the adenylate energy charge showed
that inhibiting sAC reciprocally affects ATP production by glycolysis and oxidative phosphorylation while
maintaining cellular energy homeostasis. In conclusion, our study shows that, via the regulation of complex Idependent mitochondrial respiration, sAC-Epac1 signaling regulates the cytosolic NADH/NAD+ redox state, and
coordinates oxidative phosphorylation and glycolysis to maintain cellular energy homeostasis. As such, sAC is
effectively a bioenergetic switch between aerobic glycolysis and oxidative phosphorylation at the posttranslational level.

1. Introduction
The 3′ ,5′ -cyclic adenosine monophosphate (cAMP) generated by
transmembrane adenylyl cyclases (tmAC, ADCY1–9) is a versatile sec
ond messenger of G-protein-coupled receptors (GPCRs) signaling, orig
inally discovered by Earl Sutherland to mediate glucagon and
epinephrine-induced glycogenolysis [1]. Apart from regulating

glycogen metabolism, glucagon and epinephrine also regulate glycolysis
and lipolysis via tmAC-generated cAMP and protein kinase A (PKA).
Later, a new type of mammalian soluble adenylyl cyclase (sAC, ADCY10)
was discovered, which is evolutionarily more ancient than tmACs and is
not localized at the plasma membrane [2,3]. The intracellularly local
ized sAC and the plasma-membrane-localized tmACs share common
cAMP effectors, such as PKA and “exchange factor directly activated by
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cAMP” (Epac1 and Epac2). However, sAC is not regulated by G-proteins
and does not respond to forskolin, a general tmAC activator [3]. Instead,
in cells, sAC activity reflects physiological levels of cellular bicarbonate
and is synergistically stimulated by Ca2+ [2,4,5]. In contrast to the wellestablished role of tmAC-dependent cAMP signaling in metabolic regu
lation, our knowledge about the regulation of cellular metabolism by
sAC-generated cAMP is limited.
GPCR-dependent cAMP signaling appeared first in metazoa to serve
hormone-mediated intercellular communication while sAC-like en
zymes first appeared in unicellular organisms as a CO2/HCO−3 sensor
[2,3]. As bicarbonate and CO2 are primary products during bioenergetic
processes (e.g. the Krebs cycle), sAC is proposed to be a putative
metabolic sensor [6]. This concept is supported by several biochemical
characteristics of the enzyme. Firstly, sAC homologs in multicellular as
well as in unicellular organisms can be activated by bicarbonate
(reviewed in [7]). Secondly, compared to tmACs, sAC has a much higher
Km for its substrate ATP (ranging from 1 to 10 mM), which allows ATP
sensing [4,8,9]. Thirdly, albeit often at a low level, sAC is expressed in
almost all tissues examined [10,11]. Moreover, sAC activity is syner
gistically stimulated by Ca2+, another versatile and universal second
messenger [9,10], allowing sAC to integrate cellular metabolism with
signaling transduction. Supporting this reasoning, sAC was demon
strated to regulate oxidative phosphorylation by sensing CO2 production
from the TCA cycle [12] and/or free Ca2+ concentrations in the mito
chondrial matrix [13], ATP-dependent insulin secretion in the pancreas
[8], and TNF-induced respiratory burst in human neutrophils [14]. Due
to accumulating evidence that sAC-generated cAMP regulates mito
chondrial oxidative phosphorylation, bioenergetic regulation by sAC has
often been studied using isolated mitochondria [12,15,16]. Although
mouse embryonic fibroblasts (MEFs) prepared from sAC C1KO mice
(generated by knock-out of exon 2–4 of the first catalytic domain) were
shown to have increased proton secretion and reduced oxygen con
sumption compared to wild-type MEF [17], the acute bioenergetic
regulation by sAC in whole cells is unknown. In addition, a somatic sAC
isoform transcribed from a downstream alternative start site in intron 5
was reported to be present in sAC C1KO mice [18]. Therefore, the role of
sAC in the acute bioenergetic regulation at the whole cell level remains
to be firmly established and the general presence of sAC-mediated bio
energetic regulation has yet to be explored. In this study, we demon
strate by a combined pharmacological and genetic approach that sAC
regulates the cytosolic NADH/NAD+ redox state and coordinate
glycolysis and oxidative phosphorylation for cellular energy homeosta
sis in different cell lines and primary cells. Mechanistic studies revealed
that sAC exerts its bioenergetic regulation by controlling complex I ac
tivity of the mitochondrial electron transport chain. Furthermore, we
identify Epac1 as a direct downstream cAMP effector of sAC-mediated
bioenergetic regulation.

Raw264.7 were cultured in DMEM (Invitrogen) with 2 g/L glucose, 1.8
g/L NaHCO3, 20 mM HEPES-NaOH pH 7.4 and 10% fetal bovine serum.
For extracellular flux analysis by the Seahorse XFe96 Analyzer, cells
were cultured in 50 μL culture medium. To avoid culture artifacts caused
by medium evaporation, culture plates were placed in a custom-made
humidity chamber inside a 5% CO2 incubator. For all experiments, the
incubation medium of cells was refreshed the day before experiments.
2.2.2. Isolation and culture of primary mouse hepatocytes, primary mouse
cholangiocytes, and primary human cholangiocytes
Wild-type C57BL/6 J mice (obtained from Envigo) were maintained
under the standard pathogen-free condition. Animal experiments were
approved by the institutional animal experiment committee. Primary
mouse hepatocytes were isolated from wild-type C57BL/6 J mice after
overnight ad libitum feeding by a two-step collagenase perfusion
method through the portal vein [25]. Primary mouse hepatocytes were
cultured in collagen-coated plates in a 5% CO2, 37 ◦ C incubator.
Primary mouse cholangiocytes were isolated from wild-type C57BL/
6 J and cultured as previously described [24]. Primary human chol
angiocytes isolated from normal liver tissues are a kind gift from Dr.
Jesus Banales and were cultured as previously described [26].
2.2.3. Construction of lentiviral vectors and lentiviral production
The cloning procedure and short hairpin oligo sequences used to
construct tetracycline-inducible lentiviral vector for sAC knockdown
and scramble control have been described previously [24]. Using
pLKO.1-puro, the same procedure was followed to construct constitu
tively active lentiviral vectors for sAC knockdown and scramble control.
We generated stable cell lines expressing the inducible PeredoxmCherry NADH/NAD+ redox sensor, iNap1 NADPH sensor, and iNapc
(control for iNap1). Briefly, the puromycin resistance gene of pCW-Cas9Puro was removed by HincII and XbaI. The blasticidin resistance gene
(Bsd) was amplified by forward primer 5′ -CAGTCGGCTCCCTCGTT
GACCGAATCACCGACCTCTCTCCCCAGACGCGTATGGCCAAGCCTTTG
TCTCA-3′
and
reverse
primer
5′ -TTGTCCAGTCTAGACATT
GGACCAGGGTTTTCTTCAACATCACCACAAGTGAGGAGAGAACCTCTA
CCTTCATGCATGCCCTCCCACACATAAC-3′ . The purified PCR fragment
was digested with HincII and Xbal and ligated with the open pCW-Cas9.
The Cas9 insert was then removed by restriction enzymes NheI and
BamHI. To create a multiple cloning site, the sense oligo (5′ CTAGCGTCGACACCGGTGAATTCGTTTAAACCCTGCAGGG-3′ ) and the
antisense
oligo
(5′ -GATCCCCTGCAGGGTTTAAACGAATT
′
CACCGGTGTCGACG-3 ) were annealed and ligated to the pCW back
bone for pCW-MCS-BSD. The Peredox-mCherry insert was prepared by
digesting pcDNA3.1-Peredox-mCherry with XbaI and PmeI. The inserts
for NADPH biosensor iNap1 and sensor control iNapc were prepared by
digesting pcRDNA3.1-hygro-cyto-iNap1 and pcRDNA3.1-hygro-cytoiNapc with NheI and PmeI. The pCW-MCS-BSD vector was digested
with NheI and PmeI and was ligated with the Peredox-mCherry insert,
the iNap1 insert, and the iNapc insert for pCW-Peredox-mCherry-BSD,
pCW-iNap1-BSD, and pCW-iNapc-BSD, respectively. Lentivirus was
produced in HEK293T cells using the third-generation lentiviral pack
aging system. For the generation of stable cell lines, cells were trans
duced with lentivirus and selected with 2.5 μg/mL puromycin or 5 μg/
mL Blasticidin according to the selection markers. In acute transduction
experiments, the transduced cells were used without antibiotic
selection.

2. Materials and methods
2.1. Materials
Unless otherwise indicated, materials were purchased from SigmaAldrich. pLKO.1-puro was a gift from Dr. David Root (Addgene
plasmid # 10878) [19]. pCW-Cas9 was a gift from Dr. Eric Lander & Dr.
David Sabatini (Addgene plasmid # 50661) [20]. pcDNA3.1-PeredoxmCherry was a gift from Dr. Gary Yellen (Addgene plasmid # 32383)
[21]. pcRDNA3.1-hygro-cyto-iNap1 and pcRDNA3.1-hygro-cyto-iNapc
were kind gifts from Dr. Yi Yang [22].

2.2.4. Metabolomics study
Confluent HepG2 monolayers in 6-well plates were allowed to
equilibrate in bicarbonate-free Hank’s balanced salt solution (HBSS)
with 5.5 mM glucose in ambient air at 37 ◦ C for 1 h (please refer to
Supplementary Table 1 for formulation). Cells were then treated with
50 μM LRE1 or vehicle control (0.1% DMSO) for 1 h. At the end of the
incubation, medium was aspirated and metabolism was quenched by
adding 0.5 mL − 20 ◦ C methanol. Subsequently, 0.5 mL ice-cold water

2.2. Methods
2.2.1. Cell line cultures
The immortalized human cholangiocytes H69 are a kind gift from
Douglas Jefferson [23] and were cultured in DMEM/F-12 (3:1) with
hormonal supplements as described [24]. HepG2, Caco-2, B16F10, and
2
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was added and cells were scraped and collected into a 2 mL Eppendorf
tube. The homogenate was transferred to a 2 mL tube and incubated on
ice for 10 min with occasional mixing. Then, 1 mL of chloroform was
added, the homogenate was vortexed and centrifuged for 5 min at
20,000 ×g at 4 ◦ C. The top layer was transferred to a new 1.5 mL tube
and was dried in a vacuum centrifuge. Dried samples were dissolved in
100 μL methanol/water (v/v: 6/4). For analysis, we used a Thermo
Scientific ultra-high-pressure liquid chromatography (UHPLC) system
(Waltman, MA, USA) coupled to the Thermo Q Exactive (Plus) Orbitrap
mass spectrometer (Waltman, MA, USA). The autosampler was kept at
10 ◦ C during the run and 5 μL of sample was injected on the analytical
column. The chromatographic separation was established using a
SeQuant ZIC-cHILIC column (PEEK 100 × 2.1 mm, 3.0 μm particle size,
Merck, Darmstadt, Germany) at 15 ◦ C. The flow rate was 0.250 mL/min.
The mobile phase was composed of solution A (acetonitrile/water (9:1)
with 5 mM ammonium acetate, pH 6.8) and solution B (acetonitrile/
water (1:9) with 5 mM ammonium acetate, pH 6.8). The UHPLC
gradient program was as follows: 100% solution A at time 0–3 min,
ramping to 20% solution A and 80% solution B during the 3–24 min
interval, holding at 20% solution A and 80% solution B at 24–27 min,
ramping to 100% solution A during the 27–28 min interval, and reequilibration with 100% solution A at 28–35 min. The MS data were
acquired in negative mode at full scan range at 140,000 resolution.
Interpretation of the data was performed using the Xcalibur software
(Thermo Scientific). Statistical analysis and visualization of the acquired
data were performed using ggplot, ropls33, and mixOmics34 packages
in the statistical programming language R (http://www.r-project.org).
Missing values were excluded from statistical tests.

necessary.
2.2.7. Enzymatic assays for glucose-6-phosphate and 6-phosphogluconate
HepG2 cells were treated with 0.1% DMSO or 50 μM LRE1 for 15
min. After removing the medium, cells were washed with HBSS and
deproteinized in 3% (w/v) HClO4 (final concentration) on ice for 10 min.
Deproteinized extracts were neutralized with 2.5 M K2CO3 and frozen at
− 80 ◦ C until analysis. After thawing and removal of the KClO4 precip
itate, 50 μL of samples was mixed with 150 μL assay buffer (50 mM TrisHCl, 8 mM MgCl2, 4 mM EDTA-NaOH (pH 7.4) and 0.5 mg/mL NADP+)
in a 96-wells plate. For glucose-6-phosphate determination, the enzy
matic conversion was started by addition of 10 μL 10 U/mL glucose-6phosphate dehydrogenase from yeast (Roche) and NADP+ reduction
was followed by measuring NADPH fluorescence at λex/λem = 320/450
nm in a CLARIOstar microplate reader for 15 min, after which the
conversion was complete. Fluorescence changes were calibrated with a
NADPH standard of exactly 100 μM as determined by measurement of
absorbance at 340 nm. For 6-phosphogluconate determination, the
enzymatic conversion was started by addition of 10 μL 0.25 U/mL 6phosphogluconate dehydrogenase from yeast (Roche) and fluorescence
changes were followed for 60 min, after which the conversion was
complete.
2.2.8. Measurement of enzyme activities of glucose-6-phosphate
dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD)
HepG2 cells were pre-incubated in bicarbonate-free HBSS for 1 h and
then treated with 0.1% DMSO or 50 μM LRE1 for 5 min. After the
treatment, cells were washed twice in ice-cold PBS and lysed in 200 μL
ice-cold lysis buffer (50 mM Tris-HCl pH 8.0, 1 mM EDTA-NaOH, 0.1%
(w/v) Triton X-100, 1× Roche cOmplete protease inhibitor cocktail, and
1× Roche PhosSTOP phosphatase inhibitor cocktail). The lysate was
centrifuged at 20,000 ×g for 10 min and the supernatant was used for
the determination of enzyme activity. The activities of 6PGD and G6PD
+ 6PGD were measured with saturating concentration of 6-phospho
gluconate and glucose-6-phosphate+6-phosphogluconate, respectively.
The generated NADPH generated was coupled to reduction WST-1,
which regenerates NADP+, avoids allosteric inhibition by NADPH, and
allows colorimetric monitoring of the reduced WST-1 at 438 nm in the
microplate reader CLARIOstar. Practically, 10 μL lysate was mixed with
150 μL Mixture A (66.7 mM Tris-HCl pH 8.0, 1.33 mM MgCl2, 666.7 μM
WST-1 (Dojindo), 13.3 μM 1-Methoxy-5-methylphenazinium methyl
sulfate (1-Methoxy PMS, Dojindo), and 266.7 μM 6-phosphogluconate)
or Mixture B (66.7 mM Tris-HCl pH 8.0, 1.33 mM MgCl2, 666.7 μM
WST-1, 13.3 μM 1-Methoxy PMS, 266.7 μM 6-phosphogluconate, and
266.7 μM glucose-6-phosphate) for the determination of 6PDG activity
or the combined activity of G6PD and 6PGD, respectively. After
measuring the background activity, 50 μL of 50 μM NADP+ was added to
start the enzymatic reaction. Enzyme activity was derived from the
background-corrected slope (extinction coefficient of reduced WST-1:
37000 M− 1 cm− 1, at 438 nm, pH 8.0) and normalized to protein con
centration. G6PD activity was defined as the difference between activ
ities measured in Mixture A and Mixture B. One unit is defined as
reduction of 1 μmol WST-1 (equivalent to production of 1 μmol NADPH)
per minute at pH 8.0 and 37 ◦ C.

2.2.5. Sample preparation for enzymatic determination of glucose, Llactate, and pyruvate
Cells were refreshed with culture medium 1 day prior to the exper
iment. On the day of the experiment, medium was changed to the
experimental medium and cells were allowed to equilibrate in the
experimental medium for 1 h. The experimental medium was DMEM
without glutamine, with 5.5 mM glucose and 10% fetal bovine serum
(Fig. 2) or 1% fetal bovine serum (Fig. S2). In all other experiments, the
experimental medium was bicarbonate-free HBSS (see Table S1 for
formulation) with 5.5 mM glucose. We did not observe any effect of
amino acids on the acute regulation of cellular bioenergetics by sAC. At
the start of the experiment, cells were exposed to media containing the
indicated inhibitors and vehicle controls. At indicated time points, 50 μL
spent medium was harvested and mixed with 75 μL ice-cold 5% (w/v)
metaphosphoric acid (MPA) for deproteinization. After incubating for at
least 1 h at 4 ◦ C, the MPA-acidified samples were centrifuged at 20,000
×g for 10 min. The supernatants were harvested for enzymatic deter
mination of L-lactate, pyruvate, and glucose. For the determination of
intracellular L-lactate and pyruvate, medium was aspirated. Cells
cultured in 6-well plates were washed once with ice-cold PBS and lysed
in 100 μL 3% ice-cold MPA. The acid homogenates were incubated at
least 1 h at 4 ◦ C and cleared by centrifuging at 20,000 ×g for 10 min at
4 ◦ C. Lactate, pyruvate, and glucose are stable in 3% MPA at 4 ◦ C and
were assayed directly from the MPA extracts.
2.2.6. Enzymatic assay for glucose, L-lactate, and pyruvate
The enzymatic determinations of L-lactate, pyruvate and glucose
were performed as previously described using a CLARIOstar microplate
reader (BMG LABTECH) [25]. Briefly, glucose was assayed by a colori
metric assay with glucose oxidase (Sigma G-6641) according to Blake
and McLean with modification for the microplate reader [27]. Pyruvate
was assayed by a homovanillic acid-based fluorometric assay with py
ruvate oxidase (Sigma P-4591) according to Zhu et al. with modifica
tions [28]. L-Lactate was assayed with lactate dehydrogenase (Roche)
according to Marbach and Weil with modification for the microplate
reader [29]. Standards were prepared in 3% MPA and assayed simul
taneously with the samples. Samples were diluted in 3% MPA as

2.2.9. Determination of ATP, ADP, and AMP by high performance liquid
chromatography (HPLC) for adenylate energy charges in cytosol
HepG2 cells were treated with 0.1% DMSO or 50 μM sAC-selective
inhibitor LRE1 in HBSS containing indicated substrates. After indi
cated period of incubation, cytosolic metabolites were extracted with
permeabilization buffer (120 mM KCl, 10 mM NaCl, 5 mM EDTA, 20 mM
HEPES, pH 7.1) containing 100 μg/mL digitonin. After 5 min on ice, 200
μl of digitonin extracts were mixed with 16 μL 70% perchloric acid for
deproteinization and then neutralized with 2.5 M K2CO3. The neutral
ized perchloric acid extracts of HepG2 cells were then analyzed for AMP,
ADP and ATP by high-performance liquid chromatography using a
3
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Partisphere SAX column (Whatman International Ltd.) exactly as
described [30]. Adenylate energy charge was defined as ([ATP] + 0.5 ×
[ADP])/([ATP] + [ADP] + [AMP]) according to Atkinson and Walton
[31].

plate (Costar 3603). Cells were induced with 0.8 μg/mL doxycycline for
48 h before the experiment. Experiments were performed in
bicarbonate-free HBSS modified in ambient air at 37 ◦ C, supplemented
with 0.1% bovine serum albumin (BSA) and indicated substrates at
37 ◦ C. Fluorescence of Peredox (F1) and mCherry (F2) was monitored at
λEx1/λEm1 = 400–20/535–70 (nm) and λEx2/λEm2 = 570–20/645–80
(nm), respectively, in the CLARIOstar microplate reader. Responsive
ness of the Peredox-mCherry sensor was confirmed in each experiment
with a series of redox clamping solutions: 5 mM L-lactate, 5 mM pyru
vate, and 5 mM L-lactate/pyruvate mixture at a ratio of 1, 5, 10, 20, 50,
and 100. Signals from cells transduced with the empty vector (F1′ and F2′
for Peredox channel and mCherry channel, respectively) served to cor
rect for background signals. Background-corrected fluorescence ratio R
was defined as (F1 − F1′ )/(F2 − F2′ ). For normalization, R was linearly
transformed by setting the minimal fluorescence ratio Rmin (5 mM py
ruvate) to 1 and the maximal fluorescence ratio Rmax (5 mM L-lactate) to
2. Consequently, fluorescence was normalized as RPeredox/mCherry = (R −
Rmin) / (Rmax − Rmin) + 1. For the comparison of the calibrations using 5
mM and 10 mM [L-Lactate + Pyruvate], the raw fluorescence ratio
RPeredox/mCherry was shown in Fig. 3G.

2.2.10. Cyclic AMP accumulation assay
H69 cholangiocytes were cultured in 24-well plates. Cells were
allowed to equilibrate with experimental medium (5% CO2 DMEM with
5.5 mM glucose, but without glutamine or fetal bovine serum) for 1 h
and refreshed again with 200 μL experimental medium. Cells were
pretreated with sAC-selective inhibitor KH7 or LRE1 (by adding 25 μL
10× solution) for 10 min and then 500 μM 3-isobutyl-1-methylxanthine
(by adding 25 μL 10× solution) was added to induce accumulation of
cAMP. After an incubation of 10 min, the accumulation of cAMP was
terminated by adding 100 μL 0.35 M HCl/3.5% Triton X-100. The acidic
homogenate was centrifuged at 20,000 ×g for 10 min at 4 ◦ C to remove
cell debris. The cAMP content in the supernatant was measured by the
Direct cAMP ELISA kit (Enzo Life Sciences). Although the anti-cAMP
antibody only cross-react very slightly with adenylate nucleotides
(0.33% with AMP and 0.12% with ATP according to the manufacturer),
the concentration of these adenylate nucleotides are typically orders of
magnitude higher than that of cAMP. Therefore, the baseline values
(obtained without IBMX addition) are considered as assay backgrounds.

2.2.14. Measurement of mitochondrial membrane potential with JC-1
Mitochondrial membrane potential was measured by the membrane
potential-sensitive dye JC-1 [32]. H69 cholangiocytes and HepG2 cells
were cultured in clear-bottomed 96-well black plates (Costar 3603).
Before experiments, cells were washed and pre-incubated in HBSS
modified for 5% CO2 supplemented with 5.5 mM glucose and 0.2% BSA.
After 10 min incubation with vehicle control (0.1% DMSO) or com
pounds (50 μM KH7, 50 μM LRE1, 2.5 μM antimycin A, 2.5 μM oligo
mycin A), a ten-fold working solution of JC-1 (by diluting 1 mM DMSO
stock in assay medium, Invitrogen) was added to achieve a final con
centration of 1 μM. After 20 min incubation with JC-1, the fluorescence
signals of JC-1 monomers (Fmonomer) and J-aggregates (FJ-aggregate) were
measured at λEx1/λEm1 = 490–10/535–10 (nm) and λEx2/λEm2 =
535–20/595–30 (nm), respectively, in the CLARIOstar. The fluorescence
ratio (FJ-aggregate / Fmonomer) is an indicator of the mitochondrial mem
brane potential. Antimycin A dissipates the mitochondrial membrane
potential while Oligomycin A causes the mitochondrial membrane po
tential to increase. These inhibitors served as assay controls and defined
the physiologically relevant range of the fluorescence ratio (FJ-aggregate /
Fmonomer). The raw fluorescence ratios were normalized to the vehicle
control (set to 1).

2.2.11. SDS-PAGE and Western blotting
Protein concentrations of whole cell lysates in RIPA buffer were
quantified by BCA assay. Equal amount of protein (40–50 μg) was sub
jected to SDS-PAGE, transferred to PVDF membranes by semi-dry blot
ting and blocked overnight in 5% non-fat milk / PBST (phosphatebuffered saline with 0.05% (w/v) Tween 20) at 4 ◦ C. For immunode
tection, the PVDF membranes were incubated with primary antibody for
1 h, washed 3 times with TBST (Tris-buffered saline with 0.05% (w/v)
Tween 20), incubated with horseradish peroxidase-conjugated second
ary antibody for 1 h, and washed again 4 times with TBST. All antibodies
were diluted in 1% non-fat milk-TBST and incubation was performed at
room temperature. The PVDF membrane was developed with home
made enhanced chemiluminescence reagents (100 mM Tris-HCl pH 8.5,
1.25 mM luminol, 0.2 mM p-coumarin and freshly added 3 mM H2O2)
and detected using the ImageQuant LAS 4000 (GE Healthcare Life Sci
ences). Please refer to Supplementary Table 2 for the list of primary and
secondary antibodies and dilutions used. Please refer to Supplementary
Materials for full blots.
2.2.12. Ratiometric fluorescence measurement for cytosolic free NADPH
with iNap biosensor
HepG2 cell lines stably expressing inducible NADPH sensor iNap1
(pCW-iNap1-BSD) or its pH control iNapc (pCW-iNapc-BSD) were
cultured in 96-well solid black plates (Costar 3916). Prior to the
experiment, cells were treated with 0.8 μg/mL doxycycline for 3 days to
induce the expression of iNap1 and iNapc. Experiments were performed
in bicarbonate-free HBSS supplemented with 0.1% BSA and 5.5 mM
glucose at 37 ◦ C. Fluorescence of iNap and iNapc were monitored by
dual excitation ratiometric fluorescence measurement at F420 (λEx1/
λEm1 = 420–20/540–50 nm) and F485 (λEx2/λEm2 = 485–10/540–50 nm)
in the microplate reader CLARIOstar. The F420/F485 ratio of iNap1 in
creases with cytosolic NADPH concentration. To correct for potential
artifacts due to changes of intracellular pH, changes in the F420/F485
ratio of iNap1 were corrected for changes in the F420/F485 ratio of iNapc
as described [22]. We did not observe changes in iNapc signals after the
addition of the compounds used in the experiments.

2.2.15. Extracellular flux analysis
Extracellular acidification rate (ECAR) and oxygen consumption rate
(OCR) were measured with a Seahorse XF96 flux analyzer (Agilent,
United States) in ambient air. Cells were cultured in a 96-well Seahorse
culture plate until confluence in 5% CO2 incubator. Media were
refreshed the day before the experiment. On the day of the experiment,
cells were incubated for 1 h in experimental medium in ambient air. For
HepG2 cells, the medium was bicarbonate-free HBSS with 5.5 mM
glucose (see Supplementary Table 1). For H69 cholangiocytes, the me
dium was base DMEM (Sigma D-5030) supplemented with 17.8 mM
NaCl, 20 mM HEPES-NaOH (pH 7.4), and 5.5 mM glucose. Cells were
refreshed with the same medium immediately before determination of
ECAR and OCR. Twenty-five microliters of concentrated compound so
lutions prepared in experimental medium were injected as indicated.
The final concentrations of compounds were as follows: indicated
compounds (0.1% DMSO, 50 μM LRE1, 50 μM (R)-CE3F4, 10 μM ESI-05,
10 μM H89); oligomycin A, 1.6 μM; FCCP, 1.1 μM; antimycin A, 4.62 μM;
rotenone, 2.31 μM. The coupled respiration rate was defined as the
difference between the average of the first three OCR measurements
after the addition of inhibitors or vehicle control and the last OCR
measurement after the addition of oligomycin A. The FCCP-driven
respiration rate was defined as the difference between the first OCR
measurement after FCCP addition and the last OCR measurement after

2.2.13. Ratiometric fluorescence measurement of cytosolic free [NADH]/
[NAD+] ratio with Peredox-mCherry biosensor
HepG2 cell lines stably expressing inducible Peredox-mCherry
NADH/NAD+ redox sensor (pCW-Peredox-mCherry-BSD) or an empty
vector (pCW-MCS-BSD) were cultured in clear-bottomed 96-well black
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the addition of oligomycin A.

consumption will increase. This will lead to an underestimation of the
coupled OCR. Therefore, a correction for hyperpolarisation is included,
where H represents the percentage of underestimation and is taken to be
9.2% according to Affourtit and Brand [36]. The OCRcoupled for all
measurements after the addition of oligomycin A was assumed to be
zero. Finally, the ATP production rates JATP_total, JATP_glycolysis, JATP_ox
phos, JATP_TCA, and JATP_mitochondria at measurement time t were calculated
as follows:

2.2.16. Estimation of ATP production by glycolysis and by mitochondria
using extracellular flux measurements
The time-lapsed ATP production rates were calculated from extra
cellular fluxes (ECARs and OCRs) as described by Mookerjee et al.
[33,34]. Since cells were pre-incubated in HBSS with glucose until
reaching steady state before imposing the acute perturbation of sAC
activity, it was assumed that the oxidation of the provided substrates in
the mitochondria was complete and that the contribution from other
endogenous substrates was negligible. The total ATP production rate
(JATP_total) is defined as the sum of the ATP production rate of glycolysis
(JATP_glycolysis, substrate level phosphorylation by phosphoglycerate ki
nase and pyruvate kinase) and the ATP production rate of mitochondria
(JATP_mitochondria, substrate level phosphorylation by succinyl-CoA syn
thetase in the TCA cycle and oxidative phosphorylation by the electron
transport chain and ATP synthase). To calculate JATP_glycolysis, it is
necessary to distinguish the proton production by glycolysis from that of
mitochondrial respiration (as a result of hydration of CO2). For this
purpose, the total proton production rate at measurement time t,
PPRtotal(t), is derived from ECAR by the following equation:

where ECAR(t) is the ECAR at measurement time t, V is the volume of the
measurement micro-chamber (2 μL for Seahorse XFe96 flux analyzer),
and B is the buffer capacity of the experimental medium. Since the
experimental medium was buffered with 20 mM HEPES-NaOH (pH 7.4),
the contribution of other salt components to buffer capacity was negli
gible. Taken the value of 7.31 as the pKa of HEPES at 37 ◦ C and an assay
pH of 7.35, the buffer capacity B (M/pH) of the experimental medium
was calculated to be 1.31 × 10− 2 M/pH according to the definition of the
buffer capacity [35]:
)
(
dCb
Kw
Ka [H+ ]
+
B=
= ln10
+ [H ] + [X]T ×
d(pH)
[H+ ]
(Ka + [H+ ] )2

JATP

glycolysis (t)

JATP

mitochondria (t)

JATP

oxphos (t)

JATP

TCA (t)

= JATP

glycolysis (t) + JATP mitochondria (t)

/
/
= PPRgly (t) × ATP lactate + 2 × OCRmito (t) × P Ogly
= JATPoxphos (t) + JATP

TCA (t)

/
= OCRcoupled (t) × P Ooxphos

= OCRmito (t) × P/OTCA

2.2.17. Flux analysis of digitonin-permeabilized cells by Seahorse XFe96
flux analyzer
Cells were pre-incubated in a 96-well Seahorse culture plate in
bicarbonate-free HBSS with 5.5 mM glucose and 0.1% (w/v) fatty acidfree BSA for 30 min at 37 ◦ C in ambient air. Subsequently, 50 μM LRE1
or 0.1% DMSO (vehicle control) was added. After 20 min incubation, the
media in all wells were replaced by MAS buffer (60 mM sucrose, 200 mM
mannitol, 10 mM potassium phosphate buffer, 5 mM MgCl2, 1 mM
EGTA, 20 mM HEPES and 0.4% fatty acid-free BSA, pH 7.2) as described
by Salabei et al. [37] with the same substrates and inhibitors as added
during the pre-incubation. The plate was then loaded onto the Seahorse
XF96 Analyzer and the measurement started after a 20-min temperature
equilibration. Cells were permeabilized with 25 μg/mL digitonin by
injecting a concentrated mixture after baseline measurements. The in
jection mixture also contained substrates for mitochondrial respiration
and 1 mM ADP or 2 μM FCCP (final concentration). The final concen
trations of substrates were 2 mM pyruvate with 1 mM malate, or 5 mM
glutamate with 1 mM malate. Other substrates tested were 5 mM suc
cinate with 2.5 μM rotenone, 0.5 mM durohydroquinone (also known as
tetramethyhydroquinone, TCI Europe, Switzerland) and 0.1 mM N,N,N′ ,
N′ -Tetramethyl-p-phenylenediamine (TMPD) with 0.5 mM ascorbate.
When substrates were omitted, oxygen consumption decreased
dramatically, confirming the oxygen consumption depends on provided
substrates. After about 15 min of ADP-driven state 3 respiration, oligo
mycin A (2.5 μM), and antimycin A (2.5 μM) plus rotenone (1 μM) were
injected in order. In some experiments with glutamate plus malate as
substrates, a fourth injection contained TMPD plus ascorbate was
injected to evaluate complex IV activity. The ADP-driven respiration
rate was defined as the difference between the first OCR measurement
after the addition the mixture of digitonin, ADP, and substrates and the
last OCR measurement after the addition of oligomycin A. The FCCPdriven respiration rate was defined as the difference between the first
OCR measurement after FCCP addition and the last OCR measurement
after the addition of antimycin A and rotenone.

where Cb represents the normality of the added base, [X]T represents the
concentration of buffer, Kw represents ionization constant of H2O, and
Ka represents the acid dissociation constant of the buffer.
The proton production rate of mitochondrial respiration (PPRmito)
and glycolysis (PPRgly) at measurement time t is calculated as follows:
PPRtotal (t) = PPRgly (t) + PPRmito (t)
[

]
HCO−3
[
]
PPRmito (t) = OCRmito (t) × (maxH /O2 ) ×
[CO2 ] + HCO−3
+

10pH− pKa1
1 + 10pH− pKa1

PPRgly (t) = PPRtotal (t) − PPRmito (t)
where max H+/O2 is the maximal proton production per O2 molecule
consumed, and pKa1 is the combined equilibrium constant (6.093 at
37 ◦ C) for the hydration of CO2 and the dissociation of H2CO3. The
OCRmito (needed for the calculation of PPRmito) and OCRcoupled (needed
for the calculation of JATP_mitochondria) at measurement time t are derived
from the measured OCR, OCR(t), as follows:
OCRmito (t) = OCR(t) − OCRA+R
OCRcoupled (t) = (OCR(t) − OCROA ) ×

total (t)

where ATP/lactate represents the ATP production per lactate produced.
With glucose as the substrate, ATP/lactate is 1. The lactate production
rate is assumed to be equal to PPRgly. The values of max H+/O2, ATP/
lactate, P/Ogly, P/Ooxphos, and P/OTCA for glucose were taken from the
works of Mookerjee et al. [33,34]; these values are given in Supple
mentary Table 3.

PPRtotal (t) = ECAR(t) × V × B

= OCRmito (t) × (maxH+ /O2 ) ×

JATP

1
1− H

2.2.18. Spectrophotometric assay for mitochondrial electron transport
chain complexes and citrate synthase
Mitochondria were isolated from 30 million HepG2 cells following
previously published procedures for cultured fibroblasts [38]. Directly
before the enzyme activity measurements of OXPHOS complexes and

where OCROA and OCRA+R are the last of the three OCR measurements
after the addition of oligomycin A and the combination of antimycin A
and rotenone, respectively. Because oligomycin A increases the mito
chondria membrane potential, proton leak and the associated oxygen
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citrate synthase, either 1% DMSO, 50 μM LRE1, 1 μM mPKI, or 50 μM
CE3F4 was added to the sample. The enzyme assay conditions were as
described previously [39].

interventions [11]. We have demonstrated previously that the immor
talized human intrahepatic cholangiocyte cell line H69 (hereafter H69
cholangiocytes) [23] has high endogenous sAC activity and high
expression of sAC protein using the first-generation sAC-selective in
hibitor KH7 and lentiviral shRNA-mediated knockdown, respectively
[24]. Therefore, in the present metabolic study, the pharmacological
and genetic interventions were first validated in H69 cholangiocytes and
then applied to H69 cholangiocytes and other cell types for metabolic
studies.
Consistent with previous studies, both the first generation sACselective inhibitor KH7 [40] and the second generation sAC-selective
inhibitor LRE1 [41] significantly suppressed cAMP production in H69
cholangiocytes (Fig. 1A and B). Lentivirus-delivered sAC-targeting
shRNA effectively reduced sAC protein level as demonstrated by
immunoblotting (Fig. 1C).

2.2.19. Statistical analysis
All results are presented as mean ± standard deviation (SD). All n
numbers refer to the numbers of independent wells of the presented
experiments. The number of Independent reproduction is given by N.
Statistical analysis was performed with GraphPad Prism 7 (GraphPad
Software, La Jolla, CA) with an α error of 0.05. A statistical trend is
defined as a P-value between 0.05 and 0.07. The types of statistical
analysis were decided on the basis of the experimental design and are
indicated in the figure legends. Please refer to Supplementary Materials
for statistical summaries of all statistic tests performed in this study.
3. Results

3.2. Suppression of soluble adenylyl cyclase stably reprograms cell
metabolism towards aerobic glycolysis

3.1. The bicarbonate-responsive soluble adenylyl cyclase (sAC) is highly
expressed in human cholangiocyte H69 cells

Since sAC has been shown to be a physiological ATP sensor [8] and
C1-sACKO MEFs displayed increased proton secretion compared to wildtype MEFs [17], we examined whether sAC activity regulates glycolysis.
The addition of sAC-selective inhibitor KH7 or LRE1 elicited a slight

Although sAC is expressed in most (if not all) tissues and cell lines
examined thus far, its low endogenous expression (except in testes)
imposes difficulties on the validation of pharmacological and genetic

A

B
H69 cholangiocytes
P = 0.0024

10
(pmol cAMP / mg protein)

(pmol cAMP / mg protein)

10

H69 cholangiocytes

8
6
4
2
0

8

P < 0.0001

6
4
2
0

C
H69 SHC

H69 sACKD
— 100kD

An sAC

— 75kD
— 150kD

An Vinculin

— 100kD

Fig. 1. The bicarbonate-responsive soluble adenylyl cyclase (sAC) is highly expressed in human cholangiocyte H69.
(A–B) sAC activity in H69 was assayed by cAMP accumulation assay in intact cells. H69 cholangiocytes were incubated with in the presence or absence of sAC
inhibitor KH7 (A) or LRE1 (B) and then 500 μM IBMX was added to initiate cAMP accumulation. After 10 min, cAMP accumulation was stopped by adding 0.1 M HCl
in 1% Triton X-100 (final concentration). The accumulated cAMP was assayed by ELISA. The baseline values obtained before the addition of IBMX serves as assay
backgrounds. Data are presented here as mean ± SD (n = 3 independent wells for A and n = 4 independent wells for B). The results are representative of N = 3
independent experiments. Statistical test: unpaired, two-tailed Student’s t-test. (C) Immunoblot of sAC in H69 cholangiocytes treated with lentivirus-delivered short
hairpin control (SHC) and sAC-knockdown shRNA. The result is representative of N = 3 independent experiments.
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increased medium lactate-to-pyruvate ratio (Fig. 2B).
Although we found consistent metabolic changes with both sAC in
hibitors (KH7 and LRE1) and sAC knockdown, we also confirmed, in
accordance to previous reports by Di Benedetto et al. [13] and RamosEspiritu et al. [41], that KH7 collapses the mitochondrial membrane
potential while LRE-1 slightly increased the mitochondrial membrane
potential in both H69 cholangiocytes and HepG2 cells (Fig. S1B and

increase of glucose consumption, but more significantly, there was a
dose-dependent increase in lactate secretion and decrease of pyruvate
secretion, which resulted in an elevation of the lactate-to-pyruvate ratio
in the medium in cells treated with sAC inhibitors (Fig. 2A and S1A).
Similarly, acute knockdown of sAC in H69 cholangiocytes also led to
increased glucose consumption, increased lactate secretion, but
decreased pyruvate secretion. As a consequence, sAC knockdown also
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Fig. 2. Suppression of soluble adenylyl cyclase stably reprograms cell metabolism towards aerobic glycolysis.
(A) H69 human cholangiocytes were treated with increasing concentrations of sAC-selective inhibitors LRE1. Medium glucose, L-lactate, and pyruvate were sampled
hourly for 6 h and enzymatically determined. Medium L-lactate-to-pyruvate ratio were calculated. (B) Glucose consumption, L-lactate secretion, and pyruvate
secretion were determined in SHC and sAC-knockdown H69 human cholangiocytes. The baseline medium glucose was determined to be 5.135 ± 0.062 mM. Medium
L-lactate-to-pyruvate ratio was calculated. (C–D) HepG2 cells (C) and primary mouse hepatocytes (D) were treated with sAC-selective inhibitors LRE1. Medium
glucose, L-lactate and pyruvate were sampled after 1, 2, 3, and 4 h and enzymatically determined. Data are presented as mean ± SD (n = 3 independent wells for A, C,
and D; For B, n = 3 independent knockdown by lentivirus transduction). Baseline values present the metabolite concentrations in the blank medium. Data are
representative of at least N = 2 independent experiments. For some data points, the SD bars are not depicted as they are smaller than the symbols. Statistical analysis:
(A) Two-way ANOVA with Tukey’s multiple comparisons test. Shown here the statistical significance result of DMSO vs 50 μM LRE1. (B–D) Two-way ANOVA with
Sidak’s multiple comparisons test. * P < 0.033, ** P < 0.002, *** P < 0.001. Please refer to statistical summaries in Supplementary Materials for complete statistical
analysis and exact P values.
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S1C). In addition, we found that KH7, but not the second-generation sAC
inhibitor LRE1, potently induced hypoxia-inducible factor 1α (HIF-1α)
in H69 cholangiocytes (Fig. S1D). To test if sAC suppression can induce
HIF-1α protein, we generated stable H69 cholangiocytes that express
sAC-targeting shRNA upon doxycycline induction. We found that
administration of doxycycline effectively reduced sAC protein level in
H69 cholangiocytes in a time-dependent fashion (Fig. S1E) but did not
induce HIF-1α (Fig. S1F), suggesting that the induction HIF-1α by KH7 is
an off-target effect. Despite of these sAC-independent effects of KH7,
inhibiting sAC with KH7 or LRE1 both increased medium lactate-topyruvate ratio. However, to avoid misinterpretation of spurious KH7
effects (including uncoupling of mitochondria), we used LRE1 for
further metabolic studies.
As sAC is expressed in liver and most other tissues examined [42], we
investigated whether sAC also regulates glycolysis in the human hepa
toma cell line HepG2 (Fig. 2C), primary mouse hepatocytes (Fig. 2D),
primary mouse cholangiocytes (Fig. S2A), primary human chol
angiocytes (Fig. S2B), and three additional cell lines of different tissue
origin (human colorectal adenocarcinoma Caco-2, Abelson mouse leu
kemia virus-transformed macrophage RAW264.7, and mouse melanoma
cell line B16F10.; Fig. S2C-E). In all cell lines and primary cells tested,
inhibition of sAC increased lactate secretion while also reducing pyru
vate secretion, which further increased the lactate-to-pyruvate ratio.
Although the baseline lactate-to-pyruvate ratios were different in each
cell type, sAC inhibition always led to an elevated medium lactate-topyruvate ratio. These findings show that sAC-generated cAMP regu
lates aerobic glycolysis in a great variety of cellular models.

[Malate]/[Pyruvate] ratio by malic enzyme in the cytosol [43–45].
From the metabolomics data, we observed a significant increase of
malate and a trend (P = 0.067) towards an increased [Malate]/[Pyru
vate] ratio (Fig. 3A and S3F). These data suggest that sAC inhibition does
not directly regulate activities of PPP enzymes. Instead, sAC inhibition
likely indirectly increases the cytosolic [NADPH]/[NADP+] ratio,
thereby allosterically inhibiting G6PD and 6PGD and decreasing levels
of the PPP intermediates.
We next focused on the observation that in multiple cell types sAC
inhibition increases the medium lactate-pyruvate ratio (Fig. 2 and
Fig. S2), which is commonly used as an indicator of the cytosolic NADH/
NAD+ redox state [46]. It is well-established that the cytosolic free
[NADH]/[NAD+] ratio is equilibrated with the [L-Lactate]/[Pyruvate]
ratio by lactate dehydrogenase and, in hepatocytes and muscles, also
with the [Glycerol-3-phosphate]/[Dihydroxyacetone phosphate] ratio
by cytosolic glycerol-3-phosphate dehydrogenase (GPD1) [46,47].
Therefore, these intracellular metabolites can be used to estimate
cytosolic free [NADH]/[NAD+] ratio. In our metabolomics data, we
found a significant increase of the [Glycerol-3-phosphate]/
[Dihydroxyacetone phosphate] ratio and a trend of an increase of the
[L-Lactate]/[Pyruvate] ratio upon sAC inhibition (P = 0.06), suggesting
an increase in the cytosolic free [NADH]/[NAD+] ratio (Fig. 3B and C).
Indeed, direct determination of intracellular pyruvate and lactate
confirmed the increase in [Lactate]/[Pyruvate] ratio by the sACselective inhibitor LRE-1 in both HepG2 cells and H69 cholangiocytes
(Fig. 3D and E). These data strongly suggest that sAC inhibition in
creases the cytosolic free [NADH]/[NAD+] ratio.
To directly test whether sAC in situ regulates the cytosolic NADH/
NAD+ redox state, we expressed the Peredox NADH/NAD+ biosensor
[21] in HepG2 cells to detect the ratio of free [NADH] over free [NAD+]
in the cytosol (Fig. 3F). The Peredox biosensor responded to altered
ratios, but not quantities, of extracellular lactate and pyruvate, con
firming that the extracellular lactate-to-pyruvate ratio is in equilibrium
with the cytosolic [NADH]/[NAD+] ratio (Fig. 3G). Consistent with the
increased lactate-to-pyruvate ratio in medium and in cells, we found that
acute inhibition of sAC with LRE1 induced a sustained increase in the
cytosolic [NADH]/[NAD+] ratio in the presence of glucose (Fig. 3H).
Replacing glucose with the glycolysis inhibitor 2-deoxyglucose reduced
baseline cytosolic [NADH]/[NAD+] ratio and completely blocked the
increase of [NADH]/[NAD+] ratio induced by sAC inhibition (Fig. 3I).
These data demonstrate that cytosolic NADH is maintained by glycolysis
and that the increased glycolytic flux contributes to the increased
cytosolic [NADH]/[NAD+] ratio under the sAC-suppressed status.

3.3. Soluble adenylyl cyclase regulates the cytosolic NADH/NAD+ redox
state
To understand how sAC regulates glucose metabolism, we performed
a metabolomics experiment in HepG2 cells fed solely with glucose
(Fig. 3A and Supplementary Table 4). Of the intracellular glycolytic
intermediates, only glucose-6-phosphate was significantly decreased by
sAC inhibition, but there was a trend of increased lactate and decreased
pyruvate. We also observed significant changes in metabolites of the
pentose phosphate pathway (PPP) (glucose-6-phosphate, 6-phospho
gluconate, sedoheptulose-7-phosphate), the Krebs cycle (succinate, cisaconitate, malate), and malate-aspartate shuttling system (malate,
glutamate) and glycerol-3-phosphate shuttling system (glycerol-3phosphate). The latter two mediate the shuttling of cytosolic NADH into
mitochondria for ATP generation. These significant changes suggest
that, in addition to glycolysis, sAC inhibition might affect intermediary
metabolites of the PPP, the cytosolic NADH/NAD+ redox state, and
oxidative phosphorylation.
We first investigated whether sAC regulates flux through the PPP. By
direct enzymatic determination, we confirmed that acute sAC inhibition
reduced glucose-6-phosphate and 6-phosphogluconate (Fig. S3A and
S3B). However, the in vitro activity of the enzymes consuming or
generating these metabolites, glucose-6-phosphate dehydrogenase
(G6PD) and 6-phosphogluconate dehydrogenase (6PDG), were not
affected in cells treated with sAC inhibitors (Fig. S3C). Thus, sAC does
not appear to regulate G6PD and 6PDG by covalent modifications (e.g.
by phosphorylation/dephosphorylation). In cells, G6PD and 6PGD ac
tivities are allosterically inhibited by free NADHP and activated by free
NADP+. To assess whether sAC inhibition caused changes in the cyto
solic NADPH/NADP+ redox state, we determined the cytosolic free
NADPH in HepG2 cells expressing the NADPH biosensor iNap1 [22].
Inhibition of sAC by LRE1 did not significantly affect cytosolic free
NADPH level in the presence of glucose even when challenged with
diamide, a thiol-oxidizing agent (Fig. S3D and S3E). As a control we
showed that when G6PD is inhibited with dehydroepiandrosterone
(DHEA), diamide treatment could acutely decrease cytosolic free
NADPH. Finally, we asked whether sAC inhibition affects the cytosolic
free [NADPH]/[NADP+] ratio, which is in equilibrium with the

3.4. Soluble adenylyl cyclase regulates cytosolic NADH/NAD+ redox
state via complex I
Cytosolic NADH is mainly generated by glycolysis. When there is
sufficient oxygen, cytosolic NADH can be shuttled into mitochondria via
malate-aspartate shuttling and re-oxidized to NAD+ by complex I.
Alternatively, reducing equivalents of cytosolic NADH can be trans
ferred directly to the ubiquinone pool via glycerol-3-phosphate shut
tling. When oxidative phosphorylation is impaired, excessive NADH will
be oxidized by LDH to regenerate NAD+ with pyruvate being converted
to lactate. Therefore, we tested whether sAC inhibition increased the
cytosolic [NADH]/[NAD+] ratio and promoted lactate secretion by
decreasing NADH oxidation in mitochondria. sAC has been reported to
affect different components of the mitochondrial respiratory chain in
isolated mitochondria [12,15,16]. We supposed that this could be due to
differences in tissue origins, species, and procedures used to isolate
mitochondria, and assay condition (e.g. the presence of a phosphatase
inhibitor cocktail). To minimize the fragmentation of the mitochondrial
networks and local structures during mitochondria isolation, we exam
ined ADP-driven (state 3) respiration and FCCP-driven respiration (with
ATP synthase blocked by oligomycin A) in digitonin-permeabilized
HepG2 cells using the Seahorse XFe96 Analyzer [37]. When
8

J.-C. Chang et al.

BBA - Bioenergetics 1862 (2021) 148367

Glucose-6-phosphate
6-Phosphogluconate

Aspartate

Succinate

Valine
Methionine

2.0
1.5
1.0
0.5
0.0

Adenosine

cis-Aconitate

2

Threonine
Alanine

Tryptophan

UDP-hexose

Isoleucine
Malate

D

Citrate/Isocitrate
Lactate
Pyruvate
NADH
NAD+
α-Ketoglutarate

0
-2

-1

0

Pyruvate

Lactate

MCT

MCT

1.0
0.5

LRE1

1

2

80

DMSO

E

LRE1

H69

P < 0.001

60
40
20
0
DMSO

F

1.5

0.0

DMSO

HepG2
Intracellular
L-Lactate / Pyruvate Ratio

Fumarate

Dihydroxyacetone phosphate

2.0

Guanosine

Phenylalanine

1

L-Lactate / Pyruvate

Glycerol-3-phosphate

HepG2
P = 0.06

2.5

P = 0.011

Intracellular
L-Lactate / Pyruvate Ratio

Glutamate

G3P / DHAP

Sedoheptulose 7-phosphate

(Normalized to control)

2.5

3

C

HepG2

(Normalized to control)

B

A

P < 0.001

50

P < 0.03
P < 0.001

40
30
20
10
0

0

LRE1

25

50

LRE1 (μM)

G
2.0

[Lac+Pyr] = 5mM
[Lac+Pyr] = 10mM

Pyruvate

LDH

H+ + NADH

1.5

Lactate

Peredox sensor
NADH / NAD+ ratio
(cytosol)

NAD+
Pi

1,3-BPG

GAPDH

1.0

G3P

0.5
Glucose

GLUT

0.0

Glucose

1

H

10

100

I
Glucose + DMSO
Glucose + LRE1

1.5

1.0

2-Deoxyglucose + DMSO
2-Deoxyglucose + LRE1

NADH/NAD+ Redox State

2.0

2.0

1.5

1.0

Oxidized

Oxidized

NADH/NAD+ Redox State

2.5

Reduced

Reduced

2.5

0.5

0.5
0

30

60

90

120

150

0

30

60

90

120

150

(caption on next page)

9

J.-C. Chang et al.

BBA - Bioenergetics 1862 (2021) 148367

Fig. 3. Soluble adenylyl cyclase regulates the cytosolic NADH/NAD+ redox state.
(A) HepG2 cells were pre-incubated in HBSS with 5.5 mM glucose for 1 h and then treated with the vehicle control (0.1% DMSO) or 50 μM sAC-selective inhibitor
LRE1 for 1 h. Intracellular metabolites were determined by untargeted metabolomics from quadruplicate independent samples (N = 1 experiment). Data was
normalized to the vehicle-treated group and presented by volcano plot. (B–C) Relative intracellular [L-Lactate]/[Pyruvate] ratio (B) and [G3P]/[DHAP] ratio (C)
were calculated from the metabolomics data shown in (A). (D) Intracellular lactate-to-pyruvate ratios in HepG2 cells treated with 0.1% DMSO or 50 μM LRE1 for 6 h.
Data represent mean ± SD (n = 3 independent wells). The result is representative of N = 3 independent experiments. (E) H69 cholangiocytes treated with 0.1%
DMSO, 25 μM LRE1, or 50 μM LRE1 for 6 h. Data represent mean ± SD (n = 3 independent wells). The result is representative of N = 3 independent experiments. (F)
Ubiquitous monocarboxylate transporters (MCTs) equilibrate L-lactate and pyruvate across the plasma membrane. High lactate dehydrogenase activity in most cells
brings the substrates (pyruvate and NADH) and products (lactate and NAD+) to near equilibrium. Therefore, the extracellular lactate-to-pyruvate ratio reflects the
cytosolic lactate-to-pyruvate ratio and the cytosolic [NADH]/[NAD+] ratio. (G) In vivo calibration of the Peredox-mCherry NADH/NAD+ redox sensor by media with
different lactate-to-pyruvate ratio. The raw fluorescence ratio of the redox-sensitive Peredox to tandem-tagged mCherry (RPeredox/mCherry) is shown here for the
comparison between [L-Lactate + Pyruvate] at 5 mM and 10 mM. (H) HepG2 cells expressing the NADH/NAD+ redox sensor Peredox-mCherry were incubated with
5.5 mM glucose in HBSS. Fluorescence ratio (R) of the redox-sensitive Peredox to the tandem-tagged mCherry was monitored. Arrow indicates additions of 0.1%
DMSO (vehicle control) or 50 μM LRE1. For calibration, cells were incubated with 5 mM lactate and 5 mM pyruvate to obtain maximal (Rmax) and minimal (Rmin)
ratios, respectively. The results were normalized to Rmax and Rmin and presented as mean ± SD (n = 3 independent wells). The result is representative of N = 2
independent experiments. (G) HepG2 cells expressing the NADH/NAD+ redox sensor Peredox-mCherry were incubated in glucose-free HBSS. Peredox-mCherry
fluorescence were monitored as in (E). Arrows indicate the addition of 5.5 mM 2-deoxyglucose, which was followed by the addition of 0.1% DMSO (vehicle con
trol) or 50 μM LRE1. The results were normalized to Rmax and Rmin as in (E) and presented as mean ± SD (n = 4 independent wells). The result is representative of N
= 2 independent experiments. Statistical analysis: (A) Multiple t-tests. (B–D) Two-tailed unpaired Student’s t-test. (E) One-way ANOVA with Tukey’s multiple
comparisons test.

mitochondria were fueled with complex I substrates (i.e., the ubiqui
none pool is replenished by NADH oxidation), sAC inhibition strongly
and significantly suppressed both ADP-driven and FCCP-driven respi
ration (Fig. 4A-4C and 4D-4F for pyruvate/malate and glutamate/ma
late, respectively). However, when mitochondria were fueled with
complex II substrate (i.e., the ubiquinone pool is replenished by FADH2
oxidation with succinate as substrate), sAC inhibition only caused a
small decrease in ADP-driven respiration and had no effect on FCCPdriven respiration (Fig. 4G-4I). Moreover, we found that sAC inhibi
tion did not suppress ADP-driven respiration using a complex III sub
strate (durohydroquinone) or a complex IV substrate (TMPD/ascorbate)
(Fig. 4J), indicating that sAC does not regulate complex III or complex
IV. These data support that sAC primarily regulates complex I-driven
respiration. In line with this, inhibiting complex I with a low concen
tration of rotenone in intact HepG2 cells phenocopied the sACsuppressed metabolic features, including increased lactate secretion,
decreased pyruvate secretion, and elevated medium lactate-to-pyruvate
ratio (Fig. S4A-S4C). These results demonstrate in intact cells that sAC
regulates the cytosolic NADH/NAD+ redox state and aerobic glycolysis
by controlling complex I-dependent mitochondrial respiration [15,17].

14–22 (mPKI14–22) to selectively inhibit Epac1, Epac2, and PKA,
respectively (Fig. 5C). The Epac1-selective inhibitor (R)-CE3F4 signifi
cantly increased medium lactate-to-pyruvate ratio to a comparable level
as sAC-selective inhibitor LRE1 in both HepG2 cells (Fig. 5D) and H69
cholangiocytes (Fig. 5E), while inhibition of either Epac2 or PKA had
either very small effects or no effect on medium lactate-to-pyruvate
ratios. Consistently, in intact HepG2 cells fed with glucose, only inhi
bition of Epac1 significantly suppressed both ATP-linked OCR and FCCPuncoupled OCR while inhibition of PKA or Epac2 did not suppress OCR
(Fig. 5F-5G and S5A), suggesting sAC regulate cytosolic NADH/NAD+
redox state via Epac1.
To further confirm our finding, we inhibited PKA and Epac1 in
permeabilized HepG2 cells and found that inhibition of Epac1 sup
pressed both ADP-driven and FCCP-driven complex I respiration using
glutamate/malate as substrates (Fig. 5H and I) while having no effect on
FCCP-driven complex IV activity using TMPD/ascorbate as substrate.
Consistent with lack of effect of PKA-selective inhibition on cytosolic
NADH/NAD+ redox state, PKA-selective inhibitor mPKI14–22 had no ef
fect on complex I or complex IV activities. To exclude the possibility that
any of the inhibitors we used directly inhibited the mitochondrial
electron transport chain or ATP synthase, we purified mitochondria
from HepG2 cells, disrupted mitochondrial membranes by combined
hypotonic shock and one freeze-thaw cycle, and examined mitochon
drial complex activities by spectrophotometric assays in the presence of
LRE1, (R)-CE3F4, and mPKI14–22. Since disrupted mitochondria can no
longer produce ATP and GTP, signaling of sAC, PKA, and Epacs were all
abolished. As expected, LRE1, (R)-CE3F4, and mPKI14–22 had no offtarget effects on mitochondrial electron transport chain complex activ
ities or ATP synthase activity (Fig. S5B–S5F). Taken together, because
tmAC-generated cAMP did not acutely regulate cytosolic NADH/NAD+
redox state and because only Epac1 inhibition phenocopied the sACsuppressed metabolic phenotype, our data support that sAC-generated
cAMP signals via Epac1 to regulate complex I activity and the cyto
solic NADH/NAD+ redox state.

3.5. Soluble adenylyl cyclase regulates complex I-dependent respiration
and cytosolic NADH/NAD+ redox state via Epac1
We next examined which cAMP effector mediated the sACdependent regulation of complex I activity and cytosolic NADH/NAD+
redox state. Since tmAC-derived cAMP and sAC-derived cAMP both use
PKA, Epac1, and Epac2 as cAMP effectors, we reasoned that if acute
perturbation of tmAC activities did not affect cytosolic NADH/NAD+
redox state, then by acute, selective inhibition of PKA, Epac1, or Epac2,
we can identify the cAMP effectors responsible for sAC-dependent
metabolic regulation. To this end, we treated HepG2 cells (Fig. 5A)
and H69 cholangiocytes (Fig. 5B) with forskolin (tmAC-selective acti
vator) or 2′ ,5′ -dideoxyadenosine (ddAdo, tmAC-selective inhibitor) both
in the absence and presence of sAC-selective-inhibitor LRE1. We found
that perturbation of tmAC activities did not acutely affect medium
lactate-to-pyruvate ratio, indicating that cAMP generated by tmACs does
not acutely regulate cytosolic NADH/NAD+ redox state. Importantly,
the metabolic effect of sAC inhibition was not affected by simultaneous
activation or inhibition of tmACs, demonstrating that the cAMP
signaling of sAC regulates cellular bioenergetics independently of the
cAMP signaling of tmACs.
Since tmAC-dependent cAMP signaling did not regulate the meta
bolic regulation mediated by sAC, we were able to use selective in
hibitors to identify the responsible cAMP effectors of sAC. To this end,
we used (R)-CE3F4, ESI-05, and myristoylated protein kinase inhibitor

3.6. Soluble adenylyl cyclase reciprocally regulates glycolysis and
oxidative phosphorylation to maintain energy homeostasis
Since sAC has been proposed to be an ATP sensor and we have shown
that sAC regulates cytosolic NADH/NAD+ redox state, glycolysis, and
oxidative phosphorylation, we hypothesized that sAC regulates bio
energetic contribution of glycolysis and oxidative phosphorylation to
maintain energy homeostasis of cells. To this end, we monitored
glycolysis and oxidative phosphorylation simultaneously by measuring
the extracellular acidification rate (ECAR) and oxygen consumption
(OCR) in a Seahorse Flux Analyzer. In the presence of a physiologic
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Fig. 4. Soluble adenylyl cyclase regulates cytosolic NADH/NAD+ redox state via complex I.
(A–I) HepG2 cells were pre-treated with 0.1% DMSO or 50 μM LRE1 for 10 min in HBSS and then the medium was changed to MAS buffer with the same compounds.
Oxygen consumption rate (OCR) was monitored by the Seahorse XFe96 flux analyzer. Cells were permeabilized by adding 25 μg/mL digitonin together with 1 mM
ADP and substrates: (A-C) 2 mM pyruvate and 1 mM malate (n = 4 independent wells for DMSO and n = 5 independent wells for LRE1), (D–F) 5 mM glutamate and 1
mM malate (n = 5 independent wells for DMSO and n = 4 independent wells for LRE1) and (G–I) 5 mM succinate and 2.5 μM rotenone (n = 4 independent wells for
DMSO and n = 5 independent wells for LRE1). Subsequently, 2.5 μM OA, 1 μM FCCP, and 2.5 μM antimycin A (AA) + 2.5 μM rotenone (Rot) were injected as
indicated. (J) HepG2 cells were pre-treated with 0.1% DMSO or 50 μM LRE1 for 10 min in HBSS and then the medium was changed to MAS buffer with the same
compounds. Oxygen consumption rate (OCR) was monitored by the Seahorse XFe96 flux analyzer. Cells were permeabilized by adding 25 μg/mL digitonin together
with 1 mM ADP and substrates: 5 mM glutamate and 1 mM malate for complex I, 0.5 mM durohydroquinone for complex III, and 0.1 mM TMPD with 0.5 mM
ascorbate for complex IV. When no exogenous substrate was added, the OCR was substantially lower. ADP-driven OCR (B, E, H, J) and FCCP-driven OCR (C, F, I) were
calculated as described in Methods section. Shown here representative result of N = 3 independent experiments for (A)-(I) and N = 2 independent experiments for (J).
Statistical analysis: (B–C, E–F, H–I) two-tailed unpaired Student’s t-test. (J) Two-way ANOVA with Sidak’s multiple comparisons test.

increased mitochondrial Ca2+ uptake via mitochondrial calcium uni
porter (MCU) can stimulate mitochondrial sAC to increase the mito
chondrial ATP level [13]. Subsequently, De Rasmo et al. reported that
sAC regulates complex I and complex IV in mitochondria from human
skin fibroblasts [15], but regulates complex IV and complex V (ATP
synthase) in mitochondria prepared from rat liver [16]. While both
studies used the first-generation sAC inhibitor KH7, carbonic anhydrase
inhibitor acetazolamide was also used to indirectly reduce sAC activity
by reducing bicarbonate from carbonic anhydrase-mediated CO2 hy
dration. Because the non-specific effect KH7 on mitochondrial mem
branes and its cytotoxicity [13,52], LRE1 was developed as a secondgeneration sAC-selective allosteric inhibitor a decade later in an inde
pendent screening effort by Ramos-Espiritu et al. [41]. In concordance
with Di Benedetto et al. [13], we also found that KH7 collapses the
mitochondrial membrane potential and importantly, this is not the case
with the second generation inhibitor LRE1 [41]. In addition, we found
that KH7, but not LRE1 or sAC knockdown, dramatically increases HIF1α protein level in H69 cholangiocytes under normoxia. These acute and
chronic off-target effects of KH7 render this inhibitor unsuitable for
mechanistic studies in bioenergetics and metabolism.
The discovery of the second-generation sAC inhibitor LRE1 by
Ramos-Espiritu et al. presented a new opportunity to test the observa
tions from the earlier studies [41]. Ramos-Espiritu confirmed that LRE1
suppresses the maximal activity of complex IV in WT mouse embryonic
fibroblast (MEF) but not in MEF derived from sAC-C1KO mice [18].
However, the authors did not further characterize the effect of LRE1 on
other electron transport chain complexes or on oxidative phosphoryla
tion of intact mitochondria. Valsecchi et al. reported reduced complex I
and complex IV activity in freeze-thawed mitochondria prepared from
immortalized sAC-C1KO MEFs as compared to WT MEFs [17]. More
recently, Jakobsen et al. reported a comprehensive survey using LRE1
and inhibitors of PKA and Epac1 in mitochondria prepared from mouse
brain cortex, using the Seahorse XFe96 flux analyzer [53]. They found
that inhibition of sAC, PKA, and Epac1 all led to reduced ATP synthesis
in isolated mitochondria, suggesting that sAC regulates oxidative
phosphorylation via both PKA and Epac1.
The inconsistency in the identification of sAC-regulated targets and
cAMP effectors in oxidative phosphorylation among studies could reflect
the complex nature of mitochondrial sAC signaling but can also be
caused by several factors, including species and tissue origins of the
mitochondria, the fragmentation and damage of mitochondria during
the isolation procedure and measurement, and the assay conditions (e.g.
the presence of a phosphatase inhibitor cocktail will not allow the
identification of phosphatase-dependent regulation). To preserve mito
chondrial networks and local structures, we studied mitochondrial
bioenergetics in digitonin-permeabilized HepG2 cells. We show that the
second-generation sAC inhibitor LRE1 suppresses ADP-driven and FCCPuncoupled complex I-dependent respiration by about 50% when the
mitochondria are fueled with complex I substrates (pyruvate/malate
and glutamate/malate), but only marginally suppresses ADP-driven
respiration and FCCP-uncoupled respiration with complex II substrate
succinate (in the presence of rotenone). When mitochondrial was fueled
with complex III (durohydroquinone) and complex IV (TMPD/

concentration of glucose (5.5 mM), inhibiting sAC by LRE1 increased the
ECAR and decreased the coupled OCR in both HepG2 cells (Fig. 6A and
B) and H69 cells (Fig. S6A and S6B). Importantly, these metabolic effects
of sAC inhibition took place within minutes and were sustained. FCCPuncoupled respiration was also suppressed upon sAC inhibition. To
investigate whether energy homeostasis of cells was affected upon in
hibition of sAC activity, we derived the ATP production by glycolysis
and mitochondria from extracellular flux measurements in intact HepG2
cells following the method described by Mookerjee et al. [33,34] (please
refer to 2.2.16 for details). We found that in the presence of glucose, sAC
inhibition acutely lowered ATP production by both oxidative phos
phorylation and TCA cycle (Fig. 6C-6E) while simultaneously increasing
ATP production by glycolysis (Fig. 6F). The overall ATP production
remained unchanged (Fig. 6G). Direct determination of adenylate nu
cleotides in the cytosol also showed no changes in adenylate energy
charge (Fig. 6H). Consistently, our metabolomics data also showed that
sAC inhibition did not alter the ATP/ADP ratio and the ATP/AMP ratio
at the cellular level (Fig. S6C and S6D). These findings demonstrate that
sAC maintains cellular energy homeostasis by reciprocally regulating
ATP production via glycolysis and oxidative phosphorylation.
4. Discussion
Soluble adenylyl cyclase (sAC), an evolutionarily conserved adenylyl
cyclase that senses bicarbonate [2,48], free Ca2+ [48,49] and ATP [8],
has been proposed to be a metabolic sensor and regulator [6]. Its role in
bioenergetics has been studied for more than a decade using isolated
mitochondria, but its role in cellular bioenergetics has not been exten
sively studied [17]. In this work, we provided the first evidence that sAC
regulates the cytosolic NADH/NAD+ redox state, demonstrate that sAC
reciprocally regulates glycolysis and oxidative phosphorylation, and
established that sAC is an acute bioenergetic regulator at the cellular
level. The primary metabolic signature of the sAC-suppressed status, as
examined by pharmacological and genetic suppression of sAC, consists
of increased glucose consumption, increased lactate secretion, decreased
pyruvate secretion, elevated cytosolic [NADH]/[NAD+] ratio, and sup
pressed oxidative phosphorylation. Mechanistically, our results suggest
that, by regulating complex-I dependent respiration, sAC-generated
cAMP controls the cytosolic NADH/NAD+ redox state while maintain
ing cellular energy homeostasis. sAC reciprocally tunes ATP production
via aerobic glycolysis relative to ATP production by oxidative phos
phorylation (Fig. 7). Furthermore, we identified Epac1 as the cAMP
effector of sAC for the regulation of complex I-dependent respiration and
cytosolic NADH/NAD+ redox state.
Using the first-generation sAC inhibitor KH7 as well as carbonic
anhydrase inhibitor acetazolamide, Acin-Perez et al. were the first to
report that mitochondrial sAC senses CO2/HCO−3 (which will be pri
marily Krebs cycle-derived) and stimulates mitochondrial electron
transport chain via PKA in mouse liver mitochondria. Their data sug
gested that sAC regulates complex IV (cytochrome c oxidase) activity
[50]. Di Benedetto et al. reported that the first-generation sAC inhibitor
KH7 negatively affects mitochondrial membrane potential and used an
alternative sAC inhibitor, 2-hydroxyestradiol [51], to demonstrate that
12
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Fig. 5. Soluble adenylyl cyclase regulates complex I and cytosolic NADH/NAD+ via Epac1.
(A–B) HepG2 (A) and H69 cholangiocytes (B) were incubated with DMSO, 50 μM 2′ , 5′ -dideoxyadenosine (ddAdo, tmAC-selective inhibitor), or 1 μM Forskolin
(tmAC-selective activator) in the presence and absence of 50 μM LRE1 (sAC-selective inhibitor) for 1 h in experimental medium containing 5.5 mM glucose. Medium
L-lactate and pyruvate were assayed enzymatically to calculate L-lactate-to-pyruvate ratio. Data represents mean ± SD (n = 3 independent wells for all conditions).
The result is representative of N = 3 independent experiments. (C) The cAMP effectors Epac1, Epac2, and PKA were selectively inhibited with (R)-CE3F4, ESI-05, and
myristoylated protein kinase inhibitor peptide 14–22 (mPKI14–22), respectively. (D–E) HepG2 cells (D) and H69 cholangiocytes (E) were treated with 0.1% DMSO
(vehicle), 50 μM (R)-CE3F4, 10 μM ESI-05, 1 μM mPKI, or 50 μM sAC-selective inhibitor LRE1 in experimental medium containing 5.5 mM glucose for 1 hour.
Medium lactate and pyruvate were determined to calculate lactate-to-pyruvate ratios. Data represent mean ± SD (n = 3–4 independent wells). The result is
representative of N = 3 independent experiments. (F–G) HepG2 cells were pre-incubated in 5.5 mM glucose and oxygen consumption rate was monitored by Seahorse
Flux Analyzer. To evaluate the role of Epac1, Epac2, and PKA on mitochondrial oxidative phosphorylation in intact cells, 0.1% DMSO (vehicle control) or selective
cAMP effector inhibitors (50 μM (R)-CE3F4, 10 μM ESI-05, 1 μM mPKI), oligomycin A (OA), carbonyl cyanide-p-trifluoromethoxyphenyl hydrazone (FCCP), and
antimycin A (AA) and rotenone (Rot) were injected sequentially. ATP-linked and FCCP-uncoupled OCR were calculated as described in Methods section (see Fig. S5A
for full OCR traces). Data represents mean ± SD (n = 7, 7, 6, and 7 independent wells for DMSO, (R)-CE3F4, ESI-05, and mPKI, respectively). The result is
representative of N = 2 independent experiments. (H-J) HepG2 cells were pre-treated with 0.1% DMSO (vehicle control), 50 μM Epac1-specific inhibitor (R)-CE3F4,
or 1 μM mPKI for 20 min. Cells were then permeabilized with digitonin with 1 mM ADP or 2 μM FCCP with complex-specific substrates: (H) 5 mM glutamate and 1
mM malate, (I) 5 mM glutamate and 1 mM malate, (J) 0.1 mM TMPD and 0.5 mM ascorbate. Shown here the average of N = 3 independent experiments. Statistical
analysis: (A–B) Two-way ANOVA with Sidak’s multiple comparisons test. (D–J) One-way ANOVA with Tukey’s multiple comparisons test.

[64–66], Ca2+-mediated activation of sAC is unlikely to be at play in our
experimental setting because we did not induce Ca2+-dependent
signaling in any of our experiments. In addition, the respiration medium
for permeabilized HepG2 cells was free of Ca2+ and contained the Ca2+
chelator EGTA. In the rat pheochromocytoma cell line PC12 [67] and
the human prostate carcinoma cell line LNCaP [68,69], sAC-generated
cAMP has been shown to activate Rap. As the known downstream ef
fectors of Epac1, Rap1 and Rap2, are localized to the endosomal system
and Golgi apparatus, respectively [70,71], it remains possible that the
metabolic regulation by sAC-Epac1 signaling reported here take place in
an extra-mitochondrial, membrane-enclosed sAC-Epac1 signaling
microdomain. Currently, while most evidence in literature support
complex I and (to a lesser extent) complex IV to be candidates regulated
by sAC-PKA/Epac1 signaling, the exact molecular mechanism remains
to be elucidated. To this end, the identification of the molecular nature
and subcellular localization of sAC isoforms, in combination with sitespecific expression of constitutive and dominant-negative cAMP effec
tors, will be necessary to reveal the signaling microdomains of sAC that
mediate the metabolic regulation. As the downstream signaling of both
PKA and Epac1 involves protein phosphorylation, phosphoproteomics at
the subcellular level will be instrumental in elucidating the signaling
pathways of sAC isoforms inside and outside mitochondria [72].
In this study, we identified an increased cytosolic [NADH]/[NAD+]
ratio as the metabolic signature of sAC suppression, which is consistent
with complex I being a mechanistic target of sAC. Inhibition of complex I
(NADH oxidase) leads to an increased mitochondrial [NADH]/[NAD+]
ratio, which allosterically inhibits pyruvate dehydrogenase and three
NADH dehydrogenases in the Krebs cycle. In addition, increased mito
chondrial [NADH]/[NAD+] ratio also reduces NADH shuttling from
cytosol to mitochondria. As a consequence, the elevated cytosolic
[NADH]/[NAD+] ratio will drive the forward reaction of LDH and result
in the characteristic metabolic phenotype of sAC suppression, namely
increased lactate secretion and reduced pyruvate secretion (Fig. 7). The
reverse of this mechanism was demonstrated in the work of Titov et al.,
where the lowering of cytosolic [NADH]/[NAD+] ratio by the waterforming NADH oxidase from Lactobacillus brevis increases pyruvate
secretion, reduces lactate secretion, reverses aerobic glycolysis, and
enhances oxidative phosphorylation [73]. As sAC inhibition increases
medium lactate-to-pyruvate ratio in all cell models tested in this study,
our results suggest that sAC likely regulates the cytosolic NADH/NAD+
redox state in a wide variety of cells.
Although we observed no evidence of direct regulation of oxidative
PPP enzymes (i.e. G6PD and 6PGD) by sAC, sAC inhibition significantly
reduced metabolites in both oxidative PPP (glucose-6-phosphate and 6phosphogluconate) and non-oxidative PPP (sedoheptulose-7-phos
phate). Our data suggest that sAC inhibition likely decreases the
oxidative PPP flux by increasing the cytosolic [NADPH]/[NADP+] ratio
(which under physiological conditions is already high). Firstly,

ascorbate) substrates, sAC inhibition had no effect on ADP-driven
mitochondrial respiration. These data do not exclude an inhibition of
the F1/FO-ATPase as reported by others [16,53] because this enzyme
could be without flux control when ADP-driven respiration is supported
with complex III or complex IV substrates. Thus, inhibition of the F1/FOATPase could be the underlying mechanism of the increase in mito
chondrial membrane potential induced by sAC inhibition (Fig. S1B and
S1C) because in that case fewer protons are transported back via the F1/
FO-ATPase into the mitochondrial matrix. Of note, in intact HepG2 cells,
the second-generation sAC inhibitor LRE1 also suppressed both coupled
and uncoupled respiration by about 50%, which is comparable to the
results obtained with permeabilized cells. The consistency between data
obtained with intact and digitonin-permeabilized cells highlights the
importance of preserving mitochondrial network integrity and local
structures in bioenergetic studies. While work in isolated mitochondria
identified multiple points of sAC-dependent regulation of respiration
[15,17,41,50,54], our work suggests that in intact cells a main regula
tory function of sAC in oxidative phosphorylation occurs at the level of
complex I.
sAC is known to exist in multiple isoforms as a result of an alternative
start site [18,42,55,56] and extensive splicing of the mRNA [42,55–58].
In addition to the cytosol [57], sAC isoforms performing different
functions have been localized to mitochondria [50,59], nucleus [60,61],
microtubules [59], and cilia [56]. Current evidence supports that the
specificity of cAMP signaling is maintained by scaffolding adenylyl cy
clases, cAMP effectors, and substrates in individual microdomains that
are compartmentalized by phosphodiesterases (PDE) [62] or enclosed
by cAMP impermeable membranes, such as the mitochondrial inner
membrane [13,63]. As such, the specific sAC isoform and its cAMP
effector must be localized to the same place. Reports studying sAC in
isolated mitochondria identified mitochondrial PKA as the cAMP
effector candidate of sAC-mediated regulation of oxidative phosphory
lation [15,50,54]. Consistently, our result also support that the cytosolic
isoforms are unlikely to be involved in our system because treating cells
with forskolin does not affect cytosolic NADH/NAD+ redox state, as
indicated by medium lactate-to-pyruvate ratio (Fig. 5A and B). An
important difference between previous reports using isolated mito
chondria and our present study is that we identified Epac1 as the pri
mary cAMP effector that regulates complex I-dependent oxidative
phosphorylation in permeabilized HepG2 cells while PKA inhibition did
not phenocopy sAC-inhibited metabolic phenotype. Of note, in order to
avoid the disruption of signaling of cAMP microdomains, the intact cells
were treated with inhibitors of sAC, PKA, and Epac1 before digitonin
permeabilization in the present study. Therefore, our result represents
the summation of the effects of all sAC microdomains and their associ
ated cAMP effectors, including the mitochondrial and membraneenclosed microdomains.
While Ca2+-sAC-Epac1 signaling has been reported in mitochondria
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Fig. 6. Soluble adenylyl cyclase is an acute switch for aerobic glycolysis that maintains energy homeostasis.
The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were analyzed by the Seahorse XFe96 flux analyzer. (A-B) OCR and ECAR of
confluent monolayers of HepG2 cells were monitored in HBSS with 5.5 mM glucose. Arrows indicate the injection (in order) of 0.1% DMSO (n = 10 independent
wells) or 50 μM LRE1 (n = 9 independent wells), oligomycin A (OA), carbonyl cyanide-p-trifluoromethoxyphenyl hydrazone (FCCP), and antimycin A (AA) and
rotenone (Rot). Data are presented as mean ± SD. The result is representative of N = 3 independent experiments. (C-G) ATP production rates by oxidative phos
phorylation (JATP_OxPhos)(C), tricarboxylic cycle (JATP_TCA)(D), mitochondria (JATP_Mitochondria)(E), glycolysis (JATP_Glycolysis)(F), and total ATP production rate
(JATP_Total)(G) were derived from OCR and ECAR measurements in (A) and (B) as described in Methods section. The result is representative of 3 independent ex
periments. (H) HepG2 cells were treated with 0.1% DMSO (vehicle control) or 50 μM LRE1 for 10 and 90 min. AMP, ADP, and ATP were measured for the calculation
of the adenylate energy charge. As a control, cells were also incubated with 2 μM Oligomycin A for 10 min. Data represent mean ± SD (n = 3 independent wells). The
result is representative N = 2 independent experiments. Statistical analysis: (H) Two-way ANOVO with Sidak’s multiple comparisons test.
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Fig. 7. Working model of the regulation of cellular bioenergetics by sAC-Epac1 signaling.
sAC regulates the complex I (NADH oxidase) of mitochondrial electron transport chain via Epac1. When sAC activity is suppressed, ATP production by oxidative
phosphorylation drops acutely. As a consequence, the glycolytic flux increases instantaneously until the ATP deficit is fully compensated, setting a new steady state.
Reduced complex I activity increases the mitochondrial [NADH]/[NAD+] ratio, which decreases the shuttling of cytosolic NADH into mitochondria. The elevated
cytosolic [NADH]/[NAD+] ratio drives the forward reaction of lactate dehydrogenase (LDH), leading to increased lactate secretion and decreased pyruvate secretion.
sAC inhibition also indirectly elevates cytosolic NADPH/NADP+ ratio, which allosterically suppresses glucose-6-phosphate dehydrogenase (G6PD) and pentose
phosphate pathway flux (PPP). The oxidative PPP metabolite 6-phosphogluconate (6PG) is an established inhibitor of glucose-6-phosphate isomerase (GPI).
Decreased level of 6-phosphogluconate (6PG) disinhibits GPI and further increases the production of ATP and NADH by glycolysis.

consistent with complex I inhibition, sAC inhibition increased malate
and decreased pyruvate levels, which will increase cytosolic [NADPH]/
[NADP+] ratio via the cytosolic malic enzyme [43–45]. Secondly, an
increased cytosolic [NADH]/[NAD+] ratio can also indirectly increase
cytosolic [NADPH]/[NADP+] ratio via the equilibrium between LDH
and the cytosolic malic enzyme through their common substrate pyru
vate [43]. Thirdly, consistent with a reduced PPP flux, sAC inhibition
decreases the level of 6-phosphogluconate, a well-established and potent
competitive inhibitor of glucose-6-phosphate isomerase (GPI) [74–78].
Parr was the first to report 6-phosphogluconate as a potent inhibitor of
GPI in mammalian tissues and suggested that the in vivo activity of GPI
is strongly inhibited by the physiological concentration of 6-phospho
gluconate despite the high in vitro activity in enzymatic assays [75].
Several subsequent studies demonstrated that both pharmacological and
genetic suppression of G6PD activity reduces 6-phosphogluconate and
promotes glycolysis [79–81]. Conversely, inhibition of 6PGD by 6-ami
nonicotinamide increases 6-phosphogluconate and reduces glycolytic
flux [82–86]. These studies are consistent with a mechanism whereby
sAC inhibition (further) increases the NADPH concentration which

(further) inhibits G6PDH and lowers 6-phosphogluconate level to
disinhibit GPI, leading to a “pull” mechanism that decreases glucose-6phosphate and promotes the production of ATP and NADH by glycolysis
(Fig. 7).
Finally, the metabolic regulation by sAC is potentially important in
physiological and pathological processes associated with an altered
balance in ATP production between glycolysis and oxidative phos
phorylation, such as cancer metabolism [87,88], proliferation and dif
ferentiation of stem cells [89], and activation of macrophages, dendritic
cells and T-cells [90]. In particular, the metabolic reprogramming in the
sAC-suppressed state, namely increased glycolytic flux and cytosolic
[NADH]/[NAD+] ratio with reduction in oxidative phosphorylation,
resembles the seminal observation described by Otto Warburg that
growing tumors utilized glucose by aerobic glycolysis despite sufficient
oxygen tension for oxidative phosphorylation. This contention is sup
ported by the observation that a large panel of tumor samples have
lower sAC expression than the adjacent normal tissues [91]. Moreover,
the recent development of NADH/NAD+ biosensors confirms that
transformed cells have in general an elevated cytosolic free [NADH]/
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[NAD+] ratio as compared to non-transformed cells [92,93]. While the
Warburg effect in tumor cells is primarily driven by accumulating ge
netic mutations and epigenetic changes, it can also arise, as this study
shows, from altered sAC expression and signaling. The metabolic regu
lation by sAC can therefore be further explored to manipulate the pro
liferation of cancer cells and inflammatory responses of macrophages,
dendritic cells and T-cells. Finally, the regulation of complex I by sAC
connects cAMP signaling to AMPK signaling [17], a master metabolic
regulator that regulates fatty acid oxidation, cholesterol synthesis, and
glycogen metabolism [94], and couples metabolic signals to the HippoYAP (Yes-associated Protein 1, YAP1)/TAZ (WW Domain Containing
Transcription Regulator 1, WWTR1) pathway [95,96]. In line with this,
cholesterol was recently shown to promote non-alcoholic steatohepatitis
via TAZ in a sAC-dependent manner [97].

[2] Y. Chen, M.J. Cann, T.N. Litvin, V. Iourgenko, M.L. Sinclair, L.R. Levin, et al.,
Soluble adenylyl cyclase as an evolutionarily conserved bicarbonate sensor,
Science 289 (5479) (2000) 625–628.
[3] M. Kamenetsky, S. Middelhaufe, Bank, E.M, L.R. Levin, J. Buck, C. Steegborn,
Molecular details of cAMP generation in mammalian cells: a tale of two systems,
J. Mol. Biol. 362 (4) (2006) 623–639.
[4] T.N. Litvin, M. Kamenetsky, A. Zarifyan, J. Buck, L.R. Levin, Kinetic properties of
“soluble” adenylyl cyclase. Synergism between calcium and bicarbonate, J. Biol.
Chem. 278 (18) (2003) 15922–15926.
[5] S. Kleinboelting, A. Diaz, S. Moniot, J. van den Heuvel, M. Weyand, L.R. Levin, et
al., Crystal structures of human soluble adenylyl cyclase reveal mechanisms of
catalysis and of its activation through bicarbonate, Proc. Natl. Acad. Sci. U. S. A.
111 (10) (2014) 3727–3732.
[6] J.H. Zippin, L.R. Levin, J. Buck, CO(2)/HCO(3)(− )-responsive soluble adenylyl
cyclase as a putative metabolic sensor, Trends Endocrinol. Metab. 12 (8) (2001)
366–370.
[7] M. Kobayashi, J. Buck, L.R. Levin, Conservation of functional domain structure in
bicarbonate-regulated “soluble” adenylyl cyclases in bacteria and eukaryotes, Dev.
Genes Evol. 214 (10) (2004) 503–509.
[8] J.H. Zippin, Y. Chen, S.G. Straub, K.C. Hess, A. Diaz, D. Lee, et al., CO2/HCO3(− )and calcium-regulated soluble adenylyl cyclase as a physiological ATP sensor,
J. Biol. Chem. 288 (46) (2013) 33283–33291.
[9] B.S. Jaiswal, M. Conti, Calcium regulation of the soluble adenylyl cyclase expressed
in mammalian spermatozoa, Proc. Natl. Acad. Sci. U. S. A. 100 (19) (2003)
10676–10681.
[10] W. Geng, Z. Wang, J. Zhang, B.Y. Reed, C.Y. Pak, O.W. Moe, Cloning and
characterization of the human soluble adenylyl cyclase, Am. J. Phys. Cell Phys. 288
(6) (2005) C1305–C1316.
[11] L.R. Levin, J. Buck, Physiological roles of acid-base sensors, Annu. Rev. Physiol. 77
(2015) 347–362.
[12] R. Acin-Perez, E. Salazar, M. Kamenetsky, J. Buck, L.R. Levin, G. Manfredi, Cyclic
AMP produced inside mitochondria regulates oxidative phosphorylation, Cell
Metab. 9 (3) (2009) 265–276.
[13] G. Di Benedetto, E. Scalzotto, M. Mongillo, T. Pozzan, Mitochondrial Ca(2)(+)
uptake induces cyclic AMP generation in the matrix and modulates organelle ATP
levels, Cell Metab. 17 (6) (2013) 965–975.
[14] H. Han, A. Stessin, J. Roberts, K. Hess, N. Gautam, M. Kamenetsky, et al., Calciumsensing soluble adenylyl cyclase mediates TNF signal transduction in human
neutrophils, J. Exp. Med. 202 (3) (2005) 353–361.
[15] D. De Rasmo, A. Signorile, A. Santeramo, M. Larizza, P. Lattanzio, G. Capitanio, et
al., Intramitochondrial adenylyl cyclase controls the turnover of nuclear-encoded
subunits and activity of mammalian complex I of the respiratory chain, Biochim.
Biophys. Acta 1853 (1) (2015) 183–191.
[16] D. De Rasmo, L. Micelli, A. Santeramo, A. Signorile, P. Lattanzio, S. Papa, cAMP
regulates the functional activity, coupling efficiency and structural organization of
mammalian FOF1 ATP synthase, Biochim. Biophys. Acta 1857 (4) (2016) 350–358.
[17] F. Valsecchi, C. Konrad, M. D’Aurelio, L.S. Ramos-Espiritu, A. Stepanova, S.
R. Burstein, et al., Distinct intracellular sAC-cAMP domains regulate ER Ca(2+)
signaling and OXPHOS function, J. Cell Sci. 130 (21) (2017) 3713–3727.
[18] J. Farrell, L. Ramos, M. Tresguerres, M. Kamenetsky, L.R. Levin, J. Buck, Somatic
’soluble’ adenylyl cyclase isoforms are unaffected in Sacy tm1Lex/Sacy tm1Lex
’knockout’ mice, PLoS One 3 (9) (2008), e3251.
[19] J. Moffat, D.A. Grueneberg, X. Yang, S.Y. Kim, A.M. Kloepfer, G. Hinkle, et al.,
A lentiviral RNAi library for human and mouse genes applied to an arrayed viral
high-content screen, Cell 124 (6) (2006) 1283–1298.
[20] T. Wang, J.J. Wei, D.M. Sabatini, E.S. Lander, Genetic screens in human cells using
the CRISPR-Cas9 system, Science 343 (6166) (2014) 80–84.
[21] Y.P. Hung, J.G. Albeck, M. Tantama, G. Yellen, Imaging cytosolic NADH-NAD(+)
redox state with a genetically encoded fluorescent biosensor, Cell Metab. 14 (4)
(2011) 545–554.
[22] R. Tao, Y. Zhao, H. Chu, A. Wang, J. Zhu, X. Chen, et al., Genetically encoded
fluorescent sensors reveal dynamic regulation of NADPH metabolism, Nat.
Methods 14 (7) (2017) 720–728.
[23] S.A. Grubman, R.D. Perrone, D.W. Lee, S.L. Murray, L.C. Rogers, L.I. Wolkoff, et al.,
Regulation of intracellular pH by immortalized human intrahepatic biliary
epithelial cell lines, Am. J. Phys. 266 (6 Pt 1) (1994) G1060–G1070.
[24] J.C. Chang, S. Go, D.R. de Waart, P. Munoz-Garrido, U. Beuers, C.C. Paulusma, et
al., Soluble adenylyl Cyclase regulates bile salt-induced apoptosis in human
Cholangiocytes, Hepatology 64 (2) (2016) 522–534.
[25] E.H. Gilglioni, J.-C. Chang, S. Duijst, S. Go, A.A.A. Adam, R. Hoekstra, et al.,
Improved oxygenation dramatically alters metabolism and gene expression in
cultured primary mouse hepatocytes, Hepatology Communications 2 (3) (2018)
299–312.
[26] J.M. Banales, E. Saez, M. Uriz, S. Sarvide, A.D. Urribarri, P. Splinter, et al., Upregulation of microRNA 506 leads to decreased cl-/HCO3- anion exchanger 2
expression in biliary epithelium of patients with primary biliary cirrhosis,
Hepatology 56 (2) (2012) 687–697.
[27] D.A. Blake, N.V. McLean, A colorimetric assay for the measurement of D-glucose
consumption by cultured cells, Anal. Biochem. 177 (1) (1989) 156–160.
[28] A. Zhu, R. Romero, H.R. Petty, A sensitive fluorimetric assay for pyruvate, Anal.
Biochem. 396 (1) (2010) 146–151.
[29] E.P. Marbach, M.H. Weil, Rapid enzymatic measurement of blood lactate and
pyruvate. Use and significance of metaphosphoric acid as a common precipitant,
Clin. Chem. 13 (4) (1967) 314–325.

5. Conclusions
We demonstrate that the evolutionarily conserved soluble adenylyl
cyclase is a master regulator of energy metabolism at the cellular level.
By regulating complex I-dependent respiration of mitochondria, sAC
coordinates glycolysis, cytosolic NADH/NAD+ redox state, and oxida
tive phosphorylation to maintain cellular energy homeostasis. As such,
sAC acts as a bioenergetic switch between aerobic glycolysis and
oxidative phosphorylation at the post-translational level.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbabio.2020.148367.
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