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Abstract

The natural compound Alternol was shown to induce profound oxidative stress and apoptotic cell 

death preferentially in cancer cells. In this study, a comprehensive investigation was conducted to 

understand the mechanism for Alternol-induced ROS accumulation responsible for apoptotic cell 

death. Our data revealed that Alternol treatment moderately increased mitochondrial superoxide 

formation rate, but it was significantly lower than the total ROS positive cell population. Pre-

treatment with mitochondria specific anti-oxidant MitoQ, NOX or NOS specific inhibitors had not 

protective effect on Alternol-induced ROS accumulation and cell death. However, XDH/XO 

inhibition by specific small chemical inhibitors or gene silencing reduced total ROS levels and 

protected cells from apoptosis induced by Alternol. Further analysis revealed that Alternol 

treatment significantly enhanced XDH oxidative activity and induced a strong protein oxidation-

related damage in malignant but not benign cells. Interestingly, benign cells exerted a strong spike 
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in anti-oxidant SOD and catalase activities compared to malignant cells after Alternol treatment. 

Cell-based protein-ligand engagement and in-silicon docking analysis showed that Alternol 

interacts with XDH protein on the catalytic domain with two amino acid residues away from its 

substrate binding sites. Taken together, our data demonstrate that Alternol treatment enhances 

XDH oxidative activity, leading to ROS-dependent apoptotic cell death.
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Introduction

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are chemically reactive 

molecules that are essential for living organisms and consist of multiple species such as 

superoxide (O2
•−), hydrogen peroxide (H2 O2), nitric oxide (NO•), hydroxyl radical (•OH), 

peroxynitrite (ONOO−) and lipid peroxyl radical (LOO•) [1]. There are several ROS-

generating mechanisms in mammalian cells and the major players are mitochondrial 

respiratory chain, membrane-bound NADPH oxidase (NOX), cytoplasmic xanthine 

dehydrogenase (XDH) and nitric oxide synthase (NOS). Meanwhile, there are several anti-

oxidant mechanisms in cells operating through enzymatic reactions (e.g. superoxide 

dismutase, catalase and peroxidase), small redox proteins such as thioredoxin, and non-

enzymatic small molecule antioxidants (vitamin E/C, glutathione, etc.) [2,3]. While a 

moderate increase of ROS levels promotes cell proliferation and differentiation, excessive 
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accumulation of ROS species induces oxidative damage to lipids, proteins and DNA 

molecules [4,5]. It is conceivable that cancer cells are much more vulnerable to an acute 

increase of intracellular ROS levels in comparison to benign counterparts due to a 

significantly higher basal ROS level [6]. In fact, this property of cancer cells was recently 

utilized to develop new anti-cancer therapies [6,7].

XDH, also called xanthine oxidase (XO), is the rate-limiting enzyme for purine degradation, 

metabolizing hypoxanthine/xanthine to uric acid [8,9]. In the clinic, XDH is the therapeutic 

target of drugs like Allopurinol and febuxostat for gout or hyperuricemia [10,11]. During 

XDH-mediated purine metabolic reactions, ROS, including superoxide anion (O•−
2) and 

hydrogen peroxide (H2O2), are produced [12]. The XDH gene is constitutively expressed in 

most tissues and it is regulated at the transcriptional level by multiple factors including 

hormones, growth factors and inflammatory cytokines, as well as irritative stimuli (reviewed 

in ref. [13]). Post-transcriptionally, XDH can be converted to xanthine oxidase (XO) via an 

irreversible proteolysis or a reversible cysteine oxidation to disulfide [14]. Although both 

XDH and XO can generate superoxide, XDH predominantly reduces NAD+ while XO 

predominantly reduces O2, generating superoxide and H2O2 [15].

In human cancers, studies on the significance of XDH expression were not widely reported. 

Limited literature showed that XDH protein expression and activity are much lower in tumor 

tissues compared to normal counterparts in gastrointestinal, breast, lung, kidney, bladder and 

ovary tissues, in which XDH protein levels are normally expressed at a higher level 

(reviewed in [16]). Meanwhile, lower XDH levels in patient tumors are associated with a 

worse prognosis of cancer-specific survival in several types of cancers [17–20]. These 

clinical observations suggest XDH as a tumor suppressor. Consistent with this notion, in 

chemically induced animal tumors, XDH protein expression and XO enzymatic activity 

were markedly reduced in tumor tissues and XDH/XO inhibition increased breast xenograft 

tumor growth in nude mice [16]. However, it is not clear if enhancing XDH/XO activity 

would reduce tumor growth or tumor cell survival.

Alternol is a small compound isolated from fermentation products of a mutant micro-

organism [21]. We have demonstrated that Alternol induces a profound ROS response and 

apoptotic cell death in prostate cancer cells but not in benign prostate epithelial cells [22]. To 

understand the mechanism of Alternol-induced ROS response, we analyzed the ROS 

response with different fluorescent probes together with various pharmacological inhibitors 

of cellular ROS-generating enzymes. Our data revealed that XDH-specific inhibitors 

Febuxostat and Allopurinol abrogated Alternol-induced ROS accumulation and subsequent 

apoptotic cell death. In contrast, inhibitors for NOS and NOX had no significant effect on 

Alternol-induced ROS accumulation and cell death. Meanwhile, although Alternol 

moderately increased mitochondrial superoxide level, the mitochondria-specific ROS 

scavenger MitoQ had no protective effect on Alternol-induced cell death. In-silico analysis 

determined that Alternol interacts with the XDH protein catalytic domain without interfering 

its co-factor binding. Alternol treatment increased XDH protein level, promoted XDH 

proteolytic processing and enhanced its oxidative activity in prostate cancer cells but not in 

benign cells. Interestingly, Alternol treatment significantly enhanced cellular superoxide 

dismutase (SOD) and catalase activities in benign cells compared to malignant cells. Taken 
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together, our data demonstrated that Alternol induced XDH/XO activation specifically in 

cancer cells that is a groundbreaking approach to treat malignances without harming normal 

tissues.

2. Materials and Methods

2.1 Cell culture, special chemical reagents, enzymatic assay kits and antibodies

The origin and culture condition for human prostate cancer PC-3, 22RV1, C4–2, LNCaP and 

DU145 cell lines and benign prostate epithelial cell line BPH1 were described in our recent 

publications [22,23]. Alternol (99.9% purity) was obtained from Sungen Biosciences 

(Shantou, China). Chemicals of ROS scavengers n-acetylcysteine (N-Ac) and dihydrolipoic 

acid (DHLA) NOX inhibitors Apocynin and Diphenyleneiodonium (DPI), NOS inhibitors L-

NMMA, L-NAME and 1400W, MitoQ, thioredoxin reductase inhibitor Auranofin, XDH 

inhibitors allopurinol and febuxostat were obtained from Cayman Chemicals (Ann Arbor, 

MI). Pre-verified XDH siRNA, the negative control siRNA, sulforhodamine B (SRB), biotin 

hydrazide and sodium borohydride (NaBH4) were purchased from Santa Cruz Biotech 

(Santa Cruz, CA). ROS-ID® total ROS or NO detection kits and the Glutathione (GSH/

GSSG) detection kit were purchased from Enzo Life Sciences (Farmingdale, NY). 

MitoSOX™ Red mitochondrial superoxide indicator and the RNAiMax reagent were 

purchased from Invitrogen (Carlsbad, CA). Xanthine oxidase activity, uric acid and H2O2 

fluorescent assay kits were obtained from Cayman Chemicals. Antibodies for HRP-Biotin, 

caspase-3, PARP and Actin were from Cell Signal Tech (Danvers, MA). XDH antibody was 

purchased from Proteintech (catalog #55156, Rosemont, IL). SOD (K335) and catalase 

(K773) activity colorimetric assay kits were purchased from BioVision (Milpitas, CA).

2.2 Cytotoxicity, siRNA transfection, and intracellular total ROS, superoxide or NO levels

Cells were seeded at 1 × 104 cells/well in 24-well plates overnight, followed by treatment 

with the solvent or Alternol plus or minus other inhibitors as indicated in the figure legend. 

Cell death population was determined using the trypan blue exclusion assay as described 

[22]. Alternatively, cell survival was evaluated using the SRB-based assay as reported [24]. 

Transfection of XDH or the negative control siRNAs was conducted using the RNAiMax 

reagent as described in our publications [22,25].

Intracellular ROS, NO or mitochondrial superoxide levels were assessed with the 

corresponding fluorescent detection kits. Briefly, cells were seeded in a 24-well culture plate 

overnight and then were loaded with the fluorescent detection solution for 30 min. After 

removing the detection solution, cells were treated with the solvent or Alternol in the 

presence or absence of the inhibitors as indicated in the figure legends. ROS-positive cells 

were counted under a fluorescent microscope as described [22].

2.3 XO, SOD and catalase activity assays and glutathione, uric acid and H2O2 levels

Cells were seeded in 6-well plates and treated with the solvent or Alternol as indicated. Cells 

were harvested in the assay buffers from the kits for XO, SOD and catalase activities, or for 

the detection of cellular GSH/GSSG and uric acid levels. XO activity was assessed by 

quantifying a fluorescent end-product resorufin converted from ADHP (10-acetyl-3,7-
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dihydroxyphenoxazine) in the presence of horseradish peroxidase and H2O2, whereas the 

H2O2 is produced during xanthine oxidase-mediated oxidation of hypoxanthine (Cayman 

Chemical kit #10010895). SOD activity was assessed as an inhibitory effect on a water-

soluble formazan dye production from WST-1 by H2O2 (BioVision kit #K335). Catalase 

activity was assessed by quantifying the residual levels of H2O2 that reacts with a chemical 

probe OxiRed™. The signal intensity is reversely proportional to catalase activity in the 

sample (BioVision kit #773). The glutathione assay kit utilized purified active glutathione 

reductase to reduce oxidized GSSG to form GSH that reacts on DTNB (5,5’-dithiobis-2-

nitrobenzoic acid) to yield a yellow chemical TNB (5-thio-2-nitrobenzoic acid) as a readout 

(Enzo Life kit #ADI-900–160). Uric acid assay was based on the conversion of uric acid to 

allantoin plus H2O2, the later was captured by a fluorescent trap resorufin as described 

earlier (Cayman Chemical Kit #700320). Cell culture media were collected for the detection 

of H2O2 levels with the fluorescent trap resorufin (Cayman Chemical kit, #600050) by 

following the manufacturer’s manual. All results were normalized with total protein levels in 

each corresponding sample.

2.4 Western blotting, qPCR, protein biotin derivatization and nitration assays

Western blot assay of protein expression was conducted as descried [23]. Briefly, total 

cellular protein lysates were extracted using RIPA buffer supplemented with protease 

inhibitor cocktail. Equal amount of proteins was subjected to SDS-PAGE separation, 

followed by transferring onto PVDF membrane. After blocking in 5% nonfat milk, the 

membranes were incubated with primary antibodies overnight at 4C. Protein bands were 

visualized using HRP-linked secondary antibody and ECL solution from Santa Cruz 

Biotech.

Gene expression was assessed using SYBR Green-based quantitative RT-PCR assay. Total 

RNA samples were isolated using Trizol solution from prostate cancer cells and frozen 

specimens obtained from radical prostatectomy with matched benign counterparts as 

described in our previous report [25]. PCR primer pair for human XDH gene is: forward 5’-

AGCACTAAC ACTGTGCCCAA-3’; reverse 5’-TGGTCTGACAAGCCGCATAG-3’. 

Human 18S rRNA primer pair is: forward 5’-CTACCACATCCAAGGAAGCA-3’ and 

reverse 5’-TTTTTCGTCA CTACCTCCCCG-3’ as internal control.

Protein carbonylation was evaluated using biotin derivatization assay as described [26]. 

Briefly, after treatment in P100 dishes, cells were harvested in cold PBS and cellular 

proteins were extracted under native condition in G-lysis buffer (Guanidine HCl 6.0 M, Tis 

50 mM, pH 8.3, EDTA 3.0 mM, Triton-X100 0.5% (v/v), sodium iodoacetate 50 mM) as 

described [27]. Protein lysate was then incubated in the dark with 5.0 mM biotin hydrazide 

for 2 h at room temperature. Biotin-conjugated proteins were then reduced with 10.0 mM 

NaBH4 for 1 h. After removing the excessive salty chemicals with the Ultracel®−3K 

centrifugal filter (Merk Millipore), eluted proteins were loaded onto SDS-PAGE gel and 

carbonylated proteins on PVDF membrane were detected using the HRP-linked anti-Biotin 

antibodies.

Protein nitration was assessed using the fluorogenic tagging approach as described in our 

publication [28]. Briefly, after treatment, cells were harvested in cold PBS and total proteins 
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were extracted in 1% SDS added PBS followed by sonication. After removing cell debris by 

centrifugation, equal amounts of soluble protein from each treatment were subjected to 4-

aminomethyl-benzenesulfonate (ABS) derivatization and sodium dithionite (SDT) reduction. 

Fluorescence spectra were then recorded using a Shimadzu RF-5000U fluorescence 

spectrophotometer.

2.5 Cellular thermal stability assay (CETSA) and in-silicon docking analysis

Cell-based CETSA assay was conducted as described in our recent publication [23,29]. 

Briefly, after treatment, PC-3 cells were harvested in cold PBS. Aliquoted cell pallets were 

heated at various temperatures (37–69C with a 4C interval) for 3 min and cooled down at 

room temperature for 3 min. Cell pallets were then subjected to three freeze-thaw cycles. 

After centrifugation, soluble proteins were used in western blot assays. XDH protein band 

density was acquired using ImageJ software and data were plotted using GraphPad Prism 

software (La Jolla, CA).

The in-silicon docking analysis was conducted as described in our recent report [23]. 

Briefly, XDH crystal structure (PBD 2CKJ) obtained from Research Collaboratory for 

Structural Bioinformatics Protein Data Bank was used for docking analysis with Alternol 

after removing the solvent and ligand FAD. Re-docking the crystal ligands were able to 

recover docked conformations very close to what was reported in the crystal structure. The 

endogenous ligand FAD showed a better affinity score of −10.39457 than Alternol at 

−7.2096448, indicating Alternol docked to XDH homodimers with a moderate affinity.

2.6 Statistical analysis

Quantitative data were present as the mean ± SEM from at least three experiments. 

Representative images of non-quantitative data were shown from multiple experiments. 

Statistical analysis was conducted using ANOVA analysis followed by student t-test to 

compare two groups with SPSS software (Chicago, IL). P value of 0.05 or less was 

considered as a significant difference.

3. Results

3.1 Mitochondrial superoxide is not the main player in Alternol-induced cancer death

We recently demonstrated that the natural compound Alternol induces ROS-dependent 

apoptosis preferentially in cancer cells over benign cells [22]. To elucidate the major sources 

for Alternol-induced ROS response, we first examined mitochondrial superoxide levels 

because it is considered as the major ROS generating machinery [3]. Mitochondrial 

superoxide levels were monitored using the MitoSOX fluorescent probe as described [30]. 

Total cellular ROS levels were monitored at the same time as described [22]. As shown in 

Fig 1A, although MitoSOX-positive cells increased moderately (about 25%) after Alternol 

treatment compared to the solvent control, this increase was significantly lower than total 

ROS-positive population. A similar effect was also observed in benign BPH1 cells 

(Supplemental Figure). To determine the significance of mitochondrial superoxide 

accumulation in cell death, we tested the effect of a mitochondrial-specific anti-oxidant 

MitoQ [31] on Alternol-induced cell death. As shown in Fig 1B, MitoQ had no obvious 
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protective effect on Alternol-induced cell death, while ROS scavenger N-Ac and DHLA 

abolished Alternol-induced ROS accumulation and cell death as reported [22]. These data 

suggest that mitochondrial superoxide formation is not the main player in Alternol-induced 

ROS-dependent cell death.

3.2 NOX and NOS activities are not involved in Alternol-induced ROS-dependent cancer 
death

To determine the possible involvement of NOX activity in Alternol-induced ROS 

accumulation and cell death, we tested two NOX inhibitors DPI [32] and apocynin [33]. 

Similar to the MitoQ, NOX inhibitors had no protective effect on Alternol-induced ROS and 

cell death (Fig 1C &1D). Notably, NOX inhibitor DPI induced a moderate increase in ROS 

levels and cell death (Fig 1C and 1D), possibly related to its off-target effect on thioredoxin 

reductase (TRxR) [34]. Indeed, TRxR inhibition with Auranofin induced a significant 

increase of ROS levels and enhanced Alternol-induced cell death (Fig 1E). However, benign 

BPH1 cells were also resistant to Auranofin-induced cell death (Supplemental Figure), same 

as the response to Alternol [22]. In addition, Alternol treatment did not induce any 

detectable NO signal (data not shown) and NOS inhibition with multiple specific inhibitors 

had no protective effect on cell survival after Alternol treatment (Fig 1F).

3.3 XO activity is involved in Alternol-induced ROS-dependent cancer death

Then, we examined if xanthine oxidase (XO) is involved in Alternol-induced oxidative stress 

and cell death. The levels of XO end-products, uric acid and H2O2, were utilized as the 

readouts. As shown in Fig 2A & 2B, Alternol treatment markedly increased the levels of uric 

acid and H2O2 in a time-dependent manner in PC-3 cells but not in BPH1 cells. In contrast, 

only a slight increase of H2O2 levels was induced by Doxorubicin that was reported to 

induce XO-dependent oxidative stress (Fig 2C) [35]. Consistent with the results of uric acid 

and H2O2 levels, cellular XO activities were significantly elevated after Alternol treatment in 

malignant (PC-3 and C4–2) but not benign BPH1 cells (Fig 2D). These data clearly 

indicated that XO is activated specifically in malignant cells after Alternol treatment.

To verify the significance of XO activation in Alternol-induced ROS accumulation, XO 

inhibitors Allopurinol [10] and Febuxostat [11] were used together with or without Alternol. 

As shown in Fig 2E & 2F, Allopurinol and Febuxostat completely blocked Alternol-induced 

increases of uric acid and H2O2 levels, although allopurinol itself induced a moderate 

increase of H2O2 (Fig 2F), consistent with the notion that Allopurinol induces ROS when it 

initially binds to the enzyme XO as a suicide inhibitor [36]. In addition, Febuxostat also 

dramatically reduced Alternol-induced total ROS levels (Fig 3A & 3B) and subsequent cell 

death (Fig 3C). Western blot analysis revealed that XO inhibition by Febuxostat or siRNA-

mediated XDH gene silencing abolished Alternol-induced apoptosis, as evidenced by 

reduced caspase-3 processing and PARP cleavage (Fig 3D & 3E). These data demonstrated 

that XO activity is enhanced in Alternol-treated malignant cells, which plays a critical role 

in Alternol-induced ROS accumulation and apoptotic cell death.
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3.4 Alternol interacts with XDH protein and increases its protein levels

To examine if Alternol interacts with XDH, CETSA assay [37] was conducted to evaluate 

ligand-protein engagement. As shown in Fig 4A & 4B, Alternol treatment dramatically 

shifted XDH melting curve, the same as Allopurinol’s effect. As expected, Allopurinol did 

not engage with DLAT, an Alternol target protein as described in our recent publication [23]. 

Detailed parameters for ligand-protein interaction were summarized in Tab 1.

In addition, an in-silicon docking analysis was performed to understand how Alternol 

interacts with XDH. The results showed that Alternol binds to XDH protein with two amino 

acid residues K755 and R787 within its catalytic molybdenum binding domain (Fig 4E–4G). 

This interaction did not interfere XDH binding with its co-factor FAD (Fig 4E). The docking 

affinity is −7.2096448 for Alternol and −10.39457 for FAD, indicating that Alternol-XDH 

interaction is less affinitive compared to its natural co-factor FAD.

3.5 Alternol enhances XDH protein expression and protein oxidative damage

To further investigate the nature of Alternol-induced XDH/XO activation, we first assessed 

XDH gene expression in patient specimens and several commonly used prostate cancer cell 

lines. Consistent with previous report [16], XDH gene expression in patient specimens was 

significantly lower than that in benign counterparts (Fig 5, left panel), although XDH gene 

expression varied among different cell lines.

We then examined the alteration of XDH protein expression after Alternol treatment. Human 

XDH/XO exists as a homodimer of ~300 KD and appears as four fragments with variable 

molecular weights between of 54–157 KD on reducing SDS-PAGE gel [38]. As shown in 

Fig 6A, XDH/XO protein mainly appeared at a molecular weight around 125 kD as detected 

with a c-terminal specific antibody in prostate-derived cell lines. Interestingly, this band 

exerted as a doublet only in malignant cells, indicating a post-translational modification in 

cancers. Alternol treatment dramatically increased XDH/XO protein levels in malignant 

PC-3 and C4–2 cells in time- and dose-dependent manners (Fig 6B–6D).

Since Alternol-induced oxidative stress is a key player in cancer cell death, we analyzed 

protein oxidative damages via assessing protein carbonylation and nitration of amino acid 

residues [39–41]. The results revealed that Alternol treatment induced a dramatic increase of 

protein carbonylation in PC-3 (Fig 6E) and C4–2 cells (Fig 6F). On the other hand, only a 

slight increase was observed in BPH1 cells (Fig 6G). Consistent with the data shown before, 

N-Ac and Febuxostat significantly eliminated Alternol-induced protein carbonylation.

Protein 3-nitrotyrosine (3-NT) contents was assessed with the fluorogenic tagging approach 

using 4-aminomethyl-benzenesulfonate (ABS) derivatization following reduction with 

sodium dithionite (SDT) as described in our report [28]. The results showed a significant 

increase of 3-NT contents in PC-3 cells but not in BPH1 cells after Alternol treatment (Fig 

6H). These data indicate that Alternol-induced oxidative induced a significant protein 

damage that is associated with cancer cell death.
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3.6 Benign cells possess a strong anti-oxidant capacity over malignant cells

Lastly, we examined if Alternol alters the activities of cellular anti-oxidant mechanisms, 

including SOD and catalase activities, as well as the GSH/GSSH ratio [4]. Compared to 

PC-3 cells, BPH1 cells had a significant increase in cellular SOD activity after Alternol 

treatment, although its basal SOD activity is lower than PC-3 cells (Fig 7A). Interestingly, 

BPH1 cells showed a higher basal level of catalase activity than PC-3 cells, and both cell 

lines had a significant increase after Alternol treatment (Fig 7B). In addition, the basal level 

of GSH/GSSH ratio was significantly higher in BPH1 cells than that in PC-3 cells (Fig 7C), 

indicating a greater reducing capacity in benign cells. A rapid decrease in GSH/GSSH ratio 

was observed at 2 h after Alternol treatment in PC-3 cells but not in BPH1 cells. These data 

indicate that benign cells possess a stronger reducing equivalent or capacity compared to 

malignant cells either in the basal condition or after Alternol treatment, possibly responsible 

for Alternol-induced cancer cell-specific oxidative stress and apoptotic cell death.

4. Discussion

We recently demonstrated Alternol-induced strong oxidative stress and apoptosis 

preferentially in cancer cells over benign cells [22], which is supported by other report [42]. 

In present study, we determined that XO-derived ROS accumulation is the major mechanism 

of oxidative stress induced by Alternol. We also defined that Alternol interacts with 

XDH/XO protein on its catalytic domain via two amino acid residues K755 and R787. 

Alternol-induced XO-dependent oxidative stress resulted in a profound protein damages in 

carbonylation and nitration. Benign cells exerted a stronger anti-oxidant capacity in SOD 

and catalase activities, which might be responsible for Alternol-mediated killing 

preferentially in cancer cells but not in benign cells.

XDH is a metabolic enzyme for purine catalysis and xenobiotic substrate oxidation while 

generating ROS species [12,15,16]. Its activation has been implicated in ROS-dependent 

tissue damage under ischemia-reperfusion or hypoxia conditions [43,44]. So far, multiple 

mechanisms have been reported in regulating XDH activity at the transcriptional and post-

transcriptional levels [45]. Besides proteolytic and cystine disulfide modifications [9], 

XDH/XO protein phosphorylation was also reported previously [46]. Interestingly, our XDH 

protein analysis by Western blot found a doublet band appearance after Alternol treatment, 

indicating a potential phosphorylation event on XDH protein, although a deep analysis is 

needed to confirm this hypothesis. In addition, cellular iron is also playing a role in 

regulation of XDH gene expression and enzymatic activity [47]. However, addition of an ion 

chelator Desferoxamine had not protective but enhancing effect on Alternol-induced ROS 

accumulation and cell death (data not shown).

Previous reports showed that structurally different substrates modulate XDH/XO enzymatic 

activity towards to other substrates via cooperative interaction between two subunits in the 

homodimer complex [48,49]. In our study, we found that Alternol interacts with XDH 

protein within the catalytic domain at K755/R787 residues, which had not interference with 

its FAD binding. Since XDH/XO executes its substrate binding and catalysis on residues of 

E803/R881/E1262 [50], we postulate that by binding to XDH/XO catalytic domain at K755/
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R787 Alternol might enhance its efficiency of catalytic activity on purine substrates but 

further analysis is needed to understand this mechanism.

In mammalian cells, redox homeostasis is maintained at multiple levels between pro-oxidant 

and anti-oxidant factors. Although excessive ROS accumulation has been detected in human 

cancer cells, high levels of anti-oxidants also exist [1]. Consistent with this notion, we found 

a higher level of SOD activity in malignant cells than that in benign cells. However, benign 

cells showed a strong spike on SOD and catalase activities compared to malignant cells, 

indicating a better compensation of anti-oxidant capacity in benign cells over malignant 

cells. This unique property supports the conceptual basics for developing ROS-inducing 

anti-cancer agents like Alternol [7] and provides a mechanistic insight for Alternol-induced 

cancer cell-specific killing.

Similar as reported from other cancers [16], we also found a significantly reduced 

expression of XDH gene in prostate cancers. In addition, by re-analyzing the cDNA 

microarray data on the OncoMine™ database, a significant reduction (mostly > 2.0-fold) of 

XDH mRNA expression was found in multiple types of human cancers such as colon, liver, 

breast, leukemia, urinary bladder and prostate compared to normal tissues (Supplemental 

data table).

For the enzymatic activity, we found a comparable level among benign and malignant cells, 

which is supported by a previous report showing no significant difference in XDH/XO 

activity between malignant and its benign counterpart tissues [51]. However, Alternol 

treatment significantly enhanced XDH/XO activity in malignant cells but not in benign cells. 

The mechanism behind this difference is under further investigation by our group. 

Interestingly, in non-small cell lung cancers, a better survival rate was achieved in patients 

with higher XDH expression after chemotherapy [52], indicating a potential role of XDH 

activation in chemo-drug induced anti-cancer effect. It is postulated that cancer cell-specific 

activation of XDH/XO enzyme might serve as a ground-breaking approach in cancer 

therapy. As the authors are aware, Alternol is the first compound that activates XDH/XO 

enzyme specifically in cancer cells, despite a retracted report showing berberine-induced 

XDH/XO activation in prostate cancer cells (PMID18275980).

5. Conclusion

In this study, we demonstrated XDH/XO activation in cancer cells after Alternol treatment, 

leading to ROS accumulation and apoptotic cell death. Alternol interacts with XDH protein 

on its catalytic domain and enhances its purine catalytic activity only in prostate cancer 

cells. It is concluded that Alternol acts as a novel and unique XDH/XO activator in 

malignant cells to induce oxidative stress and apoptosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation:

ADHP 10-acetyl-3,7-dihydroxyphenoxazine

ABS aminomethyl-benzenesulfonate derivatization

CETSA cellular thermal stability assay

DHLA dihydrolipoic acid

DPI Diphenyleneiodonium

LOO lipid peroxyl radical

NaBH4 sodium borohydride

N-Ac n-acetylcysteine

NAD nicotinamide adenine

NADPH nicotinamide adenine dinucleotide phosphate

NO nitric oxide

NOS nitric oxide synthase

NOX NADPH oxidase

OH hydroxyl radical

ONOO peroxynitrite

RNS reactive nitrogen species

ROS reactive oxygen species

SDT sodium dithionite

SEM standard error of mean

SOD superoxide dismutase

SRB sulforhodamine B

XDH xanthine dehydrogenase

XO xanthine oxidase

XOR xanthine oxidoreductase
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Highlights

1. Alternol induces ROS accumulation and apoptosis preferentially in malignant 

cells;

2. Alternol-induced ROS stress is not due to mitochondrial superoxide 

accumulation;

3. NOS or NOX inhibitors did not block Alternol-induced ROS stress;

4. XDH/XO inhibition suppresses Alternol-induced ROS accumulation and 

apoptosis;

5. Alternol interacts with XDH on its catalytic domain

6. Alternol activates XDH oxidase activity in malignant cells;

7. Alternol treatment promotes XDH protein expression and modification.

8. XDH gene expression is reduced in malignant tissues.
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Fig 1. 
Mitochondrial superoxide, NOX and NOS are not involved in Alternol-induced ROS-

dependent cell death in PC-3 cells. A & C; PC-3 cells were seeded in 24-well pallets 

overnight and then loaded with MitoSOX (5 μM) or total ROS fluorescent probe for 30 min. 

After media replacement, cells were treated with Alternol plus or minus ROS scavengers (N-

Ac 5 mM, DHLA 0.25 mM) or NOX inhibitors (DPI 10 μM and Apocynin 1 μM) for 4 h. 

Fluorescent positive cells with MitoSOX or total ROS probe were counted under fluorescent 

microscope as described [22].
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B & D; PC-3 cells seeded in 24-well plates were treated with Alternol plus or minus N-Ac 

(5 mM), DHLA (0.25 mM) or MitoQ (5 μM) for 8 h. Cell death rate was determined using 

trypan blue exclusion assay as described [22].

E; PC-3 cells seeded in 24-well plates were loaded with total ROS fluorescent probe for 30 

min and then treated with Alternol (10 μM) or Auranofin (5 μM) as indicated for 8 h. Cell 

populations for total ROS-positive or dying cells were determined as described above [22].

F; PC-3 cells seeded in 24-well plates were treated with Alternol (10 μM) plus or minus 

NOS inhibitors (L-NAME 10 μM, L-NMMA 10 μM, 1400W 1 μM) for 8 h. Cell survival 

rate was determined using SRB assay as described [24].

All experiments were reaped in triplicates and the data were presented as MEAN. The error 

bar represents the SEM of the MEAN. A statistical significance (Student t-test) was 

indicated with the asterisk (p < 0.01) or the hashtag (p < 0.05) compared to the solvent/

DMSO control.
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Fig 2. 
Alternol activates XDH/XO in PC-3 but not in BPH1 cells. A-D; Cells were seeded in 6-

well plates and treated with Alternol (10 μM) or Doxorubicin (2.5 μM) as indicated. Cells 

were harvested for uric acid or XDH/XO activity assays and cell culture media were 

collected for H2O2 assay as described in the text.

E-F; Cells were seeded in 6-well plates and treated with Alternol (10 μM) plus or minus 

Febuxostat (20 μM) or Allopurinol (200 μM) for 4 h. Cells were harvested for uric acid 

assay and cell culture media were collected for H2O2 assay.

All data were from triplicated experiments and were presented as MEAN ± SEM. The 

asterisk indicates a statistical significance compared to the 0 h or the solvent/DMSO control 

(Student t-test, p < 0.01). The hashtag indicates a significant difference between indicated 

groups (ANOVA analysis, p < 0.05)
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Fig 3. 
XDH/XO inhibition blocks Alternol-induced ROS accumulation and apoptosis. A-C; PC-3 

cells were seeded in 24-well plates overnight and were then loaded with total ROS 

fluorescent probe for 30 min. Cells were treated with Alternol (10 μM) or Febuxostat (20 

μM) as indicated for 4 h and cell nuclear were stained with Hoechst 33342 (1.0 μg/ml) for 

15 min before assessment for ROS-positive cell population under a fluorescent microscope. 

Microscopic images were taken from each treatment and the representative images were 

shown in panel A. Quantitative data were summarized in panel B as described [22]. Cell 

death rate was determined after 8 h following drug treatment by trypan blue exclusion assay 

as shown in panel C. A statistical significance was indicated by the asterisk compared to the 

solvent control or by the hashtag compared to the Alternol alone (Student t-test, p < 0.05).

D-E; PC-3 cells with or without XDH siRNA (100 nM) transfection for 2 days were treated 

with Alternol (10 μM) or Febuxostat (20 μM) for 12h as indicated. A scramble siRNA was 

used as negative control in panel E. Cells were harvested in cold PBS and protein lysates 

were used for Western blots with the primary antibodies as indicated on the left side of the 

panel. Actin blots served as protein loading control. Data represent two separate 

experiments.
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Fig 4. 
Alternol interacts with XDH protein. A-D; PC-3 cells treated with DMSO, Alternol (10 μM) 

or Allopurinol (200 μM) for 2 h were harvested in cold PBS and then subjected to CETSA 

ass as described [23].
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E-G; in silicon-docking analysis for Alternol interaction with XDH protein. The crystal 

structure for XDH 2CKJ was extracted from RCSB PDB database and the docking analysis 

were conducted as described in the text. The image on the right side shows the interaction 

diagram of Alternol with the amino acid residues (Lys755 and Arg787) on XDH protein. 

The green arrows indicate sidechain acceptor; The blue arrows indicate backbone donor. The 

images on the left side show the cartoon view of the interaction site.
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Fig 5. 
XDH gene expression is down-regulated in prostate cancer specimens. Quantitative RT-PCR 

was conducted to assess XDH gene expression in prostate cancer specimens (n = 30) and 

their matched benign compartments (left panel) or prostate cell lines (right panel) using the 

cDNA samples generated from total RNAs used in our previous publication [25]. PCR 

counts from XDH gene were normalized with 18S rRNA levels in each sample. Cell line 

data were shown as MEAN from triplicated reactions and the error bar represents the SEM 

of the MEAN. The asterisk indicates a statistical significance compared to the benign group 

(Student t-test, p < 0.05).
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Fig 6. 
Alternol increases XDH protein expression and induces cellular protein damages. A; 

Exponentially grown cells from each line as indicated were harvested for whole cell lysis. 

Equal amount of proteins was used in anti-XDH western blot assay. Actin blot served as 

protein loading control.

B-D; After treatment with Alternol or the solvent as indicated or at 10 μM for 4h, cells were 

harvested in cold PBS and cellular proteins were subjected to anti-XDH western blot assay. 

Actin blot served as protein loading control.

E-G; After treatment with Alternol (10 μM), N-Ac (5 μM) or Febuxostat (20 μM) as 

indicated, cells were harvested in cold PBS and cellular proteins were extracted in G-lysis 

buffer as described in the text. Biotin derivatized proteins were separated on 15% SDS-

PAGE gel and visualized using HRP-linked Biotin antibodies.

H. After Alternol treatment as indicated, cells were harvested in cold PBS and subjected to 

3-NT labeling and measurement as described [28]. Quantitative data were summarized from 

three independent measurements. The asterisk indicates a statistical significance compared 

to the DMSO control (Student t-test, p <0.01).
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Fig 7. 
Alternol enhances anti-oxidant enzymatic activities in BPH1 cells. A-B; Cells were seeded 

in 6-well plates and treated with DMSO or Alternol (10 μM) for 4 h. Cellular proteins were 

extracted for SDO or catalase activity with the colorimetric assay kits from BioVision.

C; Cells were left untreated or treated with Alternol (10 μM) for 2–4 h and cellular contents 

of GSH and GSSG were assessed with the assay kit from Enzo Life as described in the text.

Data are presented as the MEAN from three separated experiments and the error bar 

indicates the SEM of the MEAN. The statistical significance (Student t-test, p <0.05) was 

indicated with the asterisk compared to the DMSO control or the hashtag compared to BPH1 

cells.
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