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Hepatocellular carcinoma (HCC) is the most common form of liver cancer worldwide.
Increasing evidence suggests that mitochondria play a central role in malignant metabolic
reprogramming in HCC, which may promote disease progression. To comprehensively
evaluate the mitochondrial phenotype present in HCC, we applied a recently developed
diagnostic workflow that combines high-resolution respirometry, fluorometry, and
mitochondrial-targeted nLC-MS/MS proteomics to cell culture (AML12 and Hepa 1-6
cells) and diethylnitrosamine (DEN)-induced mouse models of HCC. Across both model
systems, CI-linked respiration was significantly decreased in HCC compared to nontumor,
though this did not alter ATP production rates. Interestingly, CI-linked respiration was found
to be restored in DEN-induced tumor mitochondria through acute in vitro treatment with
P1, P5-di(adenosine-5′) pentaphosphate (Ap5A), a broad inhibitor of adenylate kinases.
Mass spectrometry-based proteomics revealed that DEN-induced tumor mitochondria
had increased expression of adenylate kinase isoform 4 (AK4), which may account for this
response to Ap5A. Tumor mitochondria also displayed a reduced ability to retain calcium
and generate membrane potential across a physiological span of ATP demand states
compared to DEN-treated nontumor or saline-treated liver mitochondria. We validated
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these findings in flash-frozen human primary HCC samples, which similarly displayed a
decrease in mitochondrial respiratory capacity that disproportionately affected CI. Our
findings support the utility of mitochondrial phenotyping in identifying novel regulatory
mechanisms governing cancer bioenergetics.
Keywords: metabolism, hepatocellular carcinoma, mitochondria, cancer, bioenergetics
INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common form of
primary liver cancer worldwide and is among the top 5 causes of
cancer-related death in men of all ages in the United States (1, 2).
Although early detection and resection of small neoplasms may
improve 5-year survival to above 50%, the most recent U.S.
estimates put the average 5-year survival at around 20%, making
liver cancer the second deadliest cancer behind pancreatic cancer
(1, 3). The burden of this disease is likely to continue to grow as
HCC commonly develops in the context of pre-existing chronic
liver disease (i.e., hepatitis, cirrhosis) and metabolic diseases (i.e.,
fatty liver disease, diabetes), the latter of which remains a
growing health issue for Americans (2).

Emerging evidence from human, rodent, and cell models of
HCC suggests that mitochondrial reprogramming plays an
important role in HCC metabolism and disease progression (4,
5). HCC tumors commonly present with marked upregulation of
glycolytic enzymes and metabolites (6–8), decreased
mitochondrial DNA (mtDNA) copy number (9, 10), and
increased mtDNA mutational burden (11–14). Together, these
findings are suggestive of a metabolic phenotype in which
mitochondrial respiration is impaired to promote an increase
in glycolytic energy metabolism despite sufficient oxygen
availability, commonly described in cancer metabolism as the
Warburg effect (15). Further, a recent longitudinal, multi-omic
study in a rat model of HCC induced by the carcinogen
diethylnitrosamine (DEN) has demonstrated that changes to
mitochondrial metabolism precede tumor formation,
suggesting that mitochondrial reprogramming is integral to the
tumorigenic process (5).

Despite this growing interest in mitochondria, most studies of
HCC metabolism to date have relied upon broad genomic,
proteomic, or metabolomic assessments (5, 16–18). As a result,
there is a dearth of literature describing the functional
consequences of these metabolic changes in the mitochondria,
and the few studies that have assessed aspects of mitochondrial
function have been limited in scope. For instance, evaluations of
mitochondrial respiration in DEN-induced rodent models of HCC
have almost exclusively been limited to comparisons of
mitochondrial respiratory control ratios between healthy and
malignant livers (19, 20). In some cases, mitochondrial function
was extrapolated solely from measurements of the individual
activities of TCA cycle enzymes or mitochondrial respiratory
complexes (21, 22). Additionally, DEN-induced tumors were not
isolated from the surrounding tissue before assessment, preventing
any comparisons between tumor and nontumor mitochondria
within the same animal (19–22). These experimental limitations
2

make it difficult to interpret the functional implications of
previously reported differences in HCC and to define which
intrinsic properties of mitochondria are altered to support
tumor metabolism.

We sought to address this gap in the field by applying a
comprehensive diagnostic workflow developed by our lab group
that combines high-resolution respirometry, fluorometry, and
mitochondrial-targeted nLC-MS/MS proteomics (23, 24). This
workflow was recently applied to several models of acute myeloid
leukemia and revealed that leukemic mitochondria have an
intrinsic limitation in producing ATP through oxidative
phosphorylation (25). In the present study, we first applied an
abbreviated version of the workflow to mitochondria isolated
from mouse HCC-der ived cel l s (Hepa 1-6) and a
nontumorigenic mouse hepatocyte cell line (AML12). We then
expanded this work using a DEN-induced model of HCC in C3H
mice in which isolated mitochondria from tumor and nontumor
liver tissues were subjected to the full battery of assays including
assessments of mitochondrial respiration, membrane potential
(DY), NAD+/NADH redox poise, ATP production rates, calcium
retention, and mass spectrometry-based proteomics. Finally,
human primary HCC samples were obtained for comparisons
of mitochondrial respiratory capacity in freeze-fractured
mitochondria. Overall, our data highlight that most measures
of maximal mitochondrial capacity were comparable between
HCC and hepatocytes, but our diagnostic workflow was able to
highlight more nuanced differences that may be physiologically
relevant to HCC metabolism.
RESULTS

Cells Derived From Hepatocellular
Carcinoma Display a Profound Reduction
in Complex I-Supported Respiration
We first sought to define the bioenergetic impact of hepatocellular
carcinoma (HCC) malignancy using commercially available cell
lines derived from mouse HCC (Hepa 1-6) and healthy,
immortalized hepatocytes (AML12). All experiments were
performed in isolated mitochondria, and the purity of these
mitochondrial isolations was found to be comparable using the
citrate synthase (CS) activity assay, a validated surrogate for
hepatic mitochondrial content (26) (Figure 1A). Three unique
respiratory stimuli—chemical uncoupling (Figure 1B),
manipulation of ATP free energy (DGATP; Figure 1D), and
supramaximal ADP (Figure 1H)—were then used to evaluate
specific aspects of mitochondrial function.
June 2022 | Volume 12 | Article 919880
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First, the maximal respiratory capacity of the electron
transport system (ETS) was determined through titration of
the uncoupler carbonyl cyanide-4-phenylhydrazone (FCCP), as
depicted in Figure 1B. Saturating amounts of carbon substrates
were provided sequentially such that pyruvate (P), malate (M),
glutamate (G), and octanoyl-L-carnitine (O)—all of which
primarily introduce electrons into the ETS at complex I (CI)—
were added together, and the complex II (CII)-specific substrate
succinate (S) was added following the first FCCP titration point
(Figure 1B). This allowed for comparison of CI-supported
oxygen consumption (JO2) in addition to that supported by
the whole ETS within the same assay. Both CI-linked JO2 and the
maximal FCCP-stimulated rate (JH+

TOTAL) were comparable
Frontiers in Oncology | www.frontiersin.org 3
between AML12 and Hepa 1-6 mitochondria (Figure 1C),
suggesting similar ETS capacities.

We then compared the ability of AML12 and Hepa 1-6
mitochondria to kinetically respond to a more physiological
stimulus for respiration: DGATP, or the demand for ATP
resynthesis through oxidative phosphorylation (OXPHOS).
Using the creatine kinase (CK) energetic clamp (Figure 1D),
we titrated DGATP across a physiological span from maximal
ATP demand (DGATP = -12.94kcal/mol) to minimal demand
(DGATP = -14.7kcal/mol). As in the ETS capacity assay, carbon
substrates were added sequentially (Figure 1D), allowing for
separate measurements of CI-supported (P/M) and whole ETS-
supported (P/M/G/S/O) respiration. The JH+

OXPHOS
A B

D E F G

IH J K

C

FIGURE 1 | Hepatocellular carcinoma-derived (Hepa 1-6) cells display profound impairment in complex I-supported respiration compared to nontumorigenic
immortalized hepatocytes (AML12). All experiments were performed using isolated mitochondria and normalized to mitochondrial protein (mg). (A) Citrate
synthase (CS) activity. (B) Schematic depicting oxygen consumption (JO2) during the ETS Capacity Assay (FCCP titration) where point 3 represents FCCP-
stimulated flux in the presence of complex I substrates pyruvate/malate (P/M), point 4 represents FCCP-stimulated flux in the presence of complex I and II
substrates P, M, glutamate, succinate, octanoyl-L-carnitine (P/M/G/S/O), and point 6-7 represents the maximal proton conductance of the electron transport
system (JH+

TOTAL). (C) ETS capacity protocol measured in AML12 and Hepa 1-6. (D) Schematic depicting JO2 during the OXPHOS Capacity Assay (DGATP

titration) where point 3 represents DGATP-stimulated flux with P/M, point 4 represents DGATP-stimulated flux with P/M/G/S/O or the maximal proton conductance
by the OXPHOS system (JH+

OXPHOS), and point 11-12 represents the maximum proton conductance in the presence of DGATP (FCCPDGATP). (E) OXPHOS
capacity protocol measured in AML12 and Hepa 1-6. (F) Comparison of respiratory conductance from dotted lines in (E). (G) Comparison of fractional OXPHOS
calculated as the ratio of JH+

OXPHOS to JH+
TOTAL. (H) Schematic depicting JO2 during the ADP-stimulated Respiration where point 3 represents ADP-stimulated

flux with P/M, point 5 represents ADP-stimulated flux with S/rotenone (Rot), and point 8 represents maximal proton conductance in the presence of ADP and
oligomycin (FCCPHK). (I) ADP-stimulated protocol with AML12 and Hepa 1-6. (J) ATP production rate (JATP) fueled by P/M and S/Rot. (K) Phosphorylation
efficiency, quantified as the ATP/O ratio, fueled by P/M and S/Rot. Data are presented as mean ± SEM and analyzed by unpaired t-test (A, F, G) and two-way
ANOVA (C, E, I–K). *p < 0.05, **p < 0.01, ****p < 0.0001.
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corresponded to the maximal JO2 stimulated by DGATP in the
presence of all substrates. Interestingly, the maximal DGATP-
stimulated rate fueled by CI substrates P/M alone was decreased
in Hepa 1-6 mitochondria compared to AML12 (‘P/M12.94’,
Figure 1E), but this difference was no longer significant when
additional substrates were added (‘G/S/O12.94’, Figure 1E).

When looking at the respiratory response to changes in
DGATP, absolute JO2 was lower in Hepa 1-6 mitochondria
toward the end of the titration. However, the respiratory
conductance, quantified as the slope of the linear portion of
the JO2/DGATP relationship (dotted lines, Figure 1E), was not
significantly different between AML12 and Hepa 1-6
mitochondria (Figure 1F). This suggests that both groups are
equally able to kinetically adjust oxygen consumption to ATP
demand. Following the titration of DGATP, we again titrated the
uncoupler FCCP to assess whether there were any inhibitory
effects of the presence of DGATP on ETS flux, which we had
previously observed in leukemic mitochondria (25)(Figure 1D).
For simplicity, only the maximal FCCP-stimulated rate under
these conditions was graphed as the FCCPDGATP (Figures 1D,
E). Both AML12 and Hepa 1-6 mitochondria were able to attain
a JO2 equivalent to their JH+

OXPHOS when FCCP was added at
the end of the CK clamp assay, suggesting a lack of inhibition by
DGATP for both cell types.

As both the ETS capacity and OXPHOS kinetics assays
ultimately use the same combination of carbon substrates (P/
M/G/S/O), we can compare the maximal JO2 that was stimulated
Frontiers in Oncology | www.frontiersin.org 4
by ATP demand (JH+
OXPHOS) to the total respiratory capacity of

the ETS elicited by FCCP (JH+
TOTAL) as an estimate of how

much of the total capacity is able to contribute to OXPHOS. We
have previously termed this ratio ‘Fractional OXPHOS’ (25)
(Figure 1G). Fractional OXPHOS was found to be equivalent
between AML12 and Hepa 1-6 mitochondria, with both able to
draw on approximately 74% of their JHTOTAL in response to
elevated ATP demand. This may reflect a small amount of
inefficiency in both cell types that prevents them from fully
activating all mitochondrial complexes when stimulated
by DGATP.

To further explore the CI limitation that was revealed in the
OXPHOS kinetics assay and its potential impact upon
mitochondrial ATP phosphorylation, we then incorporated an
assay in which ADP-stimulated respiration and ATP production
rate (JATP) could be determined in parallel under identical assay
conditions (Figure 1H). Mitochondria were incubated with a
supraphysiological concentration of ADP (500mM), which was
maintained using the hexokinase (HK) enzymatic clamp. Both
CI-linked flux (P/M) and CII-linked flux (S) were assessed
independently within the assay using the addition of CI
inhibitor rotenone (Rot) after P/M. ADP-linked respiration
was then inhibited by the addition of oligomycin, and FCCP
was titrated to elicit the maximal S/Rot-supported JO2, here
defined as FCCPHK (Figure 1H). Once again, it was found that P/
M-supported respiration was lower in Hepa 1-6 mitochondria
than AML12 (‘P/M’, Figure 1I), but respiration was no longer
A B
D

E F G H

C

FIGURE 2 | Induction of hepatocellular carcinoma in C3H mice using diethylnitrosamine (DEN) and the purity of the resultant isolated mitochondrial preparations.
(A) Experiment timeline of DEN treatment. (B) Body weight (g) of saline and DEN-treated mice at time of sacrifice. (C, D) Images of saline (C) and DEN-treated livers
(D); white arrows denote tumors. (E) Principal component analysis (PCA) of isolated mitochondrial preparations from saline treated liver (Saline), DEN-treated
nontumor (DEN-NT), and DEN-induced tumor (DEN-T). (F) Citrate synthase (CS) activity of isolated mitochondria. (G) Comparison of mitochondrial enrichment
calculated of the ratio of mitochondrial (MitoCarta) to total protein abundance. (H) Linear correlation between CS activity and mitochondrial enrichment. Data are
presented as mean ± SEM and analyzed by unpaired t-test (B) and one-way ANOVA (F, G). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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different when fueled by S/Rot and stimulated by either ADP or
FCCP (‘S’, ‘FCCPHK’, Figure 1I). Surprisingly, JATP did not
differ significantly between Hepa 1-6 and AML12 mitochondria
under either substrate condition (Figure 1J), suggesting that
although respiration was lower in Hepa 1-6 when fueled by P/M,
the ability to phosphorylate ATP was retained. As a result, the
efficiency of ATP production, defined as the amount of ATP
produced per molecule of oxygen consumed, or ATP/O, was
significantly higher for Hepa 1-6 mitochondria fueled by P/
M (Figure 1K).

Induction of Hepatocellular Carcinoma
in Mice Using Diethylnitrosamine
Results in Clearly Defined Tumors for
Mitochondrial Isolation
To expand on this interesting finding of a potential limitation to
CI-supported respiration in a more physiologically relevant
model of HCC, we next employed a mouse model of HCC
development that would allow mitochondrial isolation from
fresh tumors. As depicted in Figure 2A, male C3H mice were
given a single IP injection of diethylnitrosamine (DEN; 25mg/kg)
or vehicle control (Saline) at postnatal day 14 (P14). Mice were
sacrificed after tumor development at about 27 weeks of age. At
the time of sacrifice, there was a small but significant decrease in
body mass in DEN-treated mice compared to Saline (Figure 2B).
Saline-treated livers had almost no visible abnormalities
(Figure 2C), whereas DEN-treated livers displayed numerous,
clearly demarcated tumors surrounded by nontumor liver tissue
(white arrows point to tumors; Figure 2D).

For optimal experimental contrast, mitochondria were
isolated from 3 distinct tissue types: saline-treated liver
(referred to throughout as Saline), DEN-treated nontumor
tissue (DEN-NT), and DEN-induced tumor tissue (DEN-T).
The comparison of mitochondria from both tumor and
nontumor tissues of DEN-treated mice allowed for the
separation of intrinsic alterations that support tumor
metabolism from the effects of drug exposure. A subset of
mitochondrial preparations from these tissues were subjected
to mitochondrial-targeted, label-free, quantitative nLC-MS/MS
proteomics. Overall, 2,512 proteins were identified and
quantified, and 810 of these were identified to be
mitochondrial using the mouse MitoCarta 3.0 database (27).
Supporting the effective separation of DEN-T from DEN-NT
tissue during mitochondrial isolation, principal component
analysis of the 3 groups revealed that DEN-T samples clustered
together away from both DEN-NT and Saline samples, with
DEN-NT samples nearly clustering with Saline (Figure 2E).
Differences in protein expression between the mitochondrial
proteomes of Saline, DEN-NT, and DEN-T preparations were
also quantified (Supplementary Figures 1A–C).

As purity can affect the interpretation of mitochondrial outcome
measures normalized to total or crude mitochondrial protein
amount, we compared the purity of our mitochondrial isolations
using two separate methods. First, mitochondrial purity was
estimated using the CS activity assay. DEN-NT mitochondria had
significantly greater CS activity than both DEN-T and Saline
Frontiers in Oncology | www.frontiersin.org 5
mitochondria (Figure 2F), though there was no difference
between Saline and DEN-T. Higher CS activity would suggest a
higher mitochondrial purity for DEN-NT isolations. To confirm
this finding, we also empirically derived the mitochondrial
enrichment factor (MEF) for each tissue by quantifying the
summed abundances of all proteins identified to be mitochondrial
using the MitoCarta 3.0 database relative to the total protein
abundance, as previously described (26). Consistent with the CS
activity assay, the MEF for DEN-NTmitochondria was significantly
greater than both DEN-T and Saline (Figure 2G). DEN-T
mitochondria also had a significantly lower MEF than Saline
mitochondria (Figure 2G). In support of our previous findings in
liver mitochondria (26), MEF was significantly correlated with CS
activity (Figure 2H). Given the significant differences in the purity
of mitochondrial isolations across tissues identified through both CS
activity andMEF, all functional outcomemeasures were normalized
to MEF unless otherwise specified.

Broad Characterization of DEN-Induced
Tumor Mitochondria Reveals
Reduced Mitochondrial Membrane
Potential as well as Increased
Sensitivity to FCCP and Calcium
Before evaluating any complex-specific deficiencies, we first
sought to characterize several aspects of general mitochondrial
functionality, including respiration, NAD+/NADH redox poise,
membrane potential (DY), ATP production (JATP and ATP/O),
and calcium retention. Total ETS capacity (JH+

TOTAL) when
fueled by saturating carbon substrates (P/M/G/S/O) was
determined using an FCCP titration as described above
(Figure 1B). Although the maximal FCCP-stimulated JO2 was
not different between groups (Figure 3B), the shape of the FCCP
titration curve was drastically different between mitochondria
isolated from DEN-induced tumors and the two non-tumor
tissues (Figure 3A). DEN-T mitochondria appeared more
sensitive to smaller amounts of FCCP, as evident in their
significantly lower Km for FCCP compared to the other two
tissues (Figure 3C).

OXPHOS kinetics were quantified using the CK clamp as
described above (Figure 1D). The maximal JO2 stimulated by
DGATP (JH+

OXPHOS) was significantly higher for DEN-T
mitochondria than both nontumor tissues, and JO2 remained
significantly elevated in DEN-T mitochondria across the
remainder of the DGATP titration (Figure 3D). Interestingly,
fractional OXPHOS was significantly greater in mitochondria
isolated from both DEN-treated tissues compared to Saline
mitochondria (Figure 3E), and there was a trend for higher
fractional OXPHOS in DEN-T mitochondria over DEN-NT
(p=0.0658; Figure 3E). Taken alone, these data would imply
that DEN-T mitochondria may be more robust than nontumor
mitochondria as they appear to be able to contribute a higher
fraction of their total respiratory capacity to OXPHOS. However,
other outcomes from the OXPHOS kinetics assay suggest a more
nuanced interpretation is necessary. For instance, the respiratory
conductance calculated from the linear portion of the OXPHOS
kinetics assay, which would commonly be considered a measure
June 2022 | Volume 12 | Article 919880
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of sensitivity to dynamic changes in DGATP, was equivalent
between all 3 mitochondrial preparations (Supplementary
Figure 2A). However, when the data was graphed as a
percentage of the JHOXPHOS (Figure 3F), DEN-T mitochondria
did not proportionally reduce their respiration to the same
degree as the nontumor mitochondria in response to changes
to DGATP.

Additionally, DEN-T mitochondria displayed a significantly
reduced ability to respond to FCCP following DGATP titration
(FCCPDGATP) compared to both nontumor tissues (Figure 3F),
which may imply a degree of ETS inhibition in the presence of
DGATP. We have previously reported this phenomenon, termed the
‘FCCP effect’, in leukemia (25). As in leukemia, DEN-T
mitochondria could not recover their JH+

OXPHOS respiration rate
when stimulated by FCCP in the presence of DGATP whereas the
FCCPDGATP of nontumor mitochondria surpassed their JH+

OXPHOS
Frontiers in Oncology | www.frontiersin.org 6
(Figure 3G). Our previous work in leukemia had found that in vitro
treatment of mitochondria with the heat shock protein 90 (HSP90)
inhibitor 17AAG or the adenine nucleotide translocase (ANT)
inhibitor carboxyatractyloside (CAT) would rescue the FCCP effect
in leukemic cells (25). However, neither 17AAG nor CAT had any
effect on the FCCPDGATP of DEN-T (Supplementary Figure 2B).
Interestingly, 17AAG did increase Fractional OXPHOS through an
increase in JHOXPHOS in both DEN-NT and Saline mitochondria,
with no effect on DEN-T (Supplementary Figures 2C–F). The
magnitude of this effect was similar in Saline and DEN-NT
mitochondria despite only DEN-NT exhibiting a significant
increase in the abundance of TRAP1, the purported mitochondrial
target of 17AAG (Supplementary Figure 2G).

Parallel fluorometric experiments were conducted to compare
additional driving forces underlying OXPHOS kinetics, NAD+/
NADH redox poise (Figure 3H) and DY (Figure 3I), across the
A B D E

F G IH

J K L M N

C

FIGURE 3 | Broad characterization of DEN-induced tumor mitochondria across diverse biochemical stimuli. All experiments were performed using isolated
mitochondria and normalized to mitochondrial enrichment factor (MEF). (A) ETS capacity protocol measured in Saline, DEN-NT, and DEN-T, with significant
differences from DEN-T denoted by black asterisks for Saline, gray for DEN-NT. (B) Comparison of JH+

TOTAL from (A). (C) Comparison of Km of FCCP from
(A). (D) OXPHOS capacity protocol measured in Saline, DEN-NT, and DEN-T, significant differences from DEN-T denoted by black asterisks for Saline, gray for
DEN-NT. (E) Comparison of fractional OXPHOS from (D). (F) OXPHOS capacity protocol from (D), graphed as % JH+

OXPHOS. (G) Comparison of FCCP effect,
quantified as the ratio of FCCPDGATP to JHOXPHOS. (H) Relationship between DGATP and NAD+/NADH redox poise as % cyanide-induced reduction (CN). (I)
Mitochondrial membrane potential across a DGATP span. (J) ADP-stimulated protocol measured in Saline, DEN-NT, and DEN-T fueled by P/M/G/S/O, significant
differences from DEN-T denoted by black asterisks for Saline, gray for DEN-NT. (K) Comparison of JATP when stimulated with 10mM and 500mM ADP. (L) ATP/
O ratio when stimulated with 10mM and 500mM ADP. (M) Representative fluorometric trace of calcium retention assay (Ex/Em: 506/532); black arrows represent
30mM additions of calcium; sharp increase in fluorescence was considered MPTP opening. (N) Comparison of maximal calcium uptake (mM) prior to MPTP
opening. Data are presented as mean ± SEM and analyzed by two-way ANOVA (A, D, F, H–L) and one-way ANOVA (B, C, E, G, N). *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001.
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same DGATP titration. NAD+/NADH redox poise, expressed as a
percentage of the maximal reduction induced by complex IV
inhibitor cyanide (CN), was nearly identical between the 3 tissues
when all 5 carbon substrates were present (‘G/S/O12.94’ to the end of
the assay, Figure 3H). Interestingly, redox poise was significantly
more reduced in DEN-Tmitochondria compared to Saline when P/
M was the sole carbon substrate (‘P/M12.94’, Figure 3H). Relative
hyper-reduction may suggest a decreased ability of DEN-T
mitochondria to transfer electrons from NADH into the ETS at
CI. However, this observation is difficult to interpret because there
was no difference in redox poise between the two DEN-treated
tissues, and the effect was only present at this single point. In
contrast, there were large differences in tetramethyl rhodamine
methyl ester (TMRM)-derived DY between DEN-T and the two
nontumor tissues across the DGATP span (Figure 3I). Saline
mitochondria were able to drive the highest DY at each titration
point compared to the two DEN-treated tissues, and DEN-T
mitochondria were only able to match the DEN-NT DY at the
final DGATP titration point (Figure 3I). The combination of high
respiration and lowmembrane potential that was observed in DEN-
Tmitochondria across the DGATP spanmay indicate some degree of
uncoupling of respiration from OXPHOS. Importantly, the mV
values reported in Figure 3I were derived using tissue-specific
TMRM standard curves, and these standard curves were
significantly different from one another (Supplementary
Figure 2H), a caveat that makes interpretation of this DY data
difficult. However, it is possible that these tissue-specific differences
were real, as there was considerable variability in the raw TMRM
traces across tissues (Supplementary Figure 2I). Additionally, our
group has previously found similar DY values across the same
DGATP span in human HCC-derived HepG2 cells, supporting the
possibility that this observation is not a result of an instrumental
artifact (28).

To empirically test the coupling between respiration and ATP
phosphorylation across tissues, a variation of the HK clamp-
based assay described in Figure 1H was used. Mitochondria were
energized with saturating carbon substrates (P/M/G/S/O),
followed by a two-point ADP titration to the sub-Km

concentration of 10mM and the supraphysiological
concentration of 500mM. The FCCPHK rate was obtained by
adding oligomycin to inhibit ADP-stimulated respiratory flux
and titrating FCCP. DEN-T mitochondria exhibited significantly
higher JO2 than both nontumor tissues following the addition of
substrate alone (‘P/M/G/S/O’, Figure 3J), as well as both ADP
titration points (Figure 3J). Interestingly, all 3 tissues displayed
similar FCCP-stimulated respiration, suggesting that ADP is not
as powerful as a stimulus as FCCP for Saline and DEN-NT
mitochondria under this assay condition (Figure 3J). In a
parallel fluorometric assay, JATP was determined to be higher
in DEN-T mitochondria than nontumor tissues at both ADP
concentrations, and higher in DEN-NT mitochondria than
Saline (Figure 3K). When phosphorylation efficiency was
quantified from these two assays, all tissues had a comparable
ATP/O ratio at 500mM ADP, but the ATP/O for DEN-NT was
significantly greater than the other two tissues at 10mM ADP
(Figure 3L). An improvement in phosphorylation efficiency may
Frontiers in Oncology | www.frontiersin.org 7
be adaptive in DEN-NT tissue, which would likely need to
compete with adjacent tumor tissue for nutrients. Notably,
DEN-NT also had greater relative expression of all respiratory
complexes except for complex IV (CIV) compared to Saline
mitochondria, and greater relative expression of CII and complex
III than DEN-T (Supplementary Figure 2J).

Mitochondrial calcium uptake is an essential mitochondrial
function that has been linked to cell fate decisions (e.g., apoptosis
and survival). To evaluate whether tumor status affects this
ability, we included the fluorometry-based calcium retention
assay in our interrogation of DEN-induced HCC. To eliminate
the influence of any complex I deficiency, mitochondria were
energized with S/Rot in the presence of the HK clamp and 50mM
ADP, then calcium was titrated in 30mM increments until the
mitochondrial permeability transition pore (MPTP) opened
(representative trace in Figure 3M; black arrows represent
calcium additions). Maximal calcium uptake was similar
between Saline and DEN-NT mitochondria, but DEN-T
mitochondria were only able to take up roughly 1/3 of the
ca lc ium of the nontumor t i s sues pr ior to MPTP
opening (Figure 3N).

Complex I-Linked Respiratory
Deficiency Is Present in DEN-Induced
Tumor Mitochondria
Until this point, our assessment of DEN-induced tumor
mitochondria has consisted of maximal capacity assays under
saturating levels of carbon substrates that would feed electrons to
multiple sites across the ETS. Although this strategy is effective
for identifying broad mitochondrial deficiencies, it may obscure
subtle but meaningful differences in the regulation of substrate
utilization. We next shifted our focus to evaluating
mitochondrial function under varying combinations of
respiratory challenges and substrate conditions, beginning with
a generalized substrate preference assay (Figure 4A).

Mitochondria were energized with saturating ADP (500mM)
maintained by the HK clamp, then exposed to a series of carbon
substrates and corresponding inhibitors. CI-linked substrates
were layered in first, including a-ketoglutarate (AKG), P/M,
and G. When fueled by AKG, DEN-T mitochondria were able to
match the JO2 of both nontumor tissues, though respiration was
greater in DEN-NT than Saline mitochondria (‘AKG’,
Figure 4A). The addition of P/M normalized respiration
between Saline and DEN-NT, but it stimulated no further
increase in DEN-T mitochondria, leading to a significantly
lower JO2 (‘P/M’, Figure 4A). Subsequent addition of G did
not lead to a meaningful increase in respiration for any of the
tissues, and the cumulative CI-supported respiration was greater
in Saline and DEN-NT mitochondria than DEN-T (‘G’,
Figure 4A). NADH-linked respiration was inhibited using Rot,
and S was then added to initiate CII-supported flux. Consistent
with our findings in cells, respiration fueled by S was not different
between tumor and nontumor mitochondria (‘S’, Figure 4A).
The competitive CII inhibitor malonate (Malo) was then added,
followed by dihydroorotate (DHO). DHO is the substrate for
dihydroorotate dehydrogenase (DHODH), which feeds electrons
June 2022 | Volume 12 | Article 919880
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directly into the quinone (Q) pool of the ETS from the outer
surface of the inner mitochondrial membrane and plays an
important role in pyrimidine nucleotide biosynthesis. Although
it might be expected that nucleotide synthesis would be
important to growing tumors, here DHO-supported
respiration was significantly decreased in DEN-T mitochondria
compared to both nontumor tissues (‘DHO’, Figure 4A). This
difference was still present after the addition of DHODH
inhibitor teriflunomide (TF), the implications of which are
unclear (‘TF’, Figure 4A). Finally, respiration was stimulated
with a combination of calcium and glycerol-3-phosphate (G3P),
which similarly feeds electrons directly into the Q pool through
glycerol-3-phosphate dehydrogenase (GPDH). There was no
difference between tumor and nontumor G3P-supported
respiration, though Saline was able to respire at a higher rate
than DEN-NT (‘G3P’, Figure 4A).

As there was a consistent decrease in CI-supported
respiration seen in both the HCC cell model and DEN-induced
tumors, we decided to explore this phenotype further with
Frontiers in Oncology | www.frontiersin.org 8
additional respiratory stimuli. First, we repeated the OXPHOS
kinetics assay experiments with G/M/O provided as carbon
substrates. This combination was chosen because the
contribution of G was hidden within the other CI substrates in
the substrate preference assay, and lipid substrates such as O had
been excluded. In contrast to the robust JH+

OXPHOS attained by
DEN-T under a multi-complex stimulating substrate condition
(P/M/G/S/O), the G/M/O-supported JH+

OXPHOS was
significantly lower compared to both nontumor tissues
(Figure 4B). Although by the end of the DGATP titration
respiration was equivalent between all tissues, DEN-T
mitochondria were again less responsive to FCCP in the
presence of DGATP (‘FCCPDGATP’, Figure 4B). Both Saline and
DEN-NT tissues were able to double their G/M/O-supported
JHOXPHOS following FCCP titration, but DEN-T mitochondria
were only able to match it (Figure 4B).

Although there were striking differences in CI-linked
respiration between DEN-T and nontumor mitochondria
present in both the substrate preference and G/M/O OXPHOS
A B
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G

C

FIGURE 4 | DEN tumor-derived mitochondria exhibit complex I-linked respiratory deficiency. (A) Substrate preference assay stimulated with 500mM ADP clamped
by HK clamp. Substrate/inhibitor additions were as follows: AKG (10mM), P/M (5/1mM), G (10mM), Rot (0.5mM), S (10mM), Malo (20mM), DHO (10mM), TF (20mM),
G3P (5mM). (B) OXPHOS kinetics protocol fueled by G/M/O. (C) Maximal FCCP-stimulated rates when fueled by 4 different complex I-linked carbon substrates (P/
M, G/M, O/M, PC/M); data normalized to CS activity. (D) OXPHOS kinetics protocols fueled by P/M, G/M, O/M, PC/M; data normalized to CS activity. (E) Relative
abundance of complex I subunits expressed as % of highest summed abundance. (F) Heatmap of complex I protein subunit expression; asterisks denote significant
difference from DEN-T (q<0.1). (G) Respiration in freeze-fractured mitochondrial preparations. Data are presented as mean ± SEM and analyzed by two-way ANOVA
(A–D, G) and one-way ANOVA (E). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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kinetics assays, it was still unclear whether these differences
reflected a global CI deficiency or a deficiency in other
enzymatic processes (i.e., dehydrogenase activity, beta-
oxidation). To address this limitation, a small subset of DEN-
treated mice was used to assess FCCP- and DGATP-stimulated
respiration under 4 substrate conditions: P/M, G/M, O/M, and
palmitoyl-carnitine (PC)/M. This mixture of substrate conditions
spanned the most common CI-linked metabolism products of
glucose, glutamine, and fatty acid oxidation that may be utilized
for mitochondrial respiration. Only DEN-NT and DEN-T tissues
were considered for this evaluation as Saline mitochondrial
respiration was typically equivalent to DEN-NT. Data from this
later subset of mice was normalized to CS activity rather than
MEF, as it was found that CS activity from several of these
mitochondrial preparations was higher than the averages from
earlier in the study (data not shown). When stimulated with
FCCP, respiration supported by P/M, O/M, and PC/M substrates
were all significantly greater in DEN-NTmitochondria than DEN-
T, though there was no difference between tumor and nontumor
for the G/M condition (Figure 4C). Indeed, both tissues achieved
their lowest FCCP-stimulated JO2 when G/M was used to fuel
respiration (Figure 4C).

To determine whether ATP free energy had any effect on CI
substrate utilization, the same 4 substrate conditions were then
used in conjunction with the CK-based OXPHOS kinetics assay
as described above (Figure 4D). Consistent with limited CI-
linked flux in DEN-T mitochondria, JH+

OXPHOS was reduced
under all substrate conditions compared to DEN-NT
(Figure 4D). OXPHOS kinetics appeared most impaired in
DEN-T mitochondria when fueled with P/M, as this was the
only substrate condition in which respiration was significantly
lower across the entire DGATP titration. Additionally, as
previously seen with the multi-substrate (P/M/G/S/O) and G/
M/O kinetic clamps, FCCPDGATP was significantly decreased in
DEN-T mitochondria for all conditions.

Together, the data from each of these assays strongly
suggested that DEN-T mitochondria had a lower capacity to
support respiration using CI-linked carbon substrates, though
the nature of this limitation remained unclear. Given that we had
previously observed comparable NAD+/NADH redox poise
between tumor and nontumor tissues (Figure 3H), we did not
expect the issue to be within the matrix dehydrogenase network.
The next possible explanation would be differential expression of
the complex itself. We returned to our mitochondrial proteomics
data and used the summed abundances of all identified CI
subunits to estimate the relative expression of CI in Saline,
DEN-NT, and DEN-T mitochondria (Figure 4E). Although
relative CI expression was found to be greater in DEN-NT
than Saline mitochondria, there was no difference between
DEN-T and the two nontumor tissues (Figure 4E). When we
compared the abundance of the individual subunits, however, a
majority appeared to have decreased expression in DEN-T
mitochondria (Figure 4F). In fact, of all protein subunits with
significant differences in abundance between tumor and
nontumor, only 4 were significantly upregulated in DEN-T:
Ndufa13, Ndufs3, Ndufs8, and Ndufv2 (Figure 4F).
Interestingly, 2 of the 4 identified mitochondrial DNA-encoded
Frontiers in Oncology | www.frontiersin.org 9
CI subunits, ND2 and ND3, which are integral to the catalytic
activity of CI, were found to have significantly decreased
expression in DEN-T mitochondria compared to DEN-
NT (Figure 4F).

The functional implications of altering the expression of
individual subunits within mitochondrial respiratory
complexes have not been well defined to date. We decided to
directly test the respiratory capacity of CI in tumor and
nontumor mitochondria using a recently published method for
respiratory experiments in freeze-fractured mitochondria (29)
(Figure 4G). Freeze-thawed mitochondria were stimulated using
the HK clamp, and NADH, S/Rot, and Malo/TMPD were added
sequentially to stimulate CI-, CII-, and CIV-linked respiration,
respectively. Intriguingly, NADH-supported respiration was
significantly lower in DEN-T mitochondria than DEN-NT,
though there was no significant difference between Saline and
DEN-T (Figure 4G). Consistent with our findings in fresh
mitochondria, there were no differences in respiration between
any of the groups when fueled by S/Rot or Malo/TMPD.
Upregulation of Adenylate Kinase 4 in
DEN-Induced Tumor Mitochondria
Contributes to Altered Complex
I-Linked Respiratory Flux
Although there was a clear deficit in CI-supported respiration in
DEN-T mitochondria, it was still unclear whether this would
have a meaningful impact on other important mitochondrial
functions such as ATP production. To test this, parallel
assessments of respiration and JATP were again conducted
under CI-specific (P/M) and CII-specific (S/Rot) substrate
conditions and saturating ADP (Figures 5A, B). As seen in
earlier experiments, S/Rot-supported respiration was similar
across all 3 tissues when stimulated by both ADP and FCCP
(‘FCCPHK’, Figure 5A). Unexpectedly, P/M-supported
respiration was significantly greater in DEN-T mitochondria
compared to both nontumor tissues under these assay
conditions (Figure 5A). DEN-T mitochondria also generated
the greatest JATP of all 3 tissues when fueled by P/M, while
DEN-NT mitochondria had the greatest S/Rot-supported JATP
(Figure 5B). Of note, both Saline and DEN-NT mitochondria
were able to attain only about 50% of their S/Rot-supported
JATP when fueled by P/M, whereas JATP was nearly equivalent
under both conditions for DEN-T mitochondria (Figure 5C).
Phosphorylation efficiency was greater for both DEN-NT and
DEN-T mitochondria compared to Saline under the P/M
condition, but there were no differences in efficiency for S/
Rot (Figure 5D).

The results of this assay demonstrated that ATP production
was not compromised in DEN-T mitochondria, though the most
surprising outcome was that P/M-supported respiration no
longer appeared impaired. This was perplexing, as the
respiratory stimulus—500mM ADP—was the same as that used
in the substrate preference assay, with seemingly different effects.
One important addition that was absent from the substrate
preference assay was the adenylate kinase (AK) inhibitor, P1,
P5-di(adenosine-5′) pentaphosphate (Ap5A). Ap5A is included
June 2022 | Volume 12 | Article 919880
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in assessments of phosphorylation efficiency as it eliminates ATP
production by AK that might confound estimates of oxidative
JATP. We repeated the same HK-based respiration assay in the
presence and absence of Ap5A and found that P/M-supported
respiration was unaffected in Saline and DEN-NT mitochondria,
but it was significantly decreased in the absence of Ap5A in
DEN-T mitochondria (Figure 5E). Conversely, there were no
significant effects of Ap5A on FCCPHK in any tissue, though
there was a trend for decreased S/Rot-supported respiration in
the absence of Ap5A for Saline mitochondria (Figure 5E). To
understand why DEN-T mitochondria may be particularly
sensitive to the presence of Ap5A, we searched our proteomics
for expression of AK isoforms. Interestingly, AK4 was found to
be overexpressed in DEN-T mitochondria compared to Saline
and DEN-NT, while the AK2 and AK3 isoforms were equivalent
between the tissues (Figure 5F).
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Given that Ap5A was able to improve P/M-supported
respiration for DEN-T mitochondria stimulated with ADP, we
were curious whether Ap5A might similarly improve CI-linked
OXPHOS kinetics. Using the same 4 substrate conditions as
before—P/M, G/M, O/M, and PC/M—we repeated our CK-
clamp based experiments in the presence of Ap5A in DEN-NT
and DEN-T mitochondria (Figure 5G). Interestingly, Ap5A was
able to rescue the JH+

OXPHOS of DEN-T mitochondria to a rate
equivalent to DEN-NT mitochondria for all 4 substrates, though
the P/M-supported JH+

OXPHOS trended toward respiration being
lower in DEN-T (Figure 5G). Additionally, for every substrate
condition except for P/M, respiration across the DGATP titration
was equivalent between DEN-NT and DEN-T. Inclusion of
Ap5A did not rescue the FCCPDGATP, however, and DEN-NT
mitochondria were able to attain a significantly higher FCCP-
stimulated rate under every substrate condition (Figure 5G).
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FIGURE 5 | Upregulation of adenylate kinase 4 (AK4) in DEN-induced tumor mitochondria contributes to altered complex I-linked respiratory flux. (A) ADP-
stimulated protocol fueled by P/M and S/Rot. (B) Comparison of JATP fueled by P/M and S/Rot. (C) Ratio of CI-supported (P/M) JATP to CII-supported (S/Rot)
JATP from (B). (D) Comparison of ATP/O ratios fueled by P/M and S/Rot. (E) ADP-stimulated protocol fueled by P/M and S/Rot in the presence (+) and absence (-)
of adenylate kinase (AK) inhibitor Ap5A; data normalized to CS activity. (F) Relative expression of AK isoforms 2-4. (G) OXPHOS kinetics protocols in the presence of
Ap5A fueled by P/M, G/M, O/M, PC/M; data normalized to CS activity. Data are presented as mean ± SEM and analyzed by two-way ANOVA (A, B, D, E, G) and
one-way ANOVA (C). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Human Primary Hepatocellular
Carcinoma Tumors Also Display a
Reduced Mitochondrial Capacity
Compared to Nontumor Liver Tissue
We next sought to determine whether there was evidence of a
similar CI-linked respiratory deficiency in the human
presentation of hepatocellular carcinoma. Flash-frozen whole
tissue samples from a total of 8 HCC patients were obtained
through the North Carolina Tissue Consortium. These samples
represented a range of cancer stages, defined by the tumor/node/
metastasis (TNM) classification system (30), as can be seen in the
patient characteristics listed in Table 1. Tumor (‘Primary HCC’)
and nontumor liver (‘Nontumor’) samples from each patient
were used to isolate mitochondria for functional measurements.
Mitochondrial purity was determined using the CS activity assay
and was found to be higher in the isolates from Primary HCC
compared to Nontumor samples (Figure 6A).

Respiration was then evaluated in freeze-fractured
mitochondria using the same protocol described above, with
the additional inclusion of G3P as a substrate. All respiration
rates were normalized to CS activity. Consistent with our
findings in DEN-induced tumors, CI-supported respiration
(‘NADH’, Figure 6B) was depressed in Primary HCC. In fact,
respiration rates of Primary HCC mitochondria were lower for
Frontiers in Oncology | www.frontiersin.org 11
all substrate conditions except for G3P, suggesting a global
reduction in mitochondrial capacity. To determine whether
this diminished capacity disproportionately affected CI, we
then calculated the ratio of CI- to CII-supported respiration
rates (Figure 6C). Although both Nontumor and Primary HCC
mitochondria were able to support higher respiration rates with
the CII-linked substrate (CI/CII ratios <1), the proportion of that
rate that could be stimulated by CI-linked substrate NADH was
found to be lower in Primary HCC. This finding is consistent
with the reduced CI-supported respiration rates that were
observed in DEN-induced HCC tumors in mice.
DISCUSSION

Through application of our comprehensive mitochondrial
diagnostic workflow, we sought to evaluate the functional
impact of the metabolic, proteomic, and genomic shifts that
have been reported in hepatocellular carcinoma (HCC). Our
experiments leveraged a variety of respiratory stimuli and carbon
substrate conditions in vitro, which allowed us to identify a
consistent reduction in CI-supported respiration across two
distinct models of HCC—cultured cells and diethylnitrosamine
(DEN)-induced tumors—as well as evidence of a reduced
respiratory capacity in human primary HCC tumor
mitochondria. Further, the pairing of mitochondrial-enriched
proteomics and targeted inhibitor use revealed a potential
regulatory role of adenylate kinase 4 (AK4) in limiting CI-
linked respiratory flux. To our knowledge, this was the first
study to combine mitochondrial-targeted proteomics with
comprehensive biochemical measures of mitochondrial
performance in any model of HCC.

Given previous reports of compromised mitochondrial
respiration and reduced expression of respiratory complexes in
HCC tumors (19, 20, 22), we expected to find large differences in
A B C

FIGURE 6 | Human primary hepatocellular carcinoma (HCC) tumors display reduced mitochondrial capacity. (A–C) Mitochondria were isolated from flash-frozen
nontumor liver tissue (Nontumor; n=8) and liver tumor (Primary HCC; n=7) samples from human hepatocellular carcinoma patients for biochemical assessment.
(A) Citrate synthase (CS) activity of the mitochondrial preparations. (B) Respiration in freeze-fractured mitochondria. (C) Relative complex I respiration, quantified as
the ratio of the NADH-supported JO2 to the succinate (S)-supported JO2 from (B). Data are presented as mean ± SEM and analyzed by unpaired Student’s t-tests
(A, C) and two-way ANOVA (B). *p < 0.05, **p < 0.01, ***p < 0.001.
TABLE 1 | Primary hepatocellular carcinoma patient characteristics.

Patient Cancer Stage Sex Age

1 - M 60-70
2 IVB M 20-30
3 I M 50-60
4 I M 50-60
5 IIIA M 50-60
6 II M 50-60
7 II M 80-90
8 I F 60-70
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intrinsic mitochondrial function in the present study. However,
both cell culture and DENmodels of HCC demonstrated that the
total respiratory capacity of HCC was equivalent to or greater
than nontumor mitochondria when energized with a mixture of
carbon substrates that activated the entire respiratory system (P/
M/G/S/O) across multiple respiratory stimuli (uncoupling,
clamped ATP free energy, and ADP). This suggests that the
manifestation of reduced mitochondrial flux in HCC may not be
due to a loss of capacity, but rather an increase in
extramitochondrial regulation in vivo.

As has been reported by others (19, 20, 22), we found a CI-
specific deficit in respiration in both models of HCC. In DEN-
induced tumors, this was found to be due to two separate
mechanisms: a reduced capacity of CI to directly oxidize
NADH, as well as regulation by adenylate kinase activity. The
largest of the respiratory complexes, CI is made up of a total of 45
protein subunits encoded in both the nuclear and mitochondrial
genomes. The 7 CI genes contained within mitochondrial DNA
(mtDNA) are the most hydrophobic and integral to its proper
assembly and catalytic activity (31). Interestingly, the reduced
functionality of CI in DEN tumors was not linked to an overall
loss of abundance of CI-related proteins. However, we did find a
specific loss of two mtDNA-encoded subunits, ND2 and ND3,
between DEN-induced tumor mitochondria and their adjacent
nontumor tissue that may have contributed to a reduced CI
capacity. This finding supports those of other groups who have
found a high mtDNAmutational burden in HCC (11, 14, 32–34),
including the discovery of a mutation in human HCC that would
introduce a premature stop codon into the gene for ND1 (11).
The loss of these subunits did not appear to affect the ability of
the mitochondria to phosphorylate ATP under any combination
of respiratory substrates, which may suggest that CI respiratory
capacity is in fact separate from phosphorylation capacity. This
conclusion has important implications for interpreting
mitochondrial respiration data, as oxygen consumption alone
may not be a sufficient surrogate for OXPHOS.

DEN-induced tumors were also found to have increased
expression of AK4 compared to nontumor tissues. AK4 is a
mitochondrial matrix protein that has previously been shown to
be upregulated in response to stressors such as hypoxia (35, 36).
In support of our findings, AK4 has also been found to be
overexpressed in human HCC-derived HepG2 cells (37), as well
as other cancer types from a diverse group of tissues (38–42). In
cancer, AK4 has been suggested to contribute to progression and
metastasis, though the exact mechanism is not clear. Our
findings propose that in DEN-induced HCC, AK4 might have
a role in regulating respiratory flux through CI, and these effects
were particularly pronounced in the presence of an ATP free
energy state that mimics physiological demands on
mitochondria. It is possible that increased expression of AK4
may lead to a disruption in energy demand signaling, in which
consumption of ADP by AK4 to generate ATP would prevent the
stimulation of mitochondrial respiration that would normally
occur in response to an accumulation of ADP. Our data would
support this hypothesis, as inhibition of adenylate kinases by
Ap5A was able to restore CI-linked flux for most substrate
Frontiers in Oncology | www.frontiersin.org 12
conditions in vitro when the respiratory stimulus was either a
bolus of ADP or ATP free energy. Increased regulation of CI may
have important implications for mitochondrial metabolism in
the context of the whole cell and should be explored further in
future investigations. For instance, limiting the oxidation of
NADH at CI would presumably slow the oxidation of pyruvate
and other NADH-linked energy substrates, leading to the
preservation of carbon backbones for biosynthesis, a scenario
that has been proposed to be favorable for tumorigenesis (15).

Consistent with our previously published work in leukemia
(25), DEN-induced tumor mitochondria displayed a reduced
capacity to respond to the uncoupler FCCP in the presence of
ATP free energy across all substrate conditions tested. As both
leukemic and HCC mitochondria were unable to reattain the
respiration rate from earlier in the same assay, it appears that
the FCCP effect is due in some part to direct inhibition of the
respiratory complexes. In leukemia, this effect was found to be
dependent upon the entry of ATP into the mitochondrial matrix,
as the addition of the adenine nucleotide translocase (ANT)
inhibitor carboxyatractyloside (CAT) restored FCCP-stimulated
flux in the presence of ATP free energy (25). Interestingly, we
found that CAT had no effect on the FCCP response in HCC
tumor mitochondria, suggesting that the effector of the
inhibition was not located within the matrix. This finding is
intriguing as the same phenotype appears to be caused by two
separate mechanisms across the two malignancies, suggesting
that it may have an important physiological role in cancer.

We did see limitations to mitochondrial membrane potential
(DY) in DEN-induced tumor mitochondria, consistent with
other findings in DEN-treated rodents (19) and our own
results in HepG2 cells (28). Depolarization of DY was evident
across a physiological span of ATP free energy despite the
availability of all respiratory substrates (P/M/G/S/O). Although
surprising, this relative depolarization may explain two other
effects that were seen in DEN tumor mitochondria: the reduced
Km for FCCP and their reduced ability to retain calcium. In the
case of FCCP, respiration is dependent upon the import of
respiratory substrates into the mitochondrial matrix, which is
dependent upon a polarized inner mitochondrial membrane. As
FCCP uncoupling already induces a slight depolarization, the
reduced respiration seen in DEN tumor mitochondria stimulated
by FCCP was likely caused by a more rapid loss of DY and
subsequent substrate transport.

Similarly, calcium cations require mitochondrial membrane
polarization for their accumulation in the matrix, and reduced
membrane potential has been linked to increased sensitivity of
the mitochondrial transition pore opening (43, 44). The
physiological relevance of reduced calcium uptake in HCC is
supported by previous reports of elevated cytosolic calcium levels
in cell models of HCC with low mitochondrial activity (45).
Interestingly, increased intracellular calcium was shown to
induce nuclear transcription of NUPR1, a promoter of cancer
progression (45). This may imply that low mitochondrial
membrane potential and calcium uptake could be a means of
retrograde signaling to the nucleus in HCC. This is an interesting
avenue to explore further as HCC tumors may be particularly
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sensitive to treatments designed to manipulate intracellular
calcium levels.

Importantly, by leveraging the technique of Acin-Perez et al.
(29) to evaluate mitochondrial respiration in previously frozen
tissue, we were able to directly assess the mitochondrial capacity
of human primary HCC samples. Validating the findings of our
cell culture and DEN models, human HCC mitochondria
exhibited a reduced capacity for both CI-linked and overall
respiratory capacity compared to nontumor liver tissue
obtained from the same patients, despite a range of tumor
grades across samples. Although this observation is
encouraging for the translational relevance of our cell culture
and DEN models of HCC, the information that can be gleaned
from freeze-fractured mitochondrial respiration is limited. The
goal of future studies will be to obtain fresh tumor and nontumor
samples of HCC patients to complete the full mitochondrial
diagnostic workflow.

Our findings support the utility of mitochondrial
phenotyping in identifying novel regulatory mechanisms
governing cellular bioenergetics. As all measurements were
made in isolated mitochondria, the influence of cytosolic and
cytoskeletal regulation on metabolic fluxes was removed to
evaluate the intrinsic properties of the mitochondria. Future
studies incorporating whole cell or tissue measurements of flux
will help to increase understanding of the physiological impact of
these differences in HCC.
MATERIALS AND METHODS

Materials and Reagents
Unless indicated, all chemicals and reagents were purchased
from Sigma-Aldrich (St. Louis, MO).

Cell Culture
Mouse hepatocellular carcinoma cells (Hepa 1-6) and mouse
immortalized hepatocytes (AML12) were purchased from ATCC
(Manassas, VA). Hepa 1-6 cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; Thermo Fisher Scientific,
Waltham, MA) containing 4mM L-glutamine, 4.5g/L glucose,
1mM sodium pyruvate, and 1.5g/L sodium bicarbonate,
supplemented with 10% fetal bovine serum (FBS; Gibco) and
1% penicillin/streptomycin as recommended by ATCC. AML12
cells were cultured in DMEM: F-12 Medium containing 2.5mM
L-glutamine, 15mM HEPES, 0.5mM sodium pyruvate, and
1200mg/L sodium bicarbonate, supplemented with 10% FBS,
1% penicillin/streptomycin, 10mg/ml insulin, 5.5mg/ml
transferrin, 5ng/ml selenium, and 40ng/ml dexamethasone.

Animal Treatment
All animal experiments were conducted in C3H/HeJ mice (The
Jackson Laboratory, stock #000,659) according to the guidelines
approved by the East Carolina University Institutional Animal
Care and Use Committee. Mice were housed under controlled
temperature (22.7°C) and light (12h light/12h dark) conditions
with free access to food and water. Induction of hepatocellular
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carcinoma was achieved using a single injection of
diethylnitrosamine (DEN), as previously described (46). DEN
(25mg/kg) or saline vehicle (0.9% NaCl) was injected
intraperitoneally at 14 days postnatal. As mice were not
weaned, all littermates received the same treatment. Both DEN
(n=23) and saline (n=27) mice were sacrificed after tumor
development at ~27 weeks of age. At the time of sacrifice, 12h-
fasted mice were anesthetized with isofluorane and
exsanguinated prior to tissue removal.

Human Primary Liver and Tumor Samples
Deidentified, flash-frozen samples of tumor and nontumor liver
tissue from human hepatocellular carcinoma patients (n=8) were
obtained from the North Carolina Tissue Consortium tissue
bank. The use of these samples was considered exempt from
approval by the University and Medical Center Institutional
Review Board of East Carolina University as none of the 18
HIPPA-protected identifiers were collected for this study.

Isolation of Mitochondria From Cultured
Cells, Mouse Tissues, and Human Tissues
Mitochondrial isolation from cultured cells was performed as
previously described (28), with slight modifications. Briefly, cells
were trypsinized, centrifuged at 300 x g at room temperature,
resuspended in phosphate-buffered saline (PBS), and again
centrifuged at 300 x g. This pellet was resuspended in ice-cold
Buffer A (50mM MOPS, 100mM KCl, 1mM EGTA, 5mM
MgSO4, 2g/L bovine serum albumin; pH=7.1) and
homogenized via a Teflon pestle and borosilicate glass vessel
for 40 passes, then centrifuged at 800 x g for 10min at 4°C. The
supernatant was saved on ice, and the pellet was resuspended in
Buffer A, homogenized, and again centrifuged at 800 x g. Both
supernatants were pooled and centrifuged at 10,000 x g for
10min at 4°C. The mitochondrial pellet was then washed in
Buffer B (Buffer A with no bovine serum albumin), transferred to
a microcentrifuge tube, and centrifuged again at 10,000 x g for
10min at 4°C. Final mitochondrial pellets were resuspended in
100-150mL of Buffer B and protein content was determined via
the Pierce BCA protein assay.

Livers from DEN- and saline-treated mice were excised,
rinsed in ice-cold (4°C) PBS to remove excess blood, and
placed on ice in Buffer C (7.23mM K2EGTA, 2.77mM
CaK2EGTA, 20mM imidazole, 20mM taurine, 6.56mM
MgCl2·6H2O, and 50mM K-MES; pH=7.4). Tumors were
separated from nontumor adjacent liver tissue under a
dissecting microscope. Nontumor tissue was only selected for
mitochondrial isolation if there were no visible abnormalities
present. Following separation, tissues were transferred to Buffer
A, minced, and homogenized via Teflon pestle and borosilicate
glass for 8 passes, then centrifuged at 800 x g for 10min at 4°C.
Supernatants were passed through gauze to remove lipid and
then centrifuged at 10,000 x g for 10min at 4°C. This
mitochondrial pellet was washed in Buffer B, transferred to a
microcentrifuge tube, and again centrifuged at 10,000 x g for
10min. Final mitochondrial pellets were resuspended in 200-
300mL of Buffer B and assessed for protein content.
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Frozen human primary tissue samples were thawed on wet
ice, then suspended in ice-cold Buffer B for homogenization via
Teflon pestle and borosilicate glass for 8 passes. The resultant
homogenate was centrifuged at 1,000 x g for 10min at 4°C. The
supernatant was passed through gauze and then centrifuged at
10,000 x g for 10min at 4°C. This pellet was then washed in Buffer
B, transferred to a microcentrifuge tube, and spun at 10,000 x g
for 10min. Final mitochondrial pellets were resuspended in 100-
150mL of Buffer B and assessed for protein content.

Citrate Synthase Activity
Citrate synthase activity was determined using a plate-based,
colorimetric assay as previously described (26). Briefly, citrate
synthase activity was quantified using the rate of conversion of 5’,
5’-Dithiobis 2-nitrobenzoic acid (DTNB) to TNB (OD: 412nm)
in the presence of 10-20mg mitochondria and 1mM oxaloacetate.
Conversion rates were calculated using the Beer-Lambert Law
and the molar absorption coefficient of TNB (13.6mM/cm).

Mitochondrial Respiration Assessment
High-resolution oxygen consumption rate (JO2) was assessed via
the Oroboros Oxygraph-2K (Oroboros Instruments, Innsbruck,
Austria) as previously described (26), with minor adjustments.
Respiration media was Buffer D (105mM K-MES, 30mM KCl,
10mM KH2PO4, 5mMMgCl2, 1mM EGTA, 2.5g/L bovine serum
albumin; pH=7.2), with additions as noted. All respiration
experiments were conducted in a 1mL reaction volume at
37°C. All respiration assays conducted with cell mitochondria
were performed with the addition of 10µM cytochrome C.

A variety of carbon substrates and inhibitors were used to
support respiration, with assay-specific substrate conditions
defined in figure legends. General substrate concentrations
were as follows: pyruvate (P; 5mM), malate (M; 1mM),
glutamate (G; 5-10mM), octanoyl-L-carnitine (O; 0.2mM),
succinate (S; 5-10mM), palmitoyl-carnitine (PC; 20µM), a-
ketoglutarate (AKG; 10mM), dihydroorotate (DHO; 10mM),
glycerol-3-phosphate (5mM), calcium (1.2mM), malonate
(Malo; 20mM), oligomycin (0.02µM), carbonyl cyanide-4-
phenylhydrazone (FCCP; 0.25-4µM), rotenone (Rot; 0.5µM),
antimycin A (0.5µM), carboxyatractyloside (CAT, 1µM), 17-
AAG (1µM), teriflunomide (TF; 20µM), P1, P5-di(adenosine-
5′) pentaphosphate (Ap5A; 0.2mM), creatine kinase (CK; 20U/
mL), ATP (5mM), phosphocreatine (PCR; 1mM, 6mM, 15mM,
21mM), hexokinase (HK; 1U/mL), glucose (5mM), ADP
(10-500µM).

Electron transport system (ETS) capacity was determined
through titration of chemical uncoupler FCCP using 25mg cell
mitochondria and 50-100mg tissue mitochondria. Buffer D was
supplemented with 5mM creatine monohydrate (Cr), and FCCP
was titrated from 0.5-4mM in multi-substrate assays, and from
0.25-4mM for the complex-I specific assays.

Oxidative phosphorylation (OXPHOS) kinetics were
determined using the creatine kinase (CK) clamp as previously
described (23, 47, 48). The equilibrium constant of the CK
reaction (K’CK) was used to calculate the free energy of ATP
hydrolysis (DGATP) in the presence of known quantities of Cr,
PCr, and ATP via an online resource (https://dmpio.github.io/
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bioenergetic-calculators/ck_clamp/) described previously (23).
Assay buffer was Buffer D supplemented with 5mM Cr, and
experiments were conducted using 50mg cell mitochondria and
100-150mg tissue mitochondria. Following the titration of
DGATP, FCCP was titrated from 0.5-4mM in multi-substrate
assays, and from 0.25-4mM for the complex-I specific assays.

The substrate preference assay was conducted using Buffer D
supplemented with 5mM Cr and the hexokinase (HK) clamp
components (1U/mL HK and 5mM glucose) using 150-200mg
tissue mitochondria.

ADP-stimulated respiration assays were performed using
Buffer D supplemented with HK (1U/mL), glucose (5mM),
glucose-6-phosphate dehydrogenase (2U/mL), and NADP+

(4mM), with and without Ap5A. Mitochondrial loading was
50mg cell mitochondria and 100-150mg tissue mitochondria.
ADP-linked respiration was inhibited at the end of each assay
using oligomycin, then FCCP was titrated from 0.5-3mM. All
mitochondrial respiration was inhibited by the addition of
complex III-inhibitor antimycin A.

Mitochondrial NAD+/NADH Redox Poise
and Membrane Potential (DY) Assay
NAD+/NADH and DY were determined simultaneously using a
QuantaMaster Spectrofluorometer (QM-400, Horiba Scientific,
Kyoto, Japan) as previously described (25), with some
modifications. Experiments were performed with tissue
mitochondria (20µg) in a 200µL reaction volume at 37°C.
Assay buffer was Buffer D supplemented with Cr (5mM) and
tetramethyl rhodamine methyl ester (TMRM; 0.2 µM).
Mitochondria were stimulated using the creatine kinase clamp
and DGATP was titrated via PCr additions (6, 15, 21mM).
Oligomycin (0.02µM) was added to inhibit ATP synthesis, and
cyanide (CN, 10mM) was added to induce 100% reduction of the
matrix NADH pool, followed by isocitrate (5mM) to induce
100% reduction of the matrix NADPH pool. NAD+/NADH was
detected at Ex/Em: 350/450 and expressed as a percentage
reduction of the CN value as previously described (25).
TMRM-derived DY was quantified by taking the fluorescence
ratio of Ex/Em 576/590 to 551/590 and converting this to mV
values using a tissue-specific standard curve determined as
previously described (23).

ATP Synthesis Assay
ATP production rate (JATP) was determined fluorometrically
using a QuantaMaster Spectrofluorometer (QM-400, Horiba
Scientific, Kyoto, Japan) as previously described (26), with
minor alterations. Briefly, ATP synthesis assays were
performed using Buffer D supplemented with HK (1U/mL),
glucose (5mM), glucose-6-phosphate dehydrogenase (2U/mL),
NADP+ (4mM), and Ap5A. Ap5A, an inhibitor of adenylate
kinase, was present to prevent non-OXPHOS-linked generation
of ATP (49). Mitochondrial loading was 5-15mg in a reaction
volume of 200mL. The rate of NADPH generation was detected
using autofluorescence (Ex/Em: 350/450) and was equated to the
rate of ATP production as previously described (49). Parallel
respiration assays were performed in the Oroboros Oxygraph-2K
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(Oroboros Instruments, Innsbruck, Austria) to generate ATP/O
ratios as previously described (26). Experiments with cell
mitochondria were performed with the addition of 10µM
cytochrome C.

Freeze-Fractured
Mitochondrial Respiration
Experiments using freeze-fractured mitochondria from mouse
and human primary tissues were performed using a protocol
adapted from Acin-Perez et al. (29). Mitochondrial pellets were
frozen on dry ice, then thawed on wet ice and resuspended in
Buffer B. Protein concentration was determined using a Pierce
BCA assay. Respiration assay buffer was Buffer D supplemented
with 5mM creatine, 2mM NAD+, 0.1mM coenzyme A, 0.3mM
thiamine pyrophosphate, 10µM cytochrome C, 1U/L HK, and
5mM glucose. Mitochondria (40-50µg) were added to the
chamber, followed by ADP (500µM). Complex I-linked
respiration was stimulated with NADH (2mM), then inhibited
with Rot (0.5µM). Complex II-linked respiration was then
stimulated with S (10mM) and inhibited by Malo (20mM),
followed by antimycin A (0.5µM) to inhibit complex III.
Complex IV-linked respiration was then stimulated with N,N,
N’,N’-tetramethyl-p-phenylenediamine (TMPD; 0.5mM
dissolved in 2mM ascorbate) and ascorbate (2mM).
Respiration in the presence of inhibitors was considered to be
non-mitochondrial and subtracted to obtain final respiration
rates (ex. Final NADH-stimulated JO2 = NADH JO2 – Rot JO2).

Calcium Retention Assay
Calcium retention was evaluated fluorometrically using a
QuantaMaster Spectrofluorometer (QM-400, Horiba Scientific,
Kyoto, Japan) in a 200µL reaction volume at 37°C as previously
described (34), with some modification. Assay buffer was Buffer
E (0.25M sucrose, 10mM Trizma-HCl, 20mM Trizma-base,
10mM KH2PO4, 0.5mg/mL bovine serum albumin, 5mM Cr,
40µM EGTA, 1U/mL HK, 5mM glucose; pH=7.1) supplemented
with 1µM calcium green 5N to fluorescently measure
extracellular calcium (Ex/Em: 506/532). Mitochondria (50µg)
were energized with S/Rot and 50µM ADP, then calcium was
titrated in 30µM additions until mitochondrial permeability
transition pore (MPTP) opening (rapid increase in
fluorescence trace). Additional 100µM and 30µM additions
were made following MPTP opening to confirm no additional
calcium uptake. The assay was then ended with the addition of
10mM EGTA. Calcium retention capacity was considered the
amount of calcium added prior to MPTP opening.

nLC-MS/MS for Label-Free Proteomics
Mitochondria were lysed, digested, and lyophilized for
proteomics as previously described (26). Briefly, mitochondrial
pellets were lysed in Buffer F (8M urea in 40mM Tris, 30mM
NaCl, 1mM CaCl2, 1 cOmplete ULTRA mini EDTA-free
protease inhibitor tablet; pH=8.0) through two freeze-thaw
cycles and sonication for 5s at an amplitude of 30 using a
probe sonicator (Q Sonica #CL-188). Equal amounts of protein
(200µg) were then reduced with 5mM dithiothreitol (30min
incubation at 32°C), alkylated with 15mM iodoacetamide
Frontiers in Oncology | www.frontiersin.org 15
(30min incubation in the dark at room temperature), and then
unreacted iodoacetamide was quenched with an additional
10mM dithiothreitol. Digestion was performed in two steps:
first using Lys C (ThermoFisher, Cat#90307; 1:100 w:w enzyme:
protein; 4h incubation at 32°C), followed by dilution of the
samples to 1.5M urea using 40mM Tris (pH=8.0), 30mM NaCl,
1mM CaCl2 for overnight digestion via trypsin at 32°C
(Promega, Cat# V5113; 1:50 w:w enzyme:protein). Following
digestion, samples were acidified to 0.5% TFA, centrifuged at
10,000 x g for 10min to pellet undigested material, and the
supernatant was collected for desalting of soluble peptides using
50mg tC18 SEP-PAK solid phase extraction columns (Waters;
Cat# WAT054955) as previously described (50). The resulting
eluate was frozen on dry ice and lyophilized.

Final peptides were resuspended in 0.1% formic acid for
peptide quantification (ThermoFisher Cat# 23275) and dilution
to a final concentration of 0.25µg/µL. nanoLC-MS/MS analysis
was performed using an UltiMate 3000 RSLCnano system
(ThermoFisher) coupled to a Q Exactive Plus Hybrid
Quadrupole-Orbitrap mass spectrometer (ThermoFisher) via a
nanoelectrospray ionization source as previously described (26).
MS1 was performed at a resolution of 70,000, with an AGC target
of 3x106 ions and a maximum injection time (IT) of 100ms.
Data-dependent acquisition (DDA) was used to collect MS2
spectra of the top 15 most abundant precursor ions with a
charge >1 per MS1 scan, with dynamic exclusion enabled for
20s. The isolation window for precursor ions was 1.5m/z and
normalized collision energy was 27. MS2 scans were performed
at 17,500 resolution, maximum IT of 50ms, and AGC target of
1x105 ions.

Data Analysis for Label-Free Proteomics
Proteome Discoverer 2.2 (PDv2.2) was used for raw data analysis
and principal component analysis. Default search parameters
included oxidat ion as a variable modificat ion and
carbamidomethyl (57.021 Da on C) as a fixed modification.
Data were searched against both the Uniprot Mus musculus
reference proteome (Proteome ID: UP000000589) and mouse
Mito Carta 3.0 database (27). As previously described (26), PSMs
were filtered to a 1% FDR and grouping to unique peptides was
also maintained at a 1% FDR at the peptide level. Strict
parsimony was used to group peptides to proteins, and
proteins were again filtered to 1% FDR. MS1 precursor
intensity was used for peptide quantification, and low
abundance resampling was used for imputation. As previously
described (26), high confidence master proteins were used to
determine mitochondrial enrichment factor (MEF) by
quantifying the ratio of mitochondrial protein abundance
(identified using the MitoCarta 3.0 database) to total
protein abundance.

Statistical Analysis
Statistical analysis of label-free proteomics was performed as
described previously (26). Briefly, all raw mass spectrometry data
were normalized to total protein abundance, converted to the
Log2 space, then compared between groups using two-tailed
Student’s t-tests with a Benjamini Hochberg FDR correction for
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multiple comparisons. Statistical significance for the adjusted p-
value (denoted as q throughout this manuscript) was set to q<0.1.
All functional assays were analyzed using Prism 9, and the results
are all presented as mean ± SEM (error bars). Data were
normalized to mitochondrial enrichment factor (MEF), as
previously described (26), or citrate synthase (CS) activity, as
indicated in individual figures. Statistical significance was set at
p<0.05, and details of statistical analysis are included within
figure legends.
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