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Ubiquinol or coenzyme Q (CoQ) is a lipid-soluble electron
carrier in the respiratory chain and an electron acceptor for
various enzymes in metabolic pathways that intersect at this
cofactor hub in the mitochondrial inner membrane. The
reduced form of CoQ is an antioxidant, which protects against
lipid peroxidation. In this study, we have optimized a
UV-detected HPLC method for CoQ analysis from biological
materials, which involves a rapid single-step extraction into
n-propanol followed by direct sample injection onto a column.
Using this method, we have measured the oxidized, reduced,
and total CoQ pools and monitored shifts in the CoQ redox
status in response to cell culture conditions and bioenergetic
perturbations. We find that hypoxia or sulfide exposure in-
duces a reductive shift in the intracellular CoQ pool. The effect
of hypoxia is, however, rapidly reversed by exposure to ambient
air. Interventions at different loci in the electron transport
chain can induce sizeable redox shifts in the oxidative or
reductive direction, depending on whether they are up- or
downstream of complex III. We have also used this method to
confirm that CoQ levels are higher and more reduced in mu-
rine heart versus brain. In summary, the availability of a
convenient HPLC-based method described herein will facilitate
studies on CoQ redox dynamics in response to environmental,
nutritional, and endogenous alterations.

A relatively late addition to the legion of known cellular
redox cofactors, ubiquinone or coenzyme Q (CoQ)‡ was
discovered in the mid-to-late 1950’s and identified soon after
as an intermediate carrier in the electron transport chain
(ETC) (1, 2). The 1,4-benzoquinone head group of CoQ is its
redox active moiety and undergoes reversible one- or two-
electron reduction to the semiquinone and ubiquinol,
respectively (Fig. 1A) (3). The hydrophobic tail, comprising 9
(CoQ9) or ten (CoQ10) repeats of the 5-carbon isoprenoid unit,
represents the dominant forms of the cofactor found in
mammals. CoQ harvests electrons from two major ETC
complexes, NADH:ubiquinone oxidoreductase (complex I)
* For correspondence: Ruma Banerjee, rbanerje@umich.edu.

‡ CoQ is used generically to refer to the cofactor without specifying the
redox state or the isoprenoid tail length.
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and succinate dehydrogenase (complex II), and funnels them
to ubiquinol:cytochrome c oxidoreductase (complex III)
(Fig. 1B). CoQ also accepts electrons from a number of other
enzymes, including sulfide quinone oxidoreductase (SQOR),
proline dehydrogenase, dihydroorotate dehydrogenase, choline
dehydrogenase, glycerol-3-phosphate dehydrogenase and the
electron transfer flavoprotein-ubiquinone oxidoreductase, and
is thus at the crossroads of diverse metabolic pathways. The
availability of the oxidized cofactor can impact multiple
cellular reactions, while its redox state influences the cellular
antioxidant capacity as well as the direction of electron flow in
the ETC (4). A reductive shift in the CoQ pool can lead to
reverse electron transfer through complex I (5), promote the
use of fumarate as a terminal electron acceptor by complex II
(6, 7), and/or increase reactive oxygen species production, with
oxidative and stress signaling implications (8).

In addition to the mitochondrion, which is estimated to
house a sizeable proportion of the cellular CoQ pool (9), the
cofactor is found in the plasma membrane and in endo-
membranes. For example, in the plasma membrane, the
NADPH-dependent ubiquinone oxidoreductase ferroptosis
suppressor protein FSP1 plays an important role in protecting
lipids against peroxidation and suppressing ferroptosis (10).
The mechanisms by which CoQ, which is synthesized in the
mitochondrion, is distributed to other membranes, and how
this process is regulated, are not understood (11).

While ubiquinol with varying isoprenoid tail lengths is the
dominant quinone in mammals, a variety of alternative qui-
nones are found in microbes, including menaquinone, naph-
thoquinone, and rhodoquinone, which serve not only as
electron carriers in canonical ETCs, but also support bidirec-
tional extracellular electron transfer to/from minerals, regulate
gene expression, and influence colonization and virulence (12,
13). Much remains to be learned about the diverse structures,
uses, and regulation of bacterial quinones and the interactions
between host and microbial quinone pools.

HPLC-based separation coupled to UV (14–16) or electro-
chemical (17, 18) detection is said to be the “gold standard” for
analysis of total ubiquinone levels and its redox status,
respectively (19). More recently, liquid chromatography–mass
spectrometry-based methods have been developed, which
allow simultaneous monitoring of the reduced and oxidized
cofactor pools (20, 21). Susceptibility of ubiquinol to oxidation,
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Figure 1. CoQ structure and its role in the ETC. A, structures of CoQ10 and CoQ10H2 and oxidation of the latter with p-benzoquinone, which is used in this
study. B, CoQ10 is a central electron acceptor not only in the ETC but also for a host of other mitochondrial enzymes including sulfide quinone oxidore-
ductase (SQOR), electron transfer flavoprotein ubiquinol oxidoreductase (ETF-QO), choline dehydrogenase (CHDH), proline dehydrogenase (PRODH),
glycerol 3-phosphate dehydrogenase (G3PDH), and dihydroorotate dehydrogenase (DHOD). I-IV denotes complexes I-IV, complex V is ATP synthase and Cyt
c is cytochrome c.

Assay to measure CoQ redox state
differences in sample handling procedures, and the use of
variable standards have contributed to a range of reduc-
ed:oxidized CoQ values reported for cells, tissues, food, and
clinical samples (19).

In this study, we describe a modified one-step method for
rapid extraction of reduced and oxidized CoQ followed by
direct sample injection onto an HPLC column. Tandem HPLC
runs of samples (±p-benzoquinone) furnish highly reproduc-
ible values for the oxidized, reduced, and total cofactor con-
centrations in mammalian cells and tissues. We demonstrate
that the redox state of CoQ is sensitive to cell culture condi-
tions, for example, hypoxia or chronic exposure to low H2S
levels, versus normoxia, and undergoes a rapid oxidative shift
when hypoxically grown cells are exposed to ambient air.
Perturbations in the ETC by genetic or pharmacological
means, or by dissipation of the mitochondrial but not the
cytoplasmic NADH pool with LbNOX (22), differentially shift
the CoQ redox equilibrium. Our study provides insights into
the sensitivity of the CoQ redox node to bioenergetic alter-
ations, with implications for cellular antioxidant capacity.
Results

HPLC assay for CoQ analysis

We optimized a simple and rapid one-step procedure for
extracting CoQ10 from intact cells followed by direct injection
into an HPLC column for estimating the concentration of the
oxidized cofactor pool (Fig. 2A). While the use of n-propanol
2 J. Biol. Chem. (2024) 300(5) 107301
for CoQ extraction from food samples has been reported
previously, the method involved drying and resuspension steps
prior to HPLC analysis (16). In our method, conversion of
CoQ10H2 to CoQ10 with p-benzoquinone (Fig. 1A) in samples
followed by a second HPLC run, furnishes values for the total,
and by subtraction, the reduced cofactor pool. The entire
extraction and sample preparation method takes �15 min to
complete and the sample can be processed immediately or
stored at −80 �C without loss of signal intensity for at least
2 weeks. Oxidized CoQ9 and CoQ10 standards are well sepa-
rated under our HPLC conditions and exhibit a linear
dependence on the amount of injected sample between 0.05 to
5 nmols (Fig. 2B, r2 = 0.99).

Chromatograms of samples extracted from human cells
showed two well-separated peaks, which were assigned as
CoQ10H2 and CoQ10, respectively (Fig. 2C, black trace).
Oxidation of the sample with p-benzoquinone resulted in
the disappearance of the CoQ10H2 peak and a concomitant,
albeit nonlinear, increase in the intensity of the CoQ10

(Fig. 2C, red trace). The difference in extinction coefficients
between oxidized and reduced CoQ (Dεox-red(278 nm) = 12,000
M−1 cm−1) (23) explains the disproportionate increase in the
CoQ10 peak intensity relative to the loss of CoQ10H2 in-
tensity upon oxidation. Assignment of the oxidized and
reduced cofactor peaks was confirmed by spiking the cell
sample with authentic standards, which led to the expected
increases in peak intensity (Fig. 2C, light and dark blue
traces). Sample recovery was 107% (CoQ10H2) and 114%
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Figure 2. HPLC analysis of CoQ10 in samples. A, outline of cell sample preparation with (normal fixation) or without (rapid fixation) an intermediate step in
which cells are scraped in PBS. B, calibration curves for CoQ9 and CoQ10 standards. C, HT29 cell samples exhibit two peaks assigned as CoQ10H2 and CoQ10
(black); oxidation with p-benzoquinone (p-BQ) leads to the disappearance of the CoQ10H2 and an increase in the intensity of CoQ10 peak (red). Spiking with
authentic samples of CoQ10 (dark blue) or CoQ10H2 (light blue), confirmed the assignment of the corresponding peaks in the cell sample. The data are
representative of at least three independent runs.

Assay to measure CoQ redox state
(CoQ10), similar to the 90 to 117% recovery reported in
other studies (24–27).

The concentrations of CoQ10H2 and CoQ10 were measured
in three cell lines (Table 1). Interestingly, the total concen-
tration as well as the CoQ10H2:CoQ10 ratio varied almost 2-
fold between them. The human endothelial cell line
EA.hy926 had approximately half the total cofactor levels and
its redox state was more oxidized (CoQ10H2:CoQ10 = 1.7 ± 0.2)
compared to the colon adenocarcinoma line, HT29 (2.3 ± 0.6).
On the other hand, the total cofactor pool in osteosarcoma
143B cybrids was comparable to that of HT29 cells, but the
cofactor pool was considerably more oxidized (1.2 ± 0.6).

Differential effects of ETC inhibitors on CoQ redox state
Inhibition of the ETC or oxidative phosphorylation de-

creases mitochondrial ATP production, and, depending on the
locus of inhibitor action, is expected to differentially impact
Table 1
Concentration of oxidized, reduced, and total CoQ10 and CoQ10H2/CoQ

Cell line CoQ10 (mmol/kg cells) CoQ10H2 (mmol

HT29 4.1 ± 0.5 (n = 8) 10.5 ± 0.4 (n
143B cybrid 7.0 ± 2.4 (n = 6) 7.1 ± 0.5 (n
EA.hy926 3.1 ± 0.2 (n = 4) 4.8 ± 0.8 (n

a The values represent the mean ± SD of the indicated number of independent experime
the CoQ redox state (Fig. 3A). Rotenone (complex I inhibitor),
antimycin A (complex III inhibitor), and [(3-chlorophenyl)
hydrazono]malononitrile (CCCP, uncoupler), each increased
glucose consumption, consistent with activation of aerobic
glycolysis (Fig. 3B), resulting from decreased ATP synthesis via
oxidative phosphorylation. Rotenone decreased the CoQ10H2

pool and therefore, the reduced/oxidized CoQ ratio (Fig. 3, C
and D), consistent with complex I being a major entry point
for electrons into the ETC. On the other hand, antimycin A
caused a significant reductive shift in the CoQ pool, while
CCCP, which is expected to accelerate electron transfer by
uncoupling it from proton transfer, also induced a reductive
shift, albeit smaller (Fig. 3, C and D). While none of the
treatments affected the total CoQ pool, the CoQ10H2:CoQ10

ratio changed from 2.3 ± 0.6 (untreated control) to 0.5 ± 0.05
(rotenone) to 25.1 ± 5.7 (antimycin A) to 5.5 ± 0.9 (CCCP) in
response to the various inhibitors.
10 redox ratio in human cell linesa

/kg cells) Total (mmol/kg cells) CoQ10H2/CoQ10

= 8) 14.6 ± 0.5 (n = 8) 2.3 ± 0.6 (n = 23)
= 6) 14.1 ± 2.3 (n = 6) 1.2 ± 0.6 (n = 6)
= 4) 7.9 ± 0.9 (n = 4) 1.7 ± 0.2 (n = 8)

nts (n).
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Figure 3. ETC inhibitors differentially affect CoQ10 redox status in human cells. A, scheme showing the targets of ETC inhibitors used in this study. B
and C, treatment of HT29 cells with 5 mM rotenone (Rot), 100 nM antimycin A (AA), or 10 mM CCCP increased glucose consumption (B) and affected the
relative concentrations of oxidized and reduced but not total CoQ10 levels (C) (n ≥ 4 independent experiments). D, the effect of ETC inhibitors in (C) on the
ratio of reduced to oxidized CoQ10.

Assay to measure CoQ redox state
Effects of ETC disruption on CoQ redox state

The effect of ETC dysfunction was also investigated by genetic
ablation of complexes I-III. Knockdown of the mitochondrial
complex I NDUFS3 subunit, phenocopied the rotenone effect by
increasing glucose consumption and decreasing CoQ10H2 levels
without affecting the total pool (Fig. 4, A–C). Interestingly, the
knockdown efficiency using two different shRNAs resulted in
either undetectable (KD#1) or a 70% decrease (KD#2) in
NDUFS3 expression (6). The differences in NDUFS3 knock-
down efficiency were correlated with a 250% (KD#1) and 40%
(KD#2) increase in glucose consumption compared to the
scrambled control (Fig. 4A). Similarly, differences in the
magnitude of the oxidative shift in the CoQ pool were observed
in the two NDUFS3 knockdown lines (Fig. 4, B and C).

The two shRNA sequences used to target the complex II
SDHA subunit resulted in a comparable decrease in SDHA
protein levels (�75 and 88%) as reported previously (6). The
glucose consumption rates of the two SDHA knockdown lines
were more or less comparable to scrambled controls and sig-
nificant changes in CoQ pool size or redox state were not
observed (Fig. 4, D–F). These data indicate that the contri-
bution of complex II to electron flux in the ETC is low under
our experimental conditions.
4 J. Biol. Chem. (2024) 300(5) 107301
The 143B CytB cybrid lacks a functional complex III (28)
and exhibits increased glucose consumption and a pronounced
reductive shift in the CoQ pool compared to the wild-type
143B cybrid (Fig. 4, G–I). In fact, the redox state of the CoQ
pool in the 143B CytB cybrid was comparable to HT29 cells
treated with antimycin A, revealing the profound effect of
complex III inhibition on the availability of oxidized CoQ. The
CoQ10H2:CoQ10 ratio increased from 1.2 ± 0.6 to 32.6 ± 4.5 in
wild-type versus 143B CytB cybrids (Fig. 4I). Finally, dissipa-
tion of the NADH pool by expression of the H2O-generating
NADH oxidase, LbNOX, elicited a modest oxidative shift in
the CoQ pool, albeit only when it was expressed in the mito-
chondrion but not in the cytoplasm (Fig. 4J). The CoQ10H2:-
CoQ10 ratio decreased from 2.2 ± 0.2 in HT29 cells expressing
the empty vector control to 1.6 ± 0.5 in cells expressing
LbNOX in the mitochondrion.

Hypoxia causes a reductive shift in the CoQ pool

Glucose consumption is activated when cells are cultured
under hypoxic (2% O2) versus normoxic (21% O2) conditions
(Fig. 5A). While reduced and oxidized CoQ is relatively stable
following extraction into n-propanol, we found that the
CoQ10H2 pool shifted rapidly when hypoxically grown cells
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Figure 4. Effects of ETC perturbations on CoQ redox state. A–C, knockdown of the mitochondrial complex I subunit NDUFS3 using two different shRNAs
(#1 and 2), activated glucose consumption relative to scrambled control HT29 cells (A), affected the distribution of the oxidized and reduced CoQ10 pools (B),
and the CoQ redox status (C) (n = 3 or 4). D–F, knockdown of the mitochondrial complex II subunit SDHA using two shRNAs (#1 and 2), did not have a
sizeable impact on glucose consumption (D), or the distribution of the oxidized and reduced CoQ10 pools (E), and the CoQ redox status (F) (n = 4). G–I, 143B
CytB cybrids showed increased glucose consumption (G), decreased total CoQ10 levels (H), and a large reductive shift in the CoQ10 pool (I) relative to wild-
type 143B cybrids (n = 4–6). J, HT29 cells expressing LbNOX in the mitochondrion but not in the cytosol exhibited an oxidative shift in the CoQ10 pool.

Assay to measure CoQ redox state
were moved to ambient air (Fig. 5B). Thus, within 10 min of
exposure of HT29 cells to normoxia, the effect of hypoxic
culture on the intracellular CoQ redox poise was reversed and
the CoQ10H2:CoQ10 ratio returned to normoxic levels. Rapid
fixation by the addition of n-propanol directly to the culture
dish (Fig. 2A) was therefore necessary to minimize perturba-
tions in the CoQ redox state during sample preparation. It is
important to note that while the rapid fixation method allows
J. Biol. Chem. (2024) 300(5) 107301 5
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Figure 5. Dependence of the effect of hypoxia on the CoQ10 pool in cell lines. A and B, glucose consumption increased in HT29 cells cultured in 2%
(hypoxia) versus 21% (normoxia) O2 (A, n= 16 or 17) and is associated with a reductive shift in the CoQ10 pool, which was reversed to control levels within
10 min of exposure of cells to ambient air (B, n= 4–8). C and D, hypoxia did not affect the CoQ10 redox status in scrambled control EA.hy926 cells but caused
a reductive shift when SQOR was knocked down (C, n = 4), which is predicted to increase H2S level (D).

A B

Figure 6. Sulfide induces a reductive shift in HT29 cells. A, acute expo-
sure to 100 mM Na2S for 4 h resulted in a small but statistically significant
reductive shift in the CoQ pool (n = 3). B, chronic exposure of HT29 cells to
100 ppm H2S for 24 h led to a marked reductive shift in the CoQ pool (n = 3
or 4).

Assay to measure CoQ redox state
assessment of the CoQ redox state, information about CoQ
concentration cannot be readily obtained from these samples
since the weight of the cell pellet is not determined.

In endothelial cells, glycolysis is estimated to support up to
85% of the energy demand (29). Consistent with the pre-
dominance of glycolysis to fuel energy needs, EA.hy926 cells
do not exhibit a change in the CoQ redox status when cultured
in 2% versus 21% O2 (Fig. 5C). However, in contrast to
scrambled controls, EA.hy926 cells harboring an SQOR
knockdown showed a 1.5-fold increase in the CoQ10H2:CoQ10

ratio. Hypoxia increases H2S biogenesis in EA.hy926 cells (30),
which is predicted to accumulate under conditions of SQOR
deficiency, inhibiting complex IV (Fig. 5D) and causing a
reductive shift in the CoQ pool. The direct effect of sulfide on
the CoQ redox state was tested next as discussed below.

Acute and chronic sulfide exposure induces a reductive shift in
the CoQ pool

Sulfide is a well-known respiratory poison that targets the
metal centers in complex IV (Fig. 5D) (31) and activates aer-
obic glycolysis across various cell lines (32–34). Despite its
volatility, acute exposure of HT29 cells to sulfide (100 mM H2S
bolus) leads to prolonged fractional inhibition of complex IV
that is observable 4 h later (35). Under these conditions, a
small (30%) but statistically significant reductive shift in the
CoQ pool is observed (Fig. 6A). Chronic H2S exposure
(100 ppm H2S, 24 h) leads to �20 mM dissolved sulfide in the
culture medium, which results in complete inhibition of
6 J. Biol. Chem. (2024) 300(5) 107301
oxidative phosphorylation and an �4-fold activation of aerobic
glycolysis in HT29 cells (36). Under these conditions, a 5-fold
increase in CoQ10H2:CoQ10 ratio to 14.0 ± 6.6 was observed
(Fig. 6B), which is substantially larger than seen under hypoxia
(Fig. 5B).
CoQ pool size and redox state in murine tissues

The utility of our method for measuring CoQ levels was
assessed with murine liver, heart, and brain tissue where CoQ9

is the major cofactor form (25). While the CoQ9 and CoQ10

peaks were well separated in brain and heart samples (Fig. 7A),
they overlapped with other materials in liver samples, leading
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to residual absorbance in the CoQ9 peak following reduction,
and in the CoQ10H2 peak following oxidation (Fig. 7B). The
concentration of the CoQ pools in the liver could therefore not
be reliably assessed under these conditions. The total CoQ9

concentration was 10- and 2.5-fold higher than CoQ10 in the
heart and brain, respectively (Fig. 7C, D). Furthermore, the
total CoQ9 and CoQ10 concentrations in the heart were 8- and
2-fold higher than in the brain (Fig. 7, C and D) as reported
previously in rat and murine tissue (14, 25). Both CoQ9 and
CoQ10 pools were more oxidized in the brain compared to the
heart (Fig. 7E), as reported previously (14, 25).
Discussion

Large tissue-dependent variations in CoQ levels and redox
state have been reported, which are further influenced by
development, as well as by other physiological and pathological
factors (37–39). Our optimized one-step CoQ sample prepa-
ration for UV-detected HPLC analysis provides a convenient
method for assessing the concentration and redox poise of
CoQ9 and CoQ10 in mammalian cells and tissues. The method
also allows monitoring of the CoQ redox status in response to
genetic, pharmacological, and environmental (e.g., O2, H2S,
nutrient) perturbations. We observed a CoQ10H2:CoQ10 ratio
A

B

Figure 7. Analysis of CoQ9 and CoQ10 pools in murine tissue. A and B, repre
liver (B). In the liver, the presence of another substance that co-migrated w
and oxidation, respectively and precluded quantitative analysis. C and D, conce
and brain. E, redox ratio of the two CoQ pools. n = 5 in all experiments.
ranging from 1.2 to 2.3 across three human cell lines (Table 1).
While a more oxidized CoQ pool (0.54) was recently reported
in cell culture (20), it is presently not known whether the value
lies within the normal range for cell lines or results from more
extensive sample handling.

It was previously reported that the redox state and size of
the CoQ pool in samples prepared by rapid extraction into a
hydrophobic solvent was stable during 24 h storage at 4 �C
or −18 �C (14). We also found that the CoQ pool size and
redox state following extraction into n-propanol were stable
at −80 �C for 2 weeks, which was the longest duration over
which stability was monitored in our study. In contrast to the
relative stability of extracted samples, the intracellular redox
state of CoQ revealed susceptibility to rapid changes as evi-
denced by a sizeable oxidative shift when hypoxically grown
cells were exposed to ambient air for 10 min (Fig. 5B). Thus,
when examining the effects of environmental triggers like H2S
or a change in O2 exposure, it is important to use the rapid
fixation method for extracting CoQ to preserve the redox poise
(Fig. 2A).

In HT29 cells, which were characterized more extensively in
our study, changes in the ETC flux induced by genetic or
pharmacological means, led to redox shifts in the CoQ pool
that could be explained by the locus of perturbation. With
C

D

E

sentative HPLC traces for CoQ analysis from murine heart and brain (A) and
ith CoQ9 and CoQ10H2 led to residual peak intensity following reduction
ntrations of oxidized, reduced, and total CoQ9 (C) CoQ10 (D) in murine heart

J. Biol. Chem. (2024) 300(5) 107301 7
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tissue samples, we found differences in the ratio of CoQ9 to
CoQ10 between murine heart versus brain, and both pools
were more reduced in heart. A highly reduced pool also re-
flects a higher antioxidant capacity and, in concert with the
proton motive force and availability of terminal electron ac-
ceptors, can impact the direction of electron flow through
complex III versus II or through complex I via reverse electron
transfer (4).

Interestingly, the reductive shift in the CoQ pool that is
elicited by chronic low-level sulfide exposure was substantially
larger than that triggered by hypoxia, revealing the potential
for sulfide to synergize with low O2 to modulate ETC flux as
predicted by P50O2 measurements (35).

Limitations of our study

CoQ is not uniformly distributed across membranes and
while our study provides information on bulk concentrations
of reduced and oxidized CoQ, it does not provide insights into
local changes in organellar endo-membranes and the plasma
membrane. Similarly, redox shifts in response to ETC per-
turbations, are likely to underestimate the redox shifts
occurring in the mitochondrial membrane.

Experimental procedures

Reagents

Hexane (HPLC grade), isopropanol, methanol (HPLC
grade), n-propanol, p-benzoquinone, CoQ10, CoQ9, NaBH4,
antimycin A, [(3-chlorophenyl) hydrazono] malononitrile
(CCCP), Na2S, rotenone, were purchased from Sigma. Cell
culture reagents (cell culture media, FBS, Pen/Strep) and
geneticin were from Gibco. Puromycin and doxycycline were
purchased from Sigma.

Mice

Female C57BL mice were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA) and maintained under
standard housing conditions with ad libitum access to food
and water and 12 h light-day cycle. For organ collection,
2-month-old female mice were euthanized with CO2 using a
procedure approved by the University of Michigan Committee
on the Use and Care of Animals, which is based on the Uni-
versity of Michigan Laboratory Animal Medicine guidelines.
Liver, heart, and brain were harvested quickly, frozen imme-
diately in liquid nitrogen, and stored at −80 �C until use.

Cell culture conditions

Human colorectal adenocarcinoma HT29 cells and human
somatic hybrid cells EA.hy926, were obtained from American
Type Culture Collection. HT29 cells expressing the bacterial
water-producing NADH oxidase, LbNOX were prepared as
described previously (32). HT29 cells in which the complex I
subunit NDUFS3 was knocked down with two shRNAs were
prepared as described elsewhere (6). Human osteosarcoma
143BWT and 143BCytb cybrids (28) were a generous gift from
Dr Matthew Vander Heiden (MIT). HT29 cells were cultured
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in RPMI 1640 medium containing 25 mM HEPES and sup-
plemented with 10% FBS, 100 units/ml penicillin, and 100 mg/
ml streptomycin. The same medium was also used to culture
scrambled and NDUFS3 KD HT29 cells but with the addition
of 1 mg/ml puromycin. 143BWT and 143BCytb cybrids were
cultured in DMEM supplemented with 10% FBS, 100 units/ml
penicillin, 100 mg/ml streptomycin, and 0.1 mg/ml uridine.
EA.hy926 cells (scrambled and SQOR KD) were prepared as
described previously (30), cultured in DMEM medium sup-
plemented with 10% FBS, 100 units/ml penicillin, 100 mg/ml
streptomycin and 1 mg/ml puromycin.

HT29 cells containing an empty vector (EV) or LbNOX
(cytoplasmic or mitochondria version) were cultured in RPMI
1640 medium containing 25 mM HEPES and supplemented
with 10% FBS, 100 units/ml penicillin, and 100 mg/ml strep-
tomycin supplemented with 300 mg/ml geneticin. To induce
LbNOX expression, cells were cultured in the presence of
doxycycline (300 ng/ml) for 24 h. The same concentration of
doxycycline was also added to cells expressing the empty
vector. All cells were maintained at 37 �C in a cell culture
incubator with a humidified atmosphere of ambient air (21%
O2), supplemented with 5% CO2. Alternatively, cells were
cultured in a hypoxia incubator with a humidified atmosphere
containing 93% N2, 2% O2, and 5% CO2.
CoQ10 and glucose consumption during ETC inhibition under
normoxia

HT29 cells were cultured in 10 cm plates to a confluency of
70 to 80%. The medium was changed (20 ml/plate) and anti-
mycin A (1 ml/ml of a 100 mM stock solution in ethanol,
100 nM final concentration), or CCCP (2.5 ml/ml of a 4 mM
stock solution in ethanol, 10 mM final concentration), or
rotenone (1 ml/ml of a 5 mM stock solution in DMSO, 5 mM
final concentration) was added. The corresponding volume of
vehicle (ethanol or DMSO) was added to control samples in
experiments in which antimycin A, CCCP, or rotenone was
used. Cells were cultured for 15 h following the addition of the
inhibitor; samples for glucose analysis were collected at time =
0 and 15 h. Samples for CoQ10 analysis were collected after
15 h culture.

HT29 cells (scrambled, and NDUFS3 KD) and cybrids
(143BWT and 143BCytb) were grown in 10 cm plates. At the
beginning of the experiment, the medium was changed (20 ml/
plate) and cells were cultured under normoxic conditions for
9 h (HT29 cells) or 15 h (143BWT and 143BCytb cybrids). Al-
iquots for glucose analysis were collected at the beginning and
end of the experiment with HT29 cells. Samples for CoQ10

analysis in the cells were collected at the end of the 9 or 15 h
incubation.

LbNOX or empty vector-expressing HT29 cells were grown
in 6 cm plates to 70 to 80% confluency. Then, the culture
medium was changed (6 ml/plate) and doxycycline was added
to a final concentration of 300 ng/ml to induce LbNOX
expression. After 24 h, the medium was replaced with fresh
medium (4 ml/plate) and incubated for 5 h after which CoQ10

samples were extracted for analysis.
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CoQ10 and glucose consumption

HT29 cells were cultured to confluency in 6- or 10-cm
plates and, following a medium change, the plates were
moved to normoxic (21%) or hypoxic (2% O2) incubators for
9 h. Samples for CoQ10 analysis were prepared using the fast
fixation protocol while aliquots for glucose analysis were
removed at t = 0 or 9 h. To assess CoQ10 recovery after
hypoxia, the medium was aspirated after 9 h and replaced with
a 2 ml cold PBS/6 cm plate, which was moved to the laboratory
bench (ambient air and temperature) for 10 min after which
samples were collected using the “fast fixation” protocol.

EA.hy926 cells (scrambled and SQOR KD) were seeded at a
density of 3 × 106 in a 10 ml medium/10 cm plate. The next
day, the medium was changed (10 ml/plate), and cells were
placed in normoxic or hypoxic incubator for 24 h and har-
vested for CoQ10 quantitation.

Effect of H2S on CoQ10 redox status

The effect of acute sulfide treatment was studied by seeding
5 × 106 HT29 cells in 10 cm plates (10 ml medium) and
cultured for 3 days with a medium change after day 2. On day
3, cells were at �70% confluency and the medium was changed
again and a freshly prepared solution of Na2S in water was
added to a final concentration of 100 mM. Samples were har-
vested after 4 h for CoQ10 quantitation.

The effect of chronic sulfide treatment was studied by
seeding 7.2 × 106 HT29 cells in 10 cm plate (10 ml medium/
plate) and cultured overnight in in a normoxic incubator. The
next day, the medium was changed (20 ml medium/plate) and
cultures were placed in a sulfide growth chamber (36) with
100 ppm H2S. Control cells were cultured under the same
conditions (i.e., humidified air containing 5% CO2 but lacking
H2S). Aliquots of the culture medium were removed at t =
0 and 24 h for glucose analysis and samples for CoQ10 quan-
titation were prepared at 24 h.

Glucose analysis

For glucose analysis, 50 ml aliquot of RPMI 1640 cell culture
medium was mixed with 100 ml 5% HClO4, or 30 ml DMEM
medium with 150 ml 5% HClO4. Samples were mixed by vor-
texing, centrifuged (5 min, 10,000g, 4 �C), and the supernatant
was aspirated, neutralized to pH �7.0 with a saturated K2CO3

solution, and stored at −20 �C until use. Glucose concentration
was measured using a D-GLUCOSE-HK kit (Megazyme) ac-
cording to the manufacturer’s protocol.

Sample preparation for the CoQ analysis

For CoQ analysis in mammalian cells and tissues, we used a
modification of the HPLC-based protocols reported previously
(17, 24, 25, 40, 41). Briefly, for “normal fixation” of cell sam-
ples, the culture plate was placed on ice, the medium was
aspirated, and ice-cold PBS was added (1 ml/10 cm plate or
0.5 ml/6 cm plate). Then, cells were scraped, and the sus-
pension was transferred to a pre-weighed 1.5 ml Eppendorf
tube and centrifuged at 1700g for 5 min at 4 �C. The super-
natant was aspirated and the wet weight of the cell pellet was
determined. The pellet was rapidly mixed with 5 volumes of n-
propanol (w/v) to avoid formation of aggregates. The sample
was allowed to stand at room temperature for 1 to 2 min,
vortexed, and centrifuged at 12,000g for 5 min at 10 �C to
avoid precipitation of CoQ10 in n-propanol. Following
centrifugation, samples were kept on ice, the supernatant was
collected and stored at −80 �C. The CoQ10 pool size and redox
states were stable for at least 2 weeks under these conditions.

We also developed a “rapid fixation” protocol to extract
CoQ10 from cells more quickly. For this, the culture plate was
placed on ice, the medium was aspirated and ice-cold n-
propanol was added to the plate (1 ml/10 cm plate or 0.5 ml/
6 cm plate) and the plate was gently rocked so that the cells
were covered with propanol. Cells were scraped and the sus-
pension was transferred to a 1.5 ml tube, which was allowed to
stand at room temperature for 2 min and processed as
described above. The time between moving a culture plate
from an incubator to covering cells with n-propanol, which
denatures cells, was <1 min. To adjust for the lower concen-
tration of CoQ10 in EA.hy926 cells, frozen samples were
thawed, concentrated 3-fold using a SpeedVac, and stored
at −80 �C. The rapid fixation method was used in experiments
where the effects of hypoxia, H2S and LbNOX expression were
studied and allowed estimation of the reduced:oxidized CoQ10

ratio only. In all other experiments, the normal fixation pro-
tocol was used and allowed estimation of the reduced and
oxidized cofactor levels in addition to estimation of the redox
state.

Frozen mouse tissue samples were homogenized on ice
using four volumes of n-propanol (w/v) for the liver and brain
and in six volumes of n-propanol (w/v) for heart, using a glass
homogenizer. The homogenates were centrifugated at 12,000g
for 5 min at 10 �C, the supernatants were collected, and stored
at −80 �C until use.
HPLC analysis

HPLC analysis of CoQ was performed on a Hypersil ODS
column (150 × 4.6 mm, 3 m bead size, Thermo Fisher), or
Microsorb-MV 100-5 C18 column (150 × 4.6 mm, 5 m bead
size, Agilent). Similar results were obtained with both col-
umns. Samples were eluted isocratically at room temperature
with a flow rate of 0.8 ml/min using a solvent, comprising
isopropanol (15 ml), methanol (845 ml), and hexane (140 ml)
in a total volume of 1 l. Peaks were detected by UV absorbance
at 275 nm. Oxidized and reduced CoQ exhibit absorbance
maxima at 278 nm (ε = 14,500 M−1 cm−1) and 287 nm (ε =
3340 M−1 cm−1) (23), respectively, and calibration curves were
generated with oxidized CoQ9 and CoQ10 samples of known
concentration prepared in n-propanol.

Samples stored at −80 �C were thawed and injected into the
column. Each sample was run twice, before and after oxidation
of reduced CoQ with p-benzoquinone. For this, 115 ml of the
sample was mixed with 5 ml of p-benzoquinone (4 mg/ml in
water), and the mixture was kept for 5 min at +10 �C in a
temperature-controlled autosampler tray before being injected
into the column. The first run provided the concentration of
J. Biol. Chem. (2024) 300(5) 107301 9
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oxidized CoQ while the second run furnished information on
the total CoQ pool allowing estimation of the reduced CoQ
(CoQH2) pool. To validate the assigned CoQ10H2 peak, CoQ10

(115 ml of 1 mM in n-propanol) was reduced with NaBH4 (5 ml
of a 100 mM stock solution in water) for 5 min at 25 �C. The
reduction was confirmed by the conversion of the 278 nm
CoQ10 peak to the 287 nm CoQ10H2 peak, which was spiked
into the cell or tissue lysate. Cellular and tissue CoQn/CoQnH2

concentrations were estimated by taking into account the
sample wet weight and dilutions during sample preparation.
Concentrations were expressed in units of mmol/kg wet
weight, which is roughly equivalent to micromolar CoQn/
CoQnH2.
Statistical analysis

The student’s t test (two-sided) was used to obtain p values
using GraphPad Prism. Exact values are reported to three
decimal places for significant differences (<0.05). Differences
below 0.0001 are reported as <0.0001.
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