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Abstract

Coenzyme Q (Q) is a lipid-soluble antioxidant essential in cellular physiology. Patients with Q 

deficiencies, with few exceptions, seldom respond to treatment. Current therapies rely on dietary 

supplementation with Q10, but due to its highly lipophilic nature, Q10 is difficult to absorb by 

tissues and cells. Plant polyphenols, present in the human diet, are redox active and modulate 

numerous cellular pathways. In the present study, we tested whether treatment with polyphenols 

affected the content or biosynthesis of Q. Mouse kidney proximal tubule epithelial (Tkpts) cells 

and human embryonic kidney cells 293 (HEK 293) were treated with several types of polyphenols, 

and kaempferol produced the largest increase in Q levels. Experiments with stable isotope 13C-

labeled kaempferol demonstrated a previously unrecognized role of kaempferol as an aromatic 

ring precursor in Q biosynthesis. Investigations of the structure-function relationship of related 

flavonols showed the importance of two hydroxyl groups, located at C3 of the C ring and C4′ of 

the B ring, both present in kaempferol, as important determinants of kaempferol as a Q 

biosynthetic precursor. Concurrently, through a mechanism not related to the enhancement of Q 

biosynthesis, kaempferol also augmented mitochondrial localization of Sirt3. The role of 

kaempferol as a precursor that increases Q levels, combined with its ability to upregulate Sirt3, 

identify kaempferol as a potential candidate in the design of interventions aimed on increasing 

endogenous Q biosynthesis, particularly in kidney.
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1. Introduction

Coenzyme Q (Q) is the only lipid-soluble antioxidant synthesized endogenously and present 

in all cellular membranes. It plays an important role in cellular metabolism and protects 

membranes and lipoproteins from protein oxidation and lipid peroxidation [1]. The 

biosynthesis of Q is still not completely characterized. Its biosynthesis is divided into three 

steps: the synthesis of the polyisoprenoid tail, the attachment of the tail to the benzoquinone 

ring precursor, followed by subsequent modifications of the ring. In higher eukaryotes, 

synthesis of the polyisoprenoid tail depends on the cytosolic mevalonate pathway and on 

polyisoprenyl-diphosphate synthases located within the mitochondria [2, 3]. The number of 

isoprene units (designated as the subscript n, Qn) in the polyisoprenyl tail varies in different 

organisms. While Saccharomyces cerevisiae synthesize Q6 and humans mainly Q10, mice 

have two major isoforms, Q9 and Q10 [4]. The polyprenyltransferase Coq2 joins the quinone 

ring precursor to the polyisoprenoid tail inside mitochondria, and then the ring is modified 

by distinct enzymes encoded by several COQ genes [5]. These modifications include three 

hydroxylations, one decarboxylation, two O-methylations and one C-methylation.

4-Hydroxybenzoic acid (4HB) was considered to function as the only confirmed ring 

precursor of Q for more than 40 years. In 2010 Marbois et al. and Pierrel et al. characterized 

p-aminobenzoic acid (PABA) as a novel Q precursor in yeasts [6, 7]. In 2014, Block et al. 
showed that Arabidopsis is able to use p-coumarate, but not PABA, as another ring precursor 

in Q biosynthesis [8]. Recently, in 2015, Xie et al. have described that human and E. coli 
cells do not utilize PABA as precursor in the biosynthesis of Q while both p-coumarate and 

resveratrol, another polyphenol structurally similar to p-coumarate, can serve as a ring 

precursors of Q biosynthesis in E. coli, yeasts and human cells [9].
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A decrease of Q biosynthesis and total Q levels correlates with physiological aging in some 

tissues [10]. Q10 deficiencies related to distinct diseases are observed in patients, and 

fortunately some patients with Q deficiencies respond to treatment with dietary 

supplementation of Q10 [5, 11]. However, the long polyisoprenoid chain renders Q10 highly 

lipophilic and difficult to absorb by cells. Thus, the poor bioavailability of exogenous Q10 

often results in treatments that are ineffective [12]. To develop more successful strategies, 

efforts should also focus on identifying molecules that enhance the endogenous synthesis of 

Q.

A traditional view is that plant polyphenols constitute a principal source of antioxidants in 

human diet. However, polyphenols are redox active compounds that elicit cellular signaling 

and modulate pathways that determine activity of the mitochondrial electron transport chain, 

membrane potential and biogenesis, intra-mitochondrial oxidative status and, ultimately, 

mitochondria-triggered cell death [13]. The more than 5,000 polyphenol molecules 

identified have been classified into five major chemical families, namely flavonoids, 

phenolic acids, stilbenes, lignans and curcuminoids [14]. Studies reveal that their specific 

chemical structure affects their biological properties [14, 15], and some of them can act as Q 

ring precursors [9].

In the present study, we determined the effect of several polyphenols on Q content and 

biosynthesis. Among the several polyphenols tested, kaempferol produced the strongest 

increase in Q content and acted as a novel ring precursor of Q biosynthesis in mammalian 

cells. The effect of kaempferol on Q biosynthesis may be linked to the numerous beneficial 

effects attributed to flavonoids. Our studies indicate a novel potential biosynthetic pathway 

leading to aromatic ring precursors of Q and also suggest new strategies that can help to 

alleviate the symptoms associated with Q deficiency in aging or disease states.

2. Material and methods

2. 1. Chemicals and reagents

Non-labeled kaempferol, resveratrol, quercetin, piceatannol, apigenin, luteolin, naringenin, 

curcumin, and ferulic acid were obtained from Santa Cruz Biotechnology, Inc. All these 

compounds were checked in the Mass Spectrometry & Chromatography Service of the 

University of Córdoba and contamination with 4HB, vanillic or protocatechuic acid was not 

detected at levels higher than 0.01% of solid material. PABA, 4HB, vanillin, nicotinamide 

(NAM), 4-hydroxyphenylacetic acid and p-cresol were purchased from Sigma-Aldrich. 13C-

kaempferol was obtained from IsoLife and D6-curcumin and D3-ferulic acid were purchased 

from SynInnova. 13C12-curcumin was synthesized from 13C6-vanillin (Cambridge Isotopes 

Laboratories Inc) following a published procedure [16]. Standards of Q4, Q6, Q9 and Q10 

were purchased from Sigma-Aldrich. Dipropoxy-Q10 was synthesized essentially as 

described by Edlund [17] for diethoxy-Q10, except 1-propanol was substituted for ethanol 

while maintaining the other reagents and conditions.
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2. 2. Cell cultures

Mouse kidney proximal tubule epithelial (Tkpts) cells [18], were provided by Dr. Elsa Bello-

Reuss (Texas Tech University Health Science Center) and Dr. Judit K. Magyesi (University 

of Arkansas for Medical Sciences, Little Rock, AR). Human embryonic kidney cells 293 

(HEK 293), human liver hepatoma cells (Hep G2), human promyelocytic leukemia cells 

(HL-60), mouse liver hepatoma cells (Hepa 1.6) and mouse embryonic fibroblast (MEFs) 

were also used in some studies. These cell lines were obtained from ATCC, whereas MEFs 

were obtained in our own laboratory by repeated subculture of cells derived from mouse 

embryos following a standard 3T3 immortalization protocol [19]. Tkpts and Hepa 1.6 cells 

were grown in DMEM/F12 with 4.5 g/L glucose supplemented with 10% FBS, 2 mM L-

glutamine, and gentamicin-amphotericin B (125 μg/ml and 5 mg/ml, respectively). The same 

media but containing 1 g/L of glucose was used to culture HEK 293 cells. MEFs were 

cultured in DMEM with 2 g/L glucose supplemented with 10% fetal bovine serum (FBS, 

Sigma-Aldrich), 2 mM L-glutamine and gentamicin. Hep G2 cells were maintained in MEM 

containing 1 g/L glucose and supplemented with 10% FBS, 1% sodium pyruvate, 1% L-

glutamine and gentamicin-amphotericin B. HL-60 cells were grown in RPMI-1640 

supplemented with 10% FBS, 2 mM L-glutamine and gentamicin-amphotericin B. All 

cultures were maintained at 37 °C in a humidified atmosphere with 5% CO2.

Saccharomyces cerevisiae BY4741, with genotype MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
[20] was used in all the determinations involving yeasts. Cells were grown in drop-out-

dextrose medium (DOD) composed of 2% dextrose, 6.8 g/L Bio101 yeast nitrogen base 

minus pABA minus folate with ammonium sulfate and 5.83 mM sodium monophosphate 

(pH adjusted to 6.0 with NaOH). The yeast colonies were maintained in solid plate yeast 

extract peptone dextrose (YPD) medium composed of 1% Bacto-Yeast extract, 2% Bacto-

Peptone, 2% Dextrose and 2% Bacto agar.

2. 3. Treatments of human and mouse cells with polyphenols, and viability assays

The same experimental conditions were used for all compounds when tested in mouse and 

human cells. Assays were performed in six-well plates with an initial amount of 50,000–

100,000 cells/well. Cells were incubated with the tested compounds for 48 h under standard 

culture conditions (37 °C, 5% CO2). Once the treatment was completed, cells were detached 

from culture plates and pelleted by low-speed centrifugation (approximately 1,000 g). Cell 

pellets were collected and stored at −80 °C until use. Final concentrations of each 

polyphenol in assays to determine Q content and biosynthesis were selected from the results 

of viability assays to ensure that experimental conditions did not jeopardize cell viability. To 

perform these assays, 50 μl/ml of a 5 mg/ml stock of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT, Sigma) was added to the cell cultures (previously plated 

in 24 well-plates). After 2 h of incubation at 37 °C in 5% CO2, the medium was removed, 

the formazan solubilized with 0.04M HCl in absolute isopropanol, and the absorbance 

measured at 590 nm in a plate reader (Optic Ivymen System 2000-C).

2. 4. Growth and treatment of yeast cells with polyphenols

BY4741 yeast were grown in 50 ml precultures in DOD medium overnight in a shaking 

incubator (30 °C, 250 rpm). A sample of the yeast preculture was inoculated in 18 × 150 mm 
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borosilicate test tubes containing 5 ml of DOD medium to give an initial cell density of 0.2 

A600. Incubations continued at 30 °C and 250 rpm until a cell density of 0.5 A600. At that 

point, designated polyphenol compounds were added to attain a final concentration of 10 μM 

and incubation resumed. The tubes were removed from the shaker at 3 h. The A600 values 

were measured and the cell pellets were collected and stored at −20 °C.

2. 5. Preparation of cell and tissue extracts

Whole lysates were prepared from cells as described by Ariza et al. [21] and steady state 

protein levels were determined by Western blot (see below). Tissues were obtained from 

Sirt3 knockout mice and their corresponding genetic background-matched controls bred at 

the Gladstone Institute (San Francisco, CA, USA). Extracts from these tissues were prepared 

as described by Ariza et al. [21].

2. 6. Lipid extractions

2. 6. 1. Lipid extractions for HPLC-electrochemical detection measurements—
Mouse and human cell pellets (approx. 106 cells) from the different treatments or 20 mg of 

the tissue homogenate were collected and resuspended in 90 μl of Hanks’ balanced salt 

solution. Samples were then solubilized using 10 μl of 10% SDS followed by 200 μl of 95:5 

ethanol-isopropanol. After vigorous vortexing, 500 μl of hexane were added and the samples 

were centrifuged for 5 min at 12,500 rpm in an Eppendorf Minispin. Lipids were recovered 

within the upper hexane phase, and this extraction step was repeated twice. Hexane phases 

were combined and the solvent evaporated under vacuum. Lipid extracts were stored frozen 

at −80 °C until use.

2. 6. 2. Lipid extractions for HPLC-MS/MS measurements—Di-propoxy-Q10 was 

added to the pellets as internal standard in mouse and human samples while Q4 was used in 

yeast samples. Cell pellets were vortexed in 1 ml of methanol and 1 ml of petroleum ether. 

The organic upper layer was transferred to a new tube. Another 1 ml of petroleum ether was 

added to the original methanol layer, and samples were vortexed again. The organic phase 

was removed, and the combined organic phase was dried under a stream of nitrogen gas.

2. 7. Measurements of Q levels by HPLC

HPLC analysis was carried out with a Beckman Gold System (Beckman Coulter, USA) 

connected to a Coulochem II electrochemical detector (ESA, Chemsfold, MA, USA). The 

chromatographic separation was performed with a C18 reverse phase analytical column (4.6 

mm × 25 cm, Ultrasphere ODS, 5 μm particle). The mobile phase was composed of 

methanol/isopropanol/1M ammonium acetate, pH 4.4, (53:45:2), and a flow rate of 1 ml/

min. The analytical cell (ESA, Model 5010) was set at potentials of −500 mV and +300 mV 

in electrodes 1 and 2, respectively. The entire procedure was performed at room temperature. 

Lipid extracts were dissolved in 30 μl of methanol, and the sample was subjected then to a 

reduction step by adding 1 μl of freshly prepared 50 mM sodium borohydride just before 

injection into the system. This procedure results in the reduction of the quinones (Q) to their 

corresponding hydroquinones (QH2), which are detected at the second electrode with 

maximal sensitivity, and allows for a shorter chromatography time. Retention times were 

10–11 min for reduced Q9H2 and 14–15 min for reduced Q10H2. The area units of 
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hydroquinone peaks were integrated and referred to the reduced Q10H2 standard. 

Normalized values were obtained by referring to the amount of protein of each sample, 

calculated previously with a Bradford assay [22].

2. 8. Assays of Q biosynthesis

2. 8. 1. Assays with a radiolabeled precursor—Q biosynthesis was measured with 

the radiolabeled precursor 4-hydroxy-(U-14C) benzoate (14C-4HB) synthesized from 

(U-14C)-tyrosine (Amersham) essentially as described by Clarke et al. [23] with a minor 

modification: aqueous tyrosine was dissolved in 25 μl of 10 M KOH and 12.5 μl of 10 M 

NaOH before blown to near dryness under nitrogen. 14C-4HB (100,000 CPM) was added to 

the cells during the 48 h incubation with the treatment. Samples were processed as described 

previously by Córdoba-Pedregosa et al. [24]. Briefly, cells were rinsed twice with Hanks’ 

balanced salt solution and fixed for 15 min in 1 ml of 5% trichlocoacetic acid (TCA). After 

thoroughly washing with TCA to remove the non-incorporated precursor, the radioactivity 

from the TCA-insoluble Q-containing fraction was directly extracted with 1 ml of 1 M 

NaOH for 2 h at room temperature with gentle stirring. Radioactivity was quantified in a 

Beckman scintillation counter by mixing 900 μl of each sample with 4 ml of scintillation 

liquid. The CPM values so obtained were then referred to the total amount of protein in each 

sample.

2. 8. 2. Assays with stable isotope-labeled compounds—Lipid extracts were 

measured by HPLC-tandem mass spectrometry (MS/MS) analyses as previously described 

by Xie et al. [9] with minor modifications. Samples were resuspended in 200 μl of ethanol 

containing 1 mg/ml benzoquinone in order to oxidize all the lipids prior to chromatographic 

separation with a mobile phase composed of 90% solvent A (95:5 mixture of 

methanol:isopropanol containing 2.5 mM ammonium formate) and 10% solvent B 

(isopropanol containing 2.5 mM ammonium formate) at a constant flow rate of 1 ml/min. 

Transitions monitored are described in Table 1. The area value of each peak, normalized 

with the correspondent standard curve and internal standard, was referred either to the initial 

amount of protein in the case of determinations carried out in murine and human cells, or to 

the total OD present in the yeast cell pellet (as determined by measurements of A600).

2. 9. Polyacrylamide gel electrophoresis and Western blot immunodetection

The procedure was performed as described by Ariza et al. [21] with samples of whole cell 

extracts (50 μg of protein) applied per gel lane. The following primary antibodies were used: 

Anti-Sirt3 (Santa Cruz Biotechnology, Inc) at 1:1000 dilution, anti-acetyl lysine (Cell 

Signaling) at 1:1000 dilution, and anti-Coq2 [25] at 1:1000 dilution. In all cases, horseradish 

peroxidase-conjugated secondary antibodies were used to reveal immunoreactivity by 

enhanced chemiluminescence. An anti-rabbit secondary antibody (at 1:2,000 dilution, Santa 

Cruz Biotechnology, Inc) was used for Sirt3 and acetyl lysine, while an anti-chicken 

secondary antibody (at 1:5,000 dilution, Sigma-Aldrich) was used for Coq2.

2. 10. Statistical analyses

Statistical analyses were performed using GraphPad Prism 5.03 (GraphPad Software Inc., 

San Diego, CA, USA). All the data shown are mean ± standard error (SEM) from at least 

Fernández-del-Río et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



five replicates. Normality of data was checked by Kolmogorov-Smirnov test with the Dallal-

Wilkinson-Lilliefor corrected p value. Means were compared using either the parametric 

two-tail Student’s t-test or non-parametric Mann-Whitney test depending on the results of 

the normality test. Significant differences were referred as *p<0.05, **p<0.01 and 

***p<0.001.

3. Results

3. 1. Kaempferol increases Q in cultured kidney cells

We determined the effect of several polyphenols on Q content and biosynthesis. Each 

compound used in this study was first added to cells at concentrations ranging from 5 nM to 

100 μM over a period of 48 h, and tested with the MTT assay to determine effects on cellular 

viability (see Supplementary Figure S1). Based on these data, we chose to test phenolic 

compounds at concentrations ranging from 5 nM to 10 μM to detect possible effects on Q 

content. Within this range, none of the polyphenols under study decreased viability 

significantly, and only a small increase in viability was observed at 1μM piceatannol.

Next, we tested how two stilbenoids (resveratrol and piceatannol) and two flavonols 

(quercetin and kaempferol) affected Q levels in Tkpts cells. As shown in Figure 1A, 

resveratrol produced a slight increase of Q9 and Q10 levels at most concentrations above 50 

nM, whereas the other stilbenoid tested, piceatannol, and the flavonol quercetin had no 

effect on Q levels (either Q9 or Q10) at any of the concentrations tested. In contrast, 

kaempferol produced a dramatic increase of both Q9 and Q10 at 100 nM and higher 

concentrations, producing a plateau at concentrations between 500 nM and 10 μM (Figure 

1B). We also confirmed a substantial increase of Q9 and Q10 levels in Tkpts cells treated 

with kaempferol at concentrations above 100 nM when specific values were calculated on a 

protein basis (Supplementary Figure S2).

Given the differential effects of kaempferol and quercetin (which differ only in one hydroxyl 

group), we hypothesized that the chemical structure of the flavonoids could influence their 

effect on Q content (see chemical structures of the compounds used in Supplementary 

Figure S1 and the basic chemical skeleton of flavonoids in Figure 1E). Thus, we tested how 

additional polyphenols of the flavonoid group affected Q levels in Tkpts cells. For these 

experiments, we chose two flavones: apigenin, luteolin (Figure 1C), and one flavanone: 

naringenin (Figure 1D). Among these three flavonoids, only apigenin produced a slight 

increase in Q at concentrations between 500 nM and 10 μM, although a concentration of 50 

nM was found inhibitory and statistically significant differences were observed for Q9 but 

not for the Q10 isoform (Figure 1C).

The following experiments, aimed to elucidate how flavonoids function to increase Q levels, 

were focused on kaempferol, as this polyphenol was by far the most efficient in augmenting 

the amounts of cellular Q.
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3. 2. Kaempferol activation of the mitochondrial sirtuin Sirt3 is unrelated with the 
increased Q levels

Kaempferol has been reported to up-regulate Sirt3 [26, 27], a mitochondrial sirtuin that 

plays an important role in regulating cellular processes like homeostasis, oxidative stress and 

aging [28]. Up-regulation of mitochondrial Sirt3 optimizes redox processes linked to the 

electron transport chain and boosts antioxidant defense in this organelle by activating ROS-

scavenging systems [29]. Thus, it seemed possible that Sirt3-mediated changes might affect 

Q levels by providing an antioxidant environment that would diminish oxidative Q 

degradation. To investigate this, Tkpts cells were treated with kaempferol and the up-

regulation of mitochondrial Sirt3 was then assessed. As depicted in Supplementary figure 

S3A, treatment of Tkpts cells with kaempferol increased significantly the levels of the 

mitochondrially-targeted (cleaved) form of Sirt3 at concentrations that also increased Q9 and 

Q10 levels. We next proceeded to verify whether this up-regulation of Sirt3 mediated the 

increase in Q levels or, on the contrary, it was an independent event. To this purpose, we 

tested whether simultaneous treatment with NAM, a well-known inhibitor of sirtuin 

deacetylase activity [27], impacted Q levels in Tkpts cells treated with kaempferol. As 

shown in Figure 2A, treatment with 10 mM NAM did not alter basal levels of Q in Tkpts 

cells, and the kaempferol-mediated increase of Q9 and Q10 was completely unaffected by 

NAM. A western-blot using an anti-acetyl lysine antibody confirmed that, under our 

experimental conditions, deacetylase activity was significantly inhibited by 10 mM NAM 

since this treatment produced a substantial increase of protein acetylation (Supplementary 

figure S3B). Furthermore, we also determined Q levels in several tissues obtained from Sirt3 

knockout mice. In each tissue examined, including muscle, liver, kidney, and brain, Q levels 

from Sirt3 knockout mice were not significantly different from their background-matched 

controls (Figure 2B). Thus, although similar concentrations of kaempferol can indeed up-

regulate Sirt3-dependent mitochondrial functions and increase amounts of Q, the increase in 

Q content does not appear to be related to the upregulation of Sirt3 activity.

3. 3. Kaempferol activates endogenous Q biosynthesis by acting as a ring precursor in 
mouse and human kidney cells

We considered the possibility that the increase of Q levels caused by kaempferol could be a 

consequence of a higher Q biosynthetic rate. To test this possibility, we followed two 

different approaches. First, we studied how PABA, a well-characterized inhibitor of Coq2 

activity in animal cells [30, 31], affected Q levels in control and in Tkpts cells that had been 

treated simultaneously with kaempferol. As expected, PABA decreased Q levels in the 

control cells. Moreover, PABA abolished the increase of Q in response to kaempferol 

treatment, indicating a direct link between kaempferol and Q biosynthesis (Figure 3A).

Secondly, we measured Q biosynthesis with an assay based on the incorporation of 

exogenous 14C-labeled 4HB as Q ring precursor. Our results showed that kaempferol 

produced a substantial decrease in the incorporation of 14C-4HB (Figure 3B). The 

simultaneous increase of Q levels and decrease of 14C-4HB incorporation into Q by 

kaempferol, implies that this compound competes with the substrate 4HB to behave as a ring 

precursor for Q biosynthesis. To confirm this possibility, we cultured Tkpts cells in the 

presence of 13C-labeled kaempferol and then measured the levels of 12C-Q and 13C6-Q with 
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HPLC-MS-MS. This technique allows the simultaneous measurement of the amount of 

cellular Q derived from endogenous 4HB (12C-Q) and the amount of newly synthesized Q 

derived from 13C-kaempferol (13C6-Q). Total levels of Q obtained in the presence of 13C-

kaempferol were also compared with those obtained when cells were grown in the presence 

of the non-labeled polyphenol. We found that Q9 and Q10 levels increased equally with both 

non-labeled and 13C-kaempferol. Of note, when the 13C-labeled precursor was used, nearly 

all the Q present in Tkpts cells was 13C6-Q, identifying kaempferol as an efficient novel Q 

ring precursor (Figure 3C). Similar experiments were carried out to test the effects of 

kaempferol in human HEK 293 cells, another kidney cell line and, as observed for Tkpts 

cells, Q levels were also increased by kaempferol treatment. Furthermore, when 13C-

kaempferol was used, almost all the Q present in HEK 293 cells was 13C6-Q 

(Supplementary Figure S4A). In sum, our results demonstrate a role for kaempferol as a Q 

ring precursor both in murine and human kidney cell lines.

Colonic microflora metabolize kaempferol to 4-hydroxyphenylacetic acid (4HPAA) and 4-

methyphenol (or p-cresol) [32, 33]. Moreover, Serra et al. [34] have detected 4HB derived 

from the metabolic pathway of kaempferol in rat microflora, possibly as a result of further 

4HPAA processing. To investigate if kidney cells could directly transform kaempferol in a 

similar way, we tested whether 4HPAA or p-cresol could serve as Q ring precursors. A MTT 

assay ruled out any toxicity of these compounds in concentrations ranging from 5 nM to 100 

μM (data not shown). Thus, we used both 4HPAA and p-cresol at a similar concentration as 

that used in our previous experiments with kaempferol (10 μM). Our results showed that 

neither 4HPAA nor p-cresol increased Q levels, and they were also unable to compete 

with 14C-4HB in a Q biosynthesis competition assay (Supplementary Figure S5). Together, 

these results argue against 4HPAA and p-cresol as metabolites mediating the effect of 

kaempferol on Q biosynthesis in kidney cells.

3. 4. Role of other phenolic compounds as Q ring precursors

To further study the ability of other dietary phenolic substances to act as precursors in Q 

biosynthesis we tested curcumin and ferulic acid, which have a quite different structure in 

comparison with the stilbenoids and flavonoids we already tested. We also analyzed vanillin, 

a simpler molecule that shares the same ring structure as curcumin, and ferulic acid (see 

Supplementary Figure S1). Vanillic acid, which also bears hydroxyl and methoxy groups in 

the same position of the ring, has been previously described as a Q ring precursor in 

mammals [35]. As shown in Figure 4A, total Q9 levels were decreased when Tkpts cells 

were treated with both unlabeled or 13C12-labeled curcumin, with no 13C6-Q being detected 

in the latter case. The same trend was observed for Q10 levels, although a statistically 

significant decrease was observed only in the case of 13C12-labeled curcumin. Similar results 

were obtained using D6-curcumin in Tkpts cells (data not shown). Vanillin also produced a 

decrease of Q9 levels, and the same trend was observed for Q10 although without statistical 

significance. Strikingly, even when total Q levels were decreased, we were able to detect a 

signal for 13C6-Q9 although not for 13C6-Q10 in lipid extracts obtained from cells cultured in 

the presence of 13C6-vanillin (Figure 4A). However, the proportion of 13C6-Q9 present in 

cells treated with 13C6-vanillin was only about 2%, which is much lower than that produced 

by 13C-kaempferol (see Figure 3C). Ferulic acid did not produce any significant change of 
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total Q levels, and deuterated forms of Q9 or Q10 only accounted for a minor portion of total 

Q after treatment of Tkpts cells with D3-ferulic acid (Figure 4B).

Treatments were also carried out in human HEK 293 cells and, in this case, we found that 

both curcumin and vanillin increased Q levels. We were unable to detect any 13C6-Q10 in 

cells cultured for 48 h in the presence of 13C12-labeled curcumin (Supplementary Figure 

S4B), which indicated that the increase of Q levels is not related to augmented Q 

biosynthesis. Total amounts of Q were also increased in HEK 293 cells cultured in the 

presence of 13C6-labeled vanillin, but 13C6-Q10 was only about 1% of total Q 

(Supplementary Figure S4B), making it unlikely that augmented Q biosynthesis plays a 

prominent role for the increase of Q levels observed in this cell type. Treatment with ferulic 

acid did not alter Q levels and the deuterated form of Q10 (D3-Q10) was not detected. In 

summary, we demonstrate that neither curcumin nor ferulic acid serve as ring precursor for 

the Q biosynthetic pathway in mouse or human kidney cells, whereas vanillin plays only a 

minor role in comparison with kaempferol or with the endogenous substrate 4HB.

3. 5. 4HB availability is a limiting step for Q biosynthesis in kidney cells

The efficient utilization of kaempferol by kidney cells as a Q ring precursor could be linked 

to a limited availability of endogenous ring precursors in these cells. In accordance, Pierrel 

et al. [7] described that availability of the ring precursor (4HB or PABA) was a rate-limiting 

step for the biosynthesis of Q6 in yeasts cultured in PABA-free medium. To test whether the 

effect of kaempferol-mediated increase in Q levels in mammalian cells resulted from 

limiting amounts of endogenous ring precursors, we measured Q levels in cells that had been 

treated with exogenous 4HB. For these determinations, we compared the response of the two 

kidney-derived cell types (mouse Tkpts and human HEK 293) with that of non-kidney cell 

lines, including mouse liver hepatoma Hepa 1.6, MEFs, human liver hepatoma Hep G2, and 

human promyelocytic leukemia HL-60 cells. As depicted in Figure 5, Q levels were 

dramatically increased in the two kidney-derived cell lines when cultured in the presence of 

4HB, and attained levels four- to six-fold higher as compared to the corresponding no 

addition control. HEK 293 cells were particularly sensitive to supplementation of culture 

medium with 4HB, with a close to maximal response being already achieved at 

concentrations as low as 5 nM 4HB. In the mouse Hepa 1.6 cell line, Q levels were 

increased two-fold by 4HB concentrations between 5 nM and 1 μM but, strikingly, this 

response was lost at concentration of 10 μM and higher. In the case of MEFs, a slight 

increase was obtained for the Q9 isoform at concentrations of 4HB between 50 nM and 1 

μM, but no significant changes were observed for Q10. Except for a slight increase of Q10 

levels at 50 nM 4HB in Hep G2 cells, no further alteration of Q levels by exogenous 4HB 

supplementation was observed in this cell line or in HL-60 cells at any concentration.

Taken together, these results indicate that availability of endogenous 4HB is a limiting step 

for Q biosynthesis in kidney cells, and that incorporation of exogenously applied ring 

precursors, such as kaempferol is favored. This could be due to a rapid flow of metabolites 

towards Q biosynthesis, which maintains very low levels of upstream substrates such as 

endogenous 4HB in kidney cells. This interpretation was further supported by the 

comparison of Q levels in Tkpts and Hepa 1.6 cells, the former containing much higher 
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amounts of Q, particularly Q10 (Figure 6A), and of the polyprenyltransferase Coq2, the 

enzyme that catalyzes the condensation reaction between ring and hydrophobic tail 

precursors, which was found also significantly enriched in Tkpts in comparison with Hepa 

1.6 cells (Figure 6B). This situation resembles that of kidney and liver tissues in the mouse 

[25].

3. 6. Kaempferol is not utilized as a Q ring precursor by yeast cells as efficiently as 4HB

Since yeast utilize several ring precursors alternative to 4HB for Q biosynthesis, such as 

PABA [6, 7], p-coumarate and resveratrol [9], we investigated whether kaempferol might 

also serve as a biosynthetic Q precursor in S. cerevisiae. In this study, we also investigated 

the effects of ferulic acid, vanillin, and curcumin, which had not been tested previously as 

putative Q biosynthetic ring precursors. As stated above, all of these compounds share the 

same ring structure as vanillic acid. Results obtained with these compounds were compared 

with those obtained with the endogenous substrate 4HB. Importantly, for these experiments 

yeast cells were cultured in minus PABA medium, since the presence of PABA in the 

medium could mask a role for the phenolics as putative Q biosynthetic precursors [6, 7]. 

Yeast cells were grown for 3 h in the presence of each compound at 10 μM concentration, 

and lipids were extracted for Q6 quantification. As depicted in Figure 7A, no significant 

differences could be observed in the Q6 levels between cells treated with the unlabeled 

compounds compared to the control cells.

We next cultured yeast cells in the presence of 13C-labeled kaempferol to test whether 

kaempferol might still serve as a ring precursor of Q6 in yeast. Although13C6-Q6 was 

detected, it comprised only two to four percent of the total Q content (Figure 7B). In 

contrast, 13C6-4HB was readily incorporated into 13C6-Q6, and also significantly enhanced 

the total Q content (Figure 7B) indicating that, compared to kaempferol, yeast can utilize 

4HB as a Q ring precursor with a substantially higher efficacy. As we previously observed in 

kidney cells, despite the decrease of Q6 levels produced by vanillin, some 13C6-labeled Q6 

could be detected when yeast cells were grown in the presence of 13C6-labeled vanillin. 

Finally, as also found previously for kidney cells, no 13C6-labeled Q6 was detected when 

yeast cells were cultured in the presence of 13C12-curcumin, suggesting this compound does 

not serve as a Q ring precursor.

4. Discussion

Polyphenols, which are widely present in foods and beverages of plant origin, have received 

great interest during the last years due to their positive effects on human health. Several 

studies have strongly supported a role for polyphenols in the prevention of important 

diseases such as cancer, cardiovascular disease, chronic inflammation and neurodegenerative 

disease [36]. The beneficial properties of polyphenols have been partially attributed to a role 

as antioxidants as well as to their ability to modulate molecular targets and signaling 

pathways. Their antioxidant capacity is widely linked to their ability to reduce free radical 

formation and to scavenge free radicals, but other mechanisms of action serving to elevate 

endogenous antioxidants are also important. For example, polyphenols can induce 

antioxidant enzymes such as glutathione peroxidase, catalase and superoxide dismutase and 
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inhibit the expression of enzymes such as xanthine oxidase [37]. Another important factor is 

the molecular structure of these compounds, which can modulate their properties and 

functions. Of note, the 3-hydroxyl group in flavonols is considered especially important for 

their antioxidant activities [38].

As a lipid-soluble antioxidant that can be endogenously synthesized by all organisms, Q 

plays a major role in antioxidant defense [30]. Resveratrol and p-coumarate have been 

described as Q ring precursors in E. coli, S. cerevisiae and human cells, but the possibility 

that polyphenols could actually increase the levels of this lipid antioxidant in cells has not 

been explored. A capacity to increase endogenous Q levels could be a very important finding 

to palliate Q deficiencies associated with aging or disease. Kidney cells are especially 

sensitive to a decrease of Q levels, and a nephrotic syndrome is a major clinical phenotype in 

Q deficiencies [39]. For this reason, we selected two kidney-derived lines, murine Tkpts and 

human HEK 293 cells, to study the capacity of different polyphenols to increase Q levels.

Two stilbenes, (resveratrol and piceatannol), and two flavonols, (quercetin and kaempferol), 

were selected in the first phase of our studies. Resveratrol has been the subject of intense 

research due to its purported cardiovascular protective, antiplatelet, antioxidant, anti-

inflammatory, blood-glucose-lowering and anti-cancer activities (reviewed in [40]). 

Piceatannol is a hydroxylated analogue of resveratrol and shares the structural motif and 

biological activities, being even more potent in some studies [41]. Apart from the beneficial 

effects of stilbenes, the regular consumption of flavonoids is related to reduced risk of a 

number of chronic diseases, including cancer, cardiovascular disease and neurodegenerative 

disorders (reviewed in [42]). Flavonoids are divided into several groups, with flavonols 

being those containing the 3-hydroxy group, which has been considered very important for 

antioxidant activity. For our determinations, we chose quercetin and kaempferol, the two 

most common compounds in this group. Among these four compounds, only kaempferol 

efficiently increased Q levels in kidney cells and, interestingly, the effects were observed at 

concentrations that can be attainable physiologically both by consumption of flavonoids-

containing food and by oral supplementation [15, 43, 44]. Since this ability may derive from 

its chemical structure, we also tested additional structurally related flavonoids. We chose two 

flavones, apigenin and luteolin, and one flavanone, naringenin. Of these, only apigenin 

caused a slight increase in Q9 and Q10 at select concentrations, although its effects were 

extremely limited in comparison with kaempferol and a slight inhibition was also observed 

for one of the concentrations tested.

The increase in Q levels by kaempferol in kidney cells depends directly on the stimulation of 

Q biosynthesis. The kaempferol-mediated increase in Q was blocked by the Q biosynthesis 

inhibitor PABA; conversely addition of kaempferol competed with incorporation 

of 14C-4HB into 14C-labeled Q. Cells treated with 13C-kaempferol generated newly 

synthesized 13C6-Q, and demonstrated that kaempferol behaves as a novel Q ring precursor 

in mammalian cells. The metabolism of kaempferol responsible for its incorporation into the 

Q biosynthetic pathway remains to be established, although two possibilities can be 

proposed: (1) kaempferol could act directly as a Q precursor being itself a substrate for the 

Coq2 transferase and would be subsequently metabolized and modified by different Coq 

proteins until it reaches the final structure of Q; or alternatively (2) kaempferol could be 
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cleaved in the cell to yield potential ring precursors which would be then integrated into this 

pathway. Indeed, previous studies have shown that flavonoids can be transformed by colonic 

microflora into phenolic acids. However, the type of metabolic products depends on what 

phenolic compound is metabolized and its specific structure [34]. Cleavage of kaempferol by 

colonic microflora occurs between C-3 and C-4 carbons of ring C, forming 4HPAA [32, 33] 

derived from the B ring, 4HPAA is then rapidly decarboxylated to form p-cresol [45]. If 

kidney cells were able to perform a biochemical transformation of kaempferol similar to that 

described for colonic microflora, this would provide an efficient source of Q precursors. 

However, neither 4HPAA nor p-cresol increased Q levels nor competed with 14C-4HB, 

demonstrating that these compounds do not act as Q ring precursors. Therefore, even if 

kaempferol is cleaved in renal cells before entering the Q biosynthetic pathway, these known 

metabolites are not involved in augmenting Q levels.

Whatever the metabolic route involved, an increase of alternative Q ring precursors in cells 

will only result in higher Q levels if cells have low availability of endogenous 4HB. Pierrel 

et al. [7] described 4HB as a limiting step in the biosynthesis of Q in S. cerevisiae cells and, 

as we have demonstrated here, this also holds true for kidney cells, although not for other 

cell lines such as MEFs, Hep G2 and HL-60. The increase of Q observed after a treatment 

with nanomolar concentrations of 4HB or kaempferol confirms that the availability of 

endogenous ring precursors is very low in kidney cells of both mouse and human origin. The 

fact that many cell types do not show increased Q levels in response to exogenous 4HB is in 

agreement with the early demonstration that 4HB may be present at saturating 

concentrations in liver, as determined by in vitro assays with liver tissue slices [46]. Tissue-

specificity regarding the effect of supplementation with ring precursors on Q biosynthesis is 

further supported by the observations of Wang et al. [47], who demonstrated that adding the 

ring precursor 2,4-dihydroxybenzoic acid (2,4-DHB) to the drinking water of Q-deficient 

Mclk1 KO mice resulted in a healthier phenotype, an increase in Q levels and an 

improvement of the mitochondrial respiratory capacity in heart, kidney and skeletal muscle, 

although no statistically significant differences were observed in small intestine. Moreover, 

when 2,4-DHB was given to wild-type mice an increase of Q9 levels was still detected in 

kidney mitochondria, but no increase was observed in mitochondria isolated from heart, 

liver, skeletal muscle or intestine, which agrees with the idea that, even under normal (non 

deficient) conditions, availability of Q ring precursors is a limiting step in kidney.

In a previous report [25], we demonstrated maximal levels of Coq2 polypeptide in those 

organs displaying the highest Q concentrations, such as kidney and heart. In accordance, the 

murine kidney-derived Tkpts cells also showed significantly higher levels of both Q and 

Coq2 polypeptide than murine hepatic Hepa 1.6 cells. Higher levels of the Coq2 transferase 

might maintain low cellular concentrations of the ring precursor 4-HB due to its rapid use 

via the Coq2 prenyltransferase activity. Higher Coq2 levels could also account for making 

these cells particularly responsive to ring precursors as 4HB or kaempferol, leading to a 

significant increase of Q levels upon supplementation. Further experiments will be needed to 

fully understand how kaempferol is metabolized to take part directly in the biosynthesis of 

Q.
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Experiments carried out with S. cerevisiae demonstrated that kaempferol is not effective in 

increasing Q6 levels or acting as a Q ring precursor in this eukaryotic cell model, even when 

ring precursors are limiting the biosynthesis of Q. Previous studies indicate that yeast 

cultured under PABA limiting conditions show increased Q6 content when supplemented 

with either 4HB or PABA (6). The lack of an effect of kaempferol indicates that yeast cannot 

utilize flavonoids in the same manner as mammalian cells.

The non-flavonoid compound curcumin, which contains two ferulic acid moieties linked via 

a methylene bridge at the carbonyl group C atoms, undergoes metabolism in animals, 

possesses antioxidant capacity and produces beneficial effects on diabetes, inflammation and 

neurodegenerative disease by modulating multiple signal molecules (transcription factors, 

enzymes, etc.) and controlling gene expression [48]. Structure of curcumin and ferulic acid 

differs substantially from that of flavonoids and stilbenoids, so testing their effect on Q 

system was of considerable interest. However, our data indicate that neither curcumin nor 

ferulic acid increase Q levels, and only ferulic produced a small but detectable signal of D3-

labeled Q in kidney cells. Similar results were obtained in yeast cells. Chemical structure is 

a key factor that define the functions and the effect of the different polyphenols. In our study, 

flavonoids were more efficient used in Q biosynthesis than other non-flavonoid compounds 

like stilbenoids and curcuminoids. Moreover, one member of the flanovol group 

(kaempferol) and one member from the flavone group (apigenin) were the ones that 

displayed the strongest effect increasing Q9 and Q10 levels in renal cells.

The difference between flavonols and flavones is distinguished by the presence of a 

hydroxyl group in the C3 position. This group seems to be critical because kaempferol (that 

possesses this group) is much more efficient in increasing Q levels than apigenin and, 

interestingly, this specific OH group has been linked to an increase of antioxidant activity 

[38]. However, kaempferol and apigenin have a common characteristic that also seems to be 

an important determinant for their effect on Q biosynthesis: both compounds possess one 

hydroxyl group in the B ring. The presence of two hydroxyl groups in this ring, as is the case 

for quercetin and luteolin, abolishes the effect of these flavonoids on Q biosynthesis. One 

study that compared the anxiolytic effect of different flavonols noted that this activity 

decreased with an increasing number of hydroxyl groups in the B ring: kaempferol revealed 

again the strongest effect, whereas myricetin (which possesses three hydroxyl groups) did 

not have any effect [49].

In addition, kaempferol has been previously described as a Sirt3 activator. This 

mitochondrial sirtuin mediates the adaptation of increased energy demand during adverse 

conditions to increase the production of energy equivalents, and also deacetylates and 

activates mitochondrial enzymes involved in fatty acid β-oxidation, amino acid metabolism, 

the electron transport chain, and antioxidant defense [28]. Our results have shown that 

mitochondrial levels of Sirt3 were indeed increased after kaempferol treatment, confirming 

these effects also take place in renal cells. However, treatment of kidney cells with NAM, a 

general inhibitor of sirtuin activity, did not affect the kaempferol-induced increase of Q 

levels, indicating that Sirt3 activation does not mediate kaempferol effects on Q 

biosynthesis. Furthermore, Q levels measured in different tissues obtained from Sirt3 
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knockout mice did not differ from those measured in their wild-type littermates, indicating 

that Sirt3 does not modulate Q biosynthesis.

Further experimentation is warranted to elucidate whether dietary kaempferol 

supplementation also increases Q levels in animals, both under normal and Q-deficient 

conditions. Extensive metabolism of kaempferol when administered with the diet results in 

very low levels of circulating kaempferol in mice [50], which could hamper potential 

beneficial effects on Q biosynthesis. However, given the specific response of kidney to small 

amounts of ring precursors, it is still possible that dietary kaempferol could lead to increased 

Q levels in this organ, as previously observed for 2,4-DHB [47]. Increasing the availability 

of Q precursors in cells could move the metabolic flux in favor of the synthesis of Q, helping 

to ameliorate the phenotype associated with certain Q deficiencies, at least for some organs 

such as kidney.

In conclusion, we demonstrate that some components of a healthy diet can influence the 

levels of Q in renal cells. The flavonol kaempferol is identified here as having the strongest 

effect on increased Q levels due to its action as a novel ring precursor in Q biosynthesis. The 

ability of kaempferol to simultaneously increase Q and Sirt3 levels, link several of the 

beneficial effects previously described for this molecule. Further experiments, both in vitro 
and in vivo, will be needed to elucidate the exact metabolic pathway by which kaempferol 

participates in Q biosynthesis, as well as to test its potential beneficial effects in vivo.
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Abbreviations

Q Coenzyme Q

2,4-DHB 2,4-dihydroxybenzoic acid

DOD drop-outdextrose medium

FBS fetal bovine serum

4HB 4-Hydroxybenzoic acid

4HPAA 4-hydroxyphenylacetic acid
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MEF mouse embryonic fibroblast

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

PABA nicotinamide, NAM, paminobenzoic acid

YPD yeast extract peptone dextrose

TCA trichlocoacetic acid
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Highlights

Kaempferol strongly increases coenzyme Q levels in kidney cells, whereas other 

phenolics such as resveratrol or apigenin are much less active.

Increase of coenzyme Q by kaempferol is not related to the upregulation of sirtuin 

activity but is due to a novel role of this phenolic as a biosynthetic ring precursor 

which competes with endogenous 4-hydroxybenzoate.

Limited availability of endogenous biosynthetic ring precursors is a feature of 

renal cells that determines enhanced sensitivity to supplementation with 

exogenous precursor substances, in comparison with cells of different origins.

The yeast Saccharomyces cerevisiae is unable to use efficiently kaempferol in 

coenzyme Q biosynthesis.
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Figure 1. Kaempferol strongly increases Q levels in Tkpts cells
Q9 and Q10 levels were determined in Tkpts cells treated with different polyphenols at the 

given concentrations for 48 h. After the incubation period, lipids were extracted and Q levels 

quantified. (A) Stilbenoids. Resveratrol, but not piceatannol, produced a modest increase of 

Q9 and Q10 levels. (B) Flavonols. Quercetin did not affect Q levels, but kaempferol produced 

a dramatic increase of both Q9 and Q10. (C–D) Flavones and a flavanone. Apigenin, but not 

luteolin or naringenin, slightly increased Q9 and Q10 levels. (E) Basic chemical skeleton of 

flavonoids. Statistically significant differences between control and treatments are 

represented by *p<0.05, **p<0.01 and ***p<0.001.
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Figure 2. The mitochondrial sirtuin Sirt3 does not participate in the regulation of Q levels
(A) General inhibition of sirtuin deacetylases by nicotinamide (NAM) at 10 mM did not 

prevent the increase of Q levels in Tkpts cells treated kaempferol (K) at 10 μM. (B) Q levels 

are not altered in tissues (skeletal muscle, liver, kidney and brain) obtained from Sirt3 

knockout mice in comparison with age-matched controls. Asterisks denote statistically 

significant differences (***p<0.001).
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Figure 3. Kaempferol augmentation of Q levels is related to the enhancement of Q biosynthesis
(A) Inhibition of the Coq2 polyprenyltransferase with PABA decreased Q levels in control 

Tkpts cells and abolished the increase of Q9 and Q10 in cells treated with kaempferol (K). 

Cells were cultured for 48 h in the presence of kaempferol at 10 μM and/or PABA at 1 mM. 

Lipids were then extracted for quantification of Q by HPLC. (B) Competition assay 

of 14C-4HB incorporation into Q. Treatment of cells with 10 μM kaempferol (K) inhibited 

the incorporation of 14C-4HB into Q, which indicates competition of kaempferol and 4HB 

as Q ring precursors. (C) Demonstration of the role played by kaempferol as a Q ring 

precursor in Tkpts cells. Cells were cultured for 48 h in the presence of unlabeled (K) 

or 13C-labeled kaempferol (13C-K) at 10 μM. Unlabeled (12C, open bars) and 13C6-labeled 

(closed bars) Q were then measured with HPLC-MS/MS. The majority of Q measured in 

cells treated with 13C-kaempferol was 13C6-Q, demonstrating a role for kaempferol as a 

novel Q ring precursor. Asterisks denote statistically significant differences (***p<0.001).
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Figure 4. Effect of curcumin, ferulic acid and vanillin on Q biosynthesis in Tkpts cells
(A) Q levels were slightly decreased in Tkpts cells treated with curcumin and vanillin. A 

small amount of 13C6-Q was detected when Tkpts cells were treated with 13C6-vanillin, but 

not when treated with 13C12-curcumin, indicating that curcumin does not act as a Q ring 

precursor. (B) Ferulic acid did not alter Q levels and no deuterated signal was recovered after 

the treatment with D3-ferulic acid, indicating that ferulic acid does not serve as a Q ring 

precursor. Statistically significant differences in total Q9 or Q10 between control and 

treatments are represented by *p<0.05, **p<0.01 and ***p<0.001.
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Figure 5. 4HB is a limiting step in the biosynthesis of Q in kidney cells
(A) Different types of murine cells were treated with increasing concentrations of 4HB. 

Tpkts cells exhibited a dramatic increase in Q9 and Q10 levels. However, only a slight 

increase at some concentrations of 4HB was observed for Hepa 1.6 and MEFs. (B) Similar 

experiments were performed in human cell lines. Human kidney-derived cells (HEK 293) 

displayed a significant increase of Q10 levels, but this effect was not found in human lines 

from another origin, such as Hep G2 or HL-60. The dramatic increase of Q levels in Tkpts 

and HEK 293 supports that availability of 4HB is a limiting step for the Q biosynthetic 

pathway in kidney cells. Statistically significant differences in total Q9 or Q10 between 

control and treatments are represented by *p<0.05, **p<0.01 and ***p<0.001.
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Figure 6. Kidney-derived Tkpts cells display increased levels of Q and Coq2 in comparison with 
hepatic Hepa1.6 cells
(A) Q levels and Q9/Q10 ratio. Q levels were higher and Q9/Q10 ratio lower in Tkpts than in 

Hepa 1.6 cells. (B) Coq2 prenyltransferase levels. Arbitrary units depicted in the graph relate 

directly to the immunoblots shown underneath, which derive from the same film. 

Statistically significant differences between both cell types are represented by **p<0.01 and 

***p<0.001.
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Figure 7. Kaempferol, ferulic acid, vanillin and curcumin are not utilized as Q ring precursors as 
efficiently as 4HB in yeast
(A) Effect of kaempferol, ferulic acid, vanillin and curcumin on Q6 levels. BY4741 yeast 

cells were treated with these compounds at 10 μM concentrations each, or with EtOH to 

establish the vehicle control. Yeast were subsequently grown for 3 h in PABA-minus folate-

minus medium. (B) Effect of 13C-ring-labeled compounds on de novo Q6 biosynthesis. 

BY4741 yeast cells were treated with 13C6-4HB, 13C-kaempferol, 13C6-vanilin, 13C12-

curcumin, or with EtOH to establish the vehicle control. Significant differences refer to the 

control condition and are represented by *p<0.05.
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Table 1
HPLC-MS-MS transitions for each analyte

We summarize here the transitions used for each molecule in the HPLC-MS/MS. We monitored both the 

protonated and the ammoniated transitions.

Molecule m/z (+ H) m/z (+ NH3)

Q4 455.3/197.08 472.3/197.08

Q6 591.4/197.08 608.4/197.08

13C6-Q6 597.4/203.08 614.4/203.08

Q9 795.6/197.08 812.6/197.08

D3-Q9 798.6/200.08 815.6/200.08

13C6-Q9 801.6/203.08 818.6/203.08

Q10 863.6/197.08 880.6/197.08

D3-Q10 866.6/200.08 883.6/200.08

13C6-Q10 869.6/203.08 886.6/203.08

Dipropoxy-Q10 919.7/253.1 936.7/253.1
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