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Abstract: Acute and chronic inflammation is characterized by increased reactive oxygen 

species (ROS) production, dysregulation of mitochondrial metabolism and abnormal 

immune function contributing to cardiovascular diseases and sepsis. Clinical and 

epidemiological studies suggest potential beneficial effects of dietary interventions in 

inflammatory diseases but understanding of how nutrients work remains insufficient. In the 

present study, we evaluated the effects of apigenin, an anti-inflammatory flavonoid 

abundantly found in our diet, in endothelial cells during inflammation. Here, we show that 
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apigenin reduced lipopolysaccharide (LPS)-induced apoptosis by decreasing ROS 

production and the activity of caspase-3 in endothelial cells. Apigenin conferred protection 

against LPS-induced mitochondrial dysfunction and reestablished normal mitochondrial 

complex I activity, a major site of electron leakage and superoxide production, suggesting 

its ability to modulate endothelial cell metabolic function during inflammation. 

Collectively, these findings indicate that the dietary compound apigenin stabilizes 

mitochondrial function during inflammation preventing endothelial cell damage and thus 

provide new translational opportunities for the use of dietary components in the prevention 

and treatment of inflammatory diseases. 
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1. Introduction 

Sepsis is characterized by exacerbated inflammation and deregulated immune function leading to 

cardiac dysfunction and organ failure [1,2]. Sepsis affects 500,000 people in USA alone and has  

high mortality rates of up to 60%. Lack of current therapies is attributed to the failure of known 

interventions and limited understanding of the disease. Thus, the identification of new therapeutic and 

preventive approaches is crucial [3].  

Increased inflammation induced by lipopolysaccharide (LPS) leads to inflammatory cytokine 

expression, inducing monocyte survival and neutrophil migration to sites of inflammation [4,5]. In 

addition, LPS promotes endothelial cell apoptosis [6], increases reactive oxygen species (ROS) 

production and induces mitochondrial dysfunction [7,8], contributing to the morbidity and mortality 

associated with sepsis [9]. Alterations of ROS and mitochondrial respiration affect metabolic function 

and have been involved in the pathogenesis of sepsis [8,10]. A causative link has been reported 

between sepsis-induced mortality and extensive mitochondrial damage, using muscle biopsies of 

critically ill septic patients [11]. In addition, animal studies showed impairment of cardiac 

mitochondria in sepsis [12]. It has been suggested that elevated ROS levels contributes to 

mitochondrial oxidative stress [13,14], and studies using mitochondria-targeted anti-oxidants showed 

improved outcomes in animal models [15,16]. Thus, reestablishment of metabolic balance may 

contribute to positive outcomes in sepsis. 

Flavonoids are naturally occurring polyphenolic dietary compounds broadly found in fruits and 

vegetables, and constitute the largest class of nutraceuticals in our diet [17]. Apigenin is an  

anti-inflammatory dietary flavonoid, associated with lower prevalence of cardiovascular diseases [18]. 

Previously we reported that apigenin exerts anti-inflammatory activity in vitro and in vivo by 

modulating NF-κB activity, reducing inflammatory cytokine production in LPS-treated mice [19]. In 

addition, apigenin reduced neutrophil migration towards inflammatory microenvironments [5]. In 

general, flavonoids exist in plants linked to sugars and referred as glucosides [20,21]. For many 

glucoside flavonoids, brush border β-glucosidase activity in the small intestine is sufficient to 

hydrolyze the sugars, enabling absorption of the aglycones (flavonoid without the sugar, [22]). 

However, intestinal β-glucosidase is unable to cleave oligosaccharide moieties, and despite colonic 
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bacteria cleaving these bonds, absorption is markedly decreased [23,24]. To overcome the poor 

absorption of flavonoids, we recently reported the development of apigenin-rich food formulations that 

increased absorption in vivo, reaching concentrations in serum similar to apigenin levels used in 

cellular studies [20]. Importantly, these aglycone apigenin-rich foods localized to mitochondria and 

reduced LPS-induced NF-κB activity and TNFα production in mouse macrophages [20,25]. 

Formulation of these nutraceutical diets with improved bioavailability might offer new opportunities 

for clinical interventions with flavonoids. Recently, we identified the direct targets of apigenin, that 

include among others, isocitrate dehydrogenase 3 (IDH3), a mitochondrial enzyme involved in the 

TCA cycle, and other metabolic enzymes [26]. However, despite these advances, the mechanisms 

underlying the anti-inflammatory activity of apigenin are yet to be dissected.  

Here, we evaluated the effects of apigenin in endothelial cells during LPS-induced inflammation. 

We found that apigenin reduces LPS-induced endothelial cell apoptosis by decreasing the activity of 

caspase-3, a central modulator of apoptosis. Moreover, we found that apigenin reduced LPS-induced 

ROS production and restored mitochondrial function by modulating respiratory chain Complex I 

activity. Collectively these findings suggest that impaired metabolic functions characteristic of sepsis 

and other inflammatory diseases can be modulated by apigenin, suggesting a potential preventive and 

therapeutic value of phytochemicals in inflammatory diseases. 

2. Results and Discussion 

2.1. Protective Role of Apigenin against LPS-Induced Cell Death 

To investigate the role of apigenin on LPS-induced endothelial cell damage, the effect of apigenin 

in proliferation of bovine aortic endothelial cells (BAECs) was examined. BAECs were treated for 30 min 

with different doses of apigenin or naringenin, a related flavonoid differing only by a single double 

bond in ring C (Figure 1A), prior to the addition of 1 μg/mL LPS for an additional 24 h. The addition 

of LPS resulted in a 40% decrease of cell proliferation, as previously reported [27], compared with 

cells treated with the diluent DMSO (control, Figure 1B). BAECs treated for 30 min with 0.01, 0.1 and 

1 μM of apigenin prior to the addition of LPS, resulted in a significant dose-dependent increase in cell 

proliferation compared to cells treated with LPS in the presence of diluent (Figure 1B, black bars). 

This effect is specific to apigenin as naringenin failed to overcome the reduction in cell proliferation 

induced by LPS (Figure 1B, gray bars).  

Next, we investigated the effect of apigenin on LPS-induced apoptosis. LPS induced a 5-fold 

increase in apoptotic BAECs compared to cells treated with diluent DMSO (Figure 1C). Pre-treatment 

of BAECs for 30 min with 0.1 μM or 1 μM apigenin prior to the addition of LPS for 24 h resulted in a 

dose dependent decrease in apoptosis as demonstrated by the decrease of cells stained with annexin 

V/7-AAD (Figure 1C). Apoptosis induced by LPS is mediated by the activation of caspase-3, a key 

apoptotic effector [28]. Caspase-3 activity was barely detectable in BAECs treated with DMSO. In 

contrast, cells treated with 1 µg/mL LPS for 24 h showed a significant 5-fold increase in caspase-3 

activity (Figure 1D). Pre-treatment with 0.01 and 0.1 μM apigenin reduced, although not significantly, 

LPS-mediated induction of caspase-3 activity, whereas 1 μM apigenin showed a significant decrease in 
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LPS-induced caspase-3 activity compared to cells treated with LPS alone (Figure 1D). Collectively, 

these results indicate that apigenin inhibits LPS-induced apoptosis in endothelial cells. 

Figure 1. Apigenin inhibits lipopolysaccharide (LPS)-induced cell death in endothelial 

cells. Bovine aortic endothelial cells (BAECs) were treated with different concentrations of 

apigenin or naringenin ranging from 0.01, 0.1 or 1μM, or diluent dimethyl sulfoxide 

(DMSO) control [referred as (−)] for 30 min prior to the addition of 1 μg/mL LPS (+)  

for 24 h. (A) Chemical structures of the flavonoids apigenin and naringenin;  

(B) Percentage of cell proliferation was determined by the MTS assay; (C) The percentage 

of apoptotic cells was determined by staining cells with annexin V/7-AAD and analyzed by 

flow cytometry; (D) Caspase-3 activity was determined by the DEVD-AFC assay. Data 

represents mean ± SEM, n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001 determined by  

one-way ANOVA. 

 

2.2. Apigenin Protects from LPS-Induced Mitochondrial Dysfunction  

To understand the mechanisms involved in the ability of apigenin to reduce apoptosis during  

LPS-induced inflammation, we analyzed mitochondrial membrane potential (MMP). BAECs were 

treated with 0.1 or 1 μM apigenin or diluent DMSO 30 min prior to the addition of 1 μg/mL LPS for 6 h 

and MMP was determined by flow cytometry and visualized by fluorescence microscopy in cells 

stained with JC-1. LPS increased by 6-fold the percentage of cells with depolarized membrane, 

indicative of MMP loss, compared with DMSO-treated cells (Figure 2A,B). Pre-treatment of BAECs with 

0.1 and 1 µM apigenin resulted in a significant decrease in the percentage of cells with depolarized 

membrane potential compared to cells treated with LPS alone (Figure 2A,B), indicating that apigenin 

prevents LPS-induced membrane depolarization and mitochondrial dysfunction.  
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Figure 2. Apigenin protects LPS-induced mitochondrial depolarization in endothelial cells. 

BAECs were treated with 0.1 or 1 μM apigenin or diluent DMSO (−) 30 min prior to the 

addition of 1 μg/mL LPS (+) for 6 h. Cells treated with DMSO alone were referred as 

control. (A) Mitochondrial membrane potential was determined by fluorescence 

microscopy in cells stained with JC-1, representative of four independent experiments;  

(B) Flow cytometry analyses of the percentage of cells showing mitochondrial depolarization. 

Data represents mean ± SEM, n = 5. * p < 0.05, *** p < 0.001 determined by one-way ANOVA. 
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2.3. Apigenin Decreases LPS-Induced ROS Production  

LPS is known to exert cytotoxicity through increased ROS production in endothelial cells [7,8]. To 

evaluate the effect of apigenin in LPS-induced ROS production, BAECs were pre-treated with 0.1 and 

1 µM apigenin for 30 min prior to the addition of 1 µg/mL LPS for an additional 3 h and the levels of 

ROS were measured in 2',7'-dichlorofluorescein diacetate (DCFDA) stained cells using fluorescence 

microscopy (Figure 3A). LPS treatment increased 2.6-fold the levels of ROS compared to BAECs 

treated with diluent DMSO (Figure 3A,B). Apigenin at concentrations of 0.1 and 1 µM significantly 

reduced LPS-induced ROS production by 1.3 and 1.4 fold, respectively (Figure 3A,B). Taken together, 

these results imply that apigenin decreases LPS-induced ROS production and suggest its protective 

effect by preventing LPS-induced mitochondrial dysfunction in endothelial cells. 

Figure 3. Apigenin decreases LPS-induced ROS production in endothelial cells. BAECs 

were treated with 0.1 or 1 μM apigenin or diluent DMSO used as control (−) 30 min prior 

to the addition of 1 μg/mL LPS (+) for 3 h. (A) Cells were stained with DCFDA and 

visualized under fluorescence (top) and light microscopy (bottom). Pictures are 

representative of four independent experiments; (B) Fluorescence intensity was quantified 

using the ImageJ software. Data represents mean ± SEM, n = 4. * p < 0.05, ** p < 0.05 

determined by one-way ANOVA. 

 

2.4. Apigenin Restores LPS-Induced Mitochondrial Complex I Activity  

Deregulation of mitochondrial respiratory chain Complex I activity is a common cause of metabolic 

disorders [8,29,30]. In an attempt to understand the mechanisms underlying the protective effects of 

apigenin on BAECs, we examined whether apigenin could modulate Complex I activity following LPS 

stimulation. In order to measure Complex I activity, enriched mitochondrial fractions were obtained, as 

shown by immunoblotting using anti-cytochrome c antibody, a well-known mitochondrial marker 

(Figure 4A, Inset) [31]. Mitochondrial lysates from BAECs treated with 1 μM apigenin, or diluent 

DMSO 30 min prior to the addition of 1 μg/mL LPS for 6 h were obtained and used to determine 

Complex I activity by following changes in NADH absorbance over time. Rotenone (5 μg/mL), a 

specific Complex I inhibitor, when added directly to the mitochondrial-enriched lysates resulted in the 

complete inhibition of NADH oxidation (Figure 4, green diamonds), supporting the specific evaluation 

of Complex I using this approach. BAECs treated with LPS showed a decrease in NADH absorbance 

(Figure 4A, blue line), corresponding to a 3-fold increase in complex I activity (Figure 4B), compared 
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to cells treated with diluent DMSO (Figure 4A, black diamonds; Figure 4B, marked [−/−/−]).  

Pre-treatment with 1 μM apigenin restored LPS-induced Complex I activity to levels found in cells 

treated with diluent DMSO (Figure 4A, red line; Figure 4B). In contrast, naringenin had no effect on 

the complex I activity of LPS-treated cells (Figure 4A, gray dotted line; Figure 4B). Complex I activity 

in BAECs treated with 1 μM apigenin or naringenin alone for 6 h was similar to control (Figure 4B). 

Taken together, these results indicate that LPS impacts the mitochondrial respiratory chain in 

endothelial cells, hence increasing the production of ROS and leading to membrane depolarization and 

apoptosis. In contrast, apigenin restores Complex I activity to normal levels, thus balancing the 

deleterious effect of LPS on mitochondrial function. 

Figure 4. Apigenin restores LPS-induced mitochondrial Complex I activity in endothelial 

cells. BAECs were treated with 1 μM apigenin, naringenin or diluent DMSO 30 min prior 

to the addition of 1 μg/mL LPS for an additional 6 h or diluent phosphate buffered saline 

(PBS) (−) used as control. Complex I activity was assessed in mitochondria enriched 

lysates as described in Materials and Methods. (A) Changes in NADH absorbance at 340 nm 

were determined every 10 s for 6 min. Data represent average of three independent 

experiments. Rotenone (5 μg/mL, green diamonds), a specific inhibitor of Complex I, was 

added directly to the reaction to prove specificity of the assay. Inset corresponds to 

Western blots of cytoplasmic and mitochondria fractions probed with anti-cytochrome c 

antibodies, a mitochondrial marker and GAPDH, a cytoplasmic marker. C: cytoplasmic 

fraction, M: mitochondrial fraction; (B) Complex I activity was calculated using the 

enzymatic activity formula (see Materials and Methods) and expressed per minute per mg of 

protein. Data represent mean ± SEM, n = 3. * p < 0.05 determined by one-way ANOVA. 

 

2.5. Discussion  

Flavonoids are emerging as potent alternative anti-inflammatory agents. However, their 

mechanisms of action remain poorly defined. Previously, we reported that apigenin completely halts 

LPS-induced mortality by decreasing inflammatory cytokine production through modulation of NF-κB 

activity [19]. Despite these findings, the underlying mechanisms of apigenin-induced survival during 

septic shock remain elusive. The present study demonstrates that apigenin exerts anti-inflammatory 
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activity by reducing LPS-induced ROS production and apoptosis, and balancing mitochondrial 

function in LPS-treated endothelial cells.  

The pathogenesis of sepsis is yet viewed as a complex network of events, where the endothelium 

plays a central role in microvascular dysfunction [9]. LPS is the predominant exogenous mediator of 

sepsis and is known to induce significant damage to vascular endothelium through generation of ROS 

and mitochondria dysfunction leading to metabolic disorder and eventually organ failure [8,9]. Thus, 

reestablishment of metabolic balance during sepsis by apigenin constitutes an attractive strategy for 

preserving organ function during inflammatory diseases.  

Apoptosis of endothelial cells is a characteristic of sepsis [32,33]. Our results show that apigenin 

can considerably improve endothelial cell viability when administered prior to LPS, by reducing 

caspase-3 activity and apoptosis in LPS-treated BAECs (Figure 1), indicating a cytoprotective role of 

apigenin towards LPS. To evaluate specificity, we used naringenin, a flavonoid with similar chemical 

structure that lacks anti-inflammatory activity. Naringenin had no effect, suggesting that the protective 

role of apigenin observed here is a unique characteristic of this particular flavonoid (Figure 1). 

LPS is known to induce copious generation of ROS, primarily superoxide anion (O2
−), hydrogen 

peroxide (H2O2) and peroxynitrite [14], although the mechanisms are not fully understood. Elevated 

ROS production leads to loss in MMP, causing endothelial cell death [14]. Maintenance of the MMP is 

crucial to metabolic homeostasis [34,35]. Studies in sepsis suggest that changes in mitochondrial membrane 

integrity mediate multiple organ failure and correlates with the severity of the disease [36,37]. 

Congruent with the current literature, our findings confirmed that LPS induces membrane 

depolarization and increases ROS production in endothelial cells. Moreover, our results indicate that 

apigenin at concentrations of 0.1 or 1 µM was able to restore LPS-induced mitochondrial membrane 

depolarization (Figure 2) and attenuated LPS-induced ROS production (Figure 3). Our results support 

a model in which apigenin, exerts its anti-apoptotic function by normalizing mitochondria function in 

LPS-treated endothelial cells.  

The mitochondrial respiratory chain (electron transport chain), which includes four individual 

enzyme complexes (Figure 5), i.e., NADH-ubiquinone oxidoreductase (Complex I), succinate 

dehydrogenase (Complex II), Ubiquinone-cytochrome c reductase (Complex III) and cytochrome c 

oxidase (Complex IV), is considered the powerhouse of cells, generating more than 90% of energy in 

the form of ATP [38]. Its malfunction leads to increased ROS production and metabolic disorder. 

Mitochondrial function during sepsis and endotoxin shock has been extensively investigated. Current 

literature presents conflicting findings regarding effects of LPS on mitochondrial respiration.  

While some studies have reported that LPS decreases the transfer of electron from Complex I to 

Complex III [39–41], others have shown that LPS increases mitochondria respiratory chain [42–44]. 

For example, Vanasco and co-workers [41] found decreased cardiac mitochondrial function, while 

others [42], reported increased hepatic mitochondrial function in animal models of sepsis. These 

disagreements seem to be tissue/cell type dependent. Recent exciting findings, during the preparation 

of this manuscript, suggest the existence of mitochondrial respiratory super-complexes, providing a 

novel view of the mitochondrial respiration plasticity [45]. Thus, whether Complex I itself or by 

directly associating with Complex III or IV regulate mitochondrial function in disease, will need to be  

re-evaluated [45]. Regardless of these discrepancies, there is consensus that severe sepsis impacts the 
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mitochondrial respiratory chain leading to ROS production and membrane depolarization. However, 

while the recognition of the central role of metabolism in the pathophysiology of inflammatory 

diseases is gaining momentum, the mechanisms underlying inflammation-mediated mitochondrial 

dysfunction are yet to be elucidated. Our results showed that LPS significantly augmented the NADH 

dehydrogenase activity of Complex I in endothelial cells, whereas apigenin reduced this activity to 

levels found in control cells (Figure 4). The basic mechanisms associated with these observations are 

yet to be determined and whether apigenin inhibits LPS-induced Complex I activity or  

super-complexes formation will need further evaluations. Recent studies showed that NF-κB activity 

promotes mitochondrial respiration [46]. Our previous studies showed that apigenin inhibited  

LPS-induced NF-κB activity [19,20]. Therefore, it is conceivable that apigenin by inhibiting NF-κB 

activity counteracts the effect of LPS on mitochondrial function (Figure 5).  

Figure 5. Schematic representation of the mechanisms by which apigenin may modulate 

LPS-induced mitochondrial dysfunction. LPS increases the NADH dehydrogenase activity 

of Complex I (CI), ROS production, mitochondrial membrane depolarization and 

apoptosis. Apigenin decreases the LPS-induced activity of Complex I thus balancing the 

deleterious effect of LPS on mitochondrial function and rescuing cells from LPS-induced 

apoptosis. MOM: mitochondria outer membrane; MIM: mitochondria inner membrane;  

c: cytochrome c; CoQ: Ubiquinone. Complexes II, III, IV and V (ATP synthase) and IDH 

(isocitrate dehydrogenase) are shown. CI, CIII and CIV are proton-pumping enzymes.  

 

In addition, we previously reported that apigenin localizes to the mitochondria [25] and that 

apigenin inhibits the NAD+ dependent isocitrate dehydrogenase 3 (IDH3) activity [26], a major 

regulatory point in the tricarboxylic acid (TCA) cycle [47]. Thus, an additional possibility is that 
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apigenin, by halting IDH activity, interferes with mitochondrial respiration (Figure 5). Interestingly, it 

was previously shown that apigenin, and other flavonoids, including quercetin and kaempferol, 

decreased Complex I activity in isolated mitochondria from rat liver [48,49]. Hence, it is also plausible 

that apigenin exerts its effects by directly affecting a component of Complex I and thus decreasing its 

activity on LPS-treated cells (Figure 5). It remains to be established if the properties of apigenin in 

balancing mitochondrial function can be extended to other tissue/cell type or pathologies with high 

mitochondrial activity. 

Collectively, the present study provides evidence pertaining to the protective role of apigenin in 

LPS-induced cytotoxicity and mitochondrial dysfunction in endothelial cells and showcases the 

promising role of apigenin in improving metabolic parameters in inflammatory conditions such as 

sepsis. Our results contribute to a better understanding of the anti-inflammatory mechanisms of the 

dietary flavonoid apigenin and suggest the possibility that apigenin prevents sepsis-induced mortality 

by decreasing endothelium cell death. 

3. Experimental Section  

3.1. Chemicals, Cell Lines and Cultures  

Bovine aortic endothelial cells (BAECs) were purchased from Cell Systems (Kirkland, WA, USA) 

and cultured as previously described [50]. DEVD-AFC was purchased from Enzyme System Product 

(Livermore, CA, USA). Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal Bovine  

Serum (FBS), penicillin-streptomycin, trypsin, 2ꞌ,7ꞌ-dichlorofluorescein diacetate (DCFDA) and  

5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazol-carbo-cyanine iodide (JC-1) were purchased from 

Life Technologies (Carlsbad, CA, USA). PE-Annexin V Apoptosis Detection Kit was from BD 

Biosciences (Franklin Lakes, NJ, USA). Apigenin, naringenin, diluent dimethyl sulfoxide (DMSO), 

lipopolysaccharide (LPS, Escherichia coli serotype 0127:B8), NaN3, sodium cholate, β-nicotinamide 

adenine dinucleotide, reduced (NADH), rotenone and ubiquinone-1 (CoQ1) were purchased from Sigma 

(St. Louis, MO, USA).  

3.2. Cell Viability Assay (MTS Assay) 

BAECs were plated at a density of 8000/100 µL in 96-well plates. After 24 h, BAECs were treated 

with 0.01, 0.1 or 1 µM apigenin, naringenin or DMSO, 30 min prior to treatment with 1 µg/mL LPS 

for 24 h and cell viability was determined by MTS assay using the CellTiter 96 Aqueous One Solution 

according to manufacturer’s protocol (Promega, Madison, WI, USA). Absorbance at 490 nm was 

measured using the EnSpire multimode plate reader (PerkinElmer, Waltham, MA, USA).  

3.3. Determination of Caspase-3 Activity 

BAECs were treated with 0.01, 0.1 or 1 µM apigenin or DMSO (control) for 30 min prior to 

incubation with LPS (1 µg/mL) for 24 h. Caspase-3 activity was determined in BAEC lysates using the 

DEVD-AFC assay, as previously described [51,52]. Released AFC was measured using a Cytofluor 

4000 fluorometer (filters: excitation, 400 nm; emission, 505 nm; Perceptive Co., Framingham, MA, USA).  
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3.4. Detection of Apoptosis 

BAECs were treated with 0.1 or 1 µM apigenin or DMSO (control) for 30 min prior to incubation 

with LPS (1 µg/mL) for 24 h and subsequently stained with PE-conjugated Annexin V (1 µg/mL),  

7-AAD (0.5 µg/mL) according to manufacturer’s suggestions (BD Biosciences, San Jose, CA, USA). 

Percentage of apoptosis was determined using a BD FACSCalibur (BD Biosciences, San Jose, CA, 

USA) and data were analyzed using FlowJo research software (BD Biosciences, San Jose, CA, USA). 

3.5. Determination of Mitochondrial Membrane Potential (MMP)  

BAECs were treated with 0.1 or 1 µM apigenin or DMSO (control) for 30 min prior to incubation 

with LPS (1 µg/mL) for 6 h. BAECs were rinsed twice with phosphate buffered saline (PBS), followed 

by incubation with 1 µg/mL JC-1 for 30 min at 37 °C in the dark and subsequently washed twice with 

PBS. Changes in MMP were determined using BD LSR II flow cytometer (BD Biosciences, San Jose, 

CA, USA) by measuring the fluorescence intensity in both the FL-2 transmits 585 nm and FL-1 

transmits 530 nm channels. The percentage of mean fluorescence intensity (% MFI) was determined 

and the percentage of cells with depolarized membrane calculated using FlowJo research software  

(BD Biosciences, San Jose, CA, USA). 

3.6. Detection of Reactive Oxygen Species (ROS) 

BAECs were treated with 0.1 or 1 µM apigenin or DMSO (control) for 30 min prior to incubation 

with LPS (1 µg/mL) for 3 h. Next, BAECs were collected, washed with PBS three times, followed by 

incubation with 25 µM DCFDA for 30 min at 37 °C in the dark. ROS generation was assessed using 

the fluorescence microscope (Olympus BX40 equipped with the Optronics DEI 750E CE Digital 

Camera, Olympus, Center Valley, PA), as previously described [53]. Fluorescence intensities of cells 

from different fields were measured using the ImageJ software (NIH, Bethesda, MD, USA).  

3.7. Complex I Activity Assay 

Complex I activity was determined in mitochondrial fractions from BAECs treated with 1 μM 

apigenin, 1 μM naringenin or diluent DMSO for 30 min prior to treatment with 1 μg/mL LPS for 6 h. 

Mitochondria were isolated from 30 × 106 BAECs by dounce homogenization (100 strokes) in 400 L 

of mitochondria isolation (MI) buffer containing 0.25 M sucrose, 2 mM EGTA, 20 mM Tris-HCL pH 

7.6, 20 mM HEPES, 1 mg/mL BSA, 0.1 mM PMSF, 2 μg/mL each of chymostatin, pepstatin, antipain, 

and leupeptin, and centrifuged at 1500 g for 10 min at 4 °C. Pellets were resuspended in 400 μL MI 

buffer and centrifuged at 17,000 g for 30 min at 4 °C. Next, pellets containing mitochondrial fraction 

were resuspended in 200 μL MI buffer and lysed by three rounds of freeze and thaw cycles. Purity of 

the isolated mitochondrial fraction was verified by Western blot using antibodies against cytochrome c, a 

specific mitochondrial marker, and GAPDH, a cytoplasmic marker. Complex I activity was evaluated 

by incubating 50 μg of mitochondrial protein in 200 μL buffer containing 20 mM potassium phosphate 

buffer pH 7.6, 2 mM NaN3, 0.8% sodium cholate, and 16 mM ubiquitin. The reaction was initiated by 

the addition of 1.5 mM NADH. Rotenone (5 g/mL), a specific inhibitor of Complex I, was added 
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directly to the reaction to prove specificity of the assay. Activity was determined by assessing the 

change in NADH absorbance at 340 nm every 10 s for 6 min using the EnSpire multimode plate reader 

(PerkinElmer, Waltham, MA, USA). Enzymatic units were calculated using the following formula [54]: 

Enzymatic units = (∆A340Vfd.f.)/εmgl) (1)

where ∆A340 is the change in absorbance at 340 nm over time; Vf is the final reaction volume;  

d.f., dilution factor; ε, extinction coefficient of NADH determined to be 6.22; mg, amount of protein; 

and l, path length estimated to be 0.68 cm. 

3.8. Statistical Analysis 

All results are represented as mean ± standard error of mean (SEM) from three, four or five 

independent experiments. Statistical analyses of data were done by one-way analysis of variance 

(ANOVA) followed by Bonferroni’s post hoc comparisons using GraphPad Prism (GraphPad Software, 

San Diego, CA, USA). A p-value < 0.05 was considered statistically significant. 

4. Conclusions 

In summary, our findings suggest mitochondria as a plausible target where the flavonoid apigenin 

imparts its protective effects against LPS-induced mitochondrial damage. The findings are of clinical 

relevance, as it opens up avenues for the formulation of novel nutraceutical therapy in treating 

inflammatory diseases induced by deregulation of the mitochondria.  

Acknowledgments 

This work was supported by grant RO1HL075040-01 to Andrea I. Doseff and the Public Health 

Preparedness for infectious diseases (PHPID)-Program pre-doctoral fellowship to Daniel Arango. The 

authors thank Nitya Subrahmanian for her assistance in the set up of the Complex I experiments. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Hotchkiss, R.S.; Karl, I.E. The pathophysiology and treatment of sepsis. N. Engl. J. Med. 2003, 

348, 138–150. 

2. Hotchkiss, R.S.; Monneret, G.; Payen, D. Immunosuppression in sepsis: A novel understanding of 

the disorder and a new therapeutic approach. Lancet Infect. Dis. 2013, 13, 260–268. 

3. Lolis, E.; Bucala, R. Therapeutic approaches to innate immunity: Severe sepsis and septic shock. 

Nat. Rev. Drug Discov. 2003, 2, 635–645. 

4. Fahy, R.J.; Doseff, A.I.; Wewers, M.D. Spontaneous human monocyte apoptosis utilizes a 

caspase-3-dependent pathway that is blocked by endotoxin and is independent of caspase-1.  

J. Immunol. 1999, 163, 1755–1762. 



Int. J. Mol. Sci. 2013, 14 17676 

 

 

5. Henkels, K.M.; Frondorf, K.; Gonzalez-Mejia, M.E.; Doseff, A.L.; Gomez-Cambronero, J. IL-8-induced 

neutrophil chemotaxis is mediated by Janus kinase 3 (JAK3). FEBS Lett. 2011, 585, 159–166. 

6. Bannerman, D.D.; Goldblum, S.E. Mechanisms of bacterial lipopolysaccharide-induced 

endothelial apoptosis. Am. J. Physiol. Lung Cell. Mol. Physiol. 2003, 284, L899–L914. 

7. Aoki, M.; Nata, T.; Morishita, R.; Matsushita, H.; Nakagami, H.; Yamamoto, K.; Yamazaki, K.; 

Nakabayashi, M.; Ogihara, T.; Kaneda, Y. Endothelial apoptosis induced by oxidative stress 

through activation of NF-κB: Antiapoptotic effect of antioxidant agents on endothelial cells. 

Hypertension 2001, 38, 48–55. 

8. Galley, H.F. Oxidative stress and mitochondrial dysfunction in sepsis. Br. J. Anaesth. 2011, 107, 

57–64. 

9. Aird, W.C. The role of the endothelium in severe sepsis and multiple organ dysfunction 

syndrome. Blood 2003, 101, 3765–3777. 

10. Crouser, E.D. Mitochondrial dysfunction in septic shock and multiple organ dysfunction 

syndrome. Mitochondrion 2004, 4, 729–741. 

11. Carre, J.E.; Orban, J.C.; Re, L.; Felsmann, K.; Iffert, W.; Bauer, M.; Suliman, H.B.; Piantadosi, C.A.; 

Mayhew, T.M.; Breen, P.; et al. Survival in critical illness is associated with early activation of 

mitochondrial biogenesis. Am. J. Respir. Crit. Care Med. 2010, 182, 745–751. 

12. Zang, Q.; Maass, D.L.; Tsai, S.J.; Horton, J.W. Cardiac mitochondrial damage and inflammation 

responses in sepsis. Surg. Infect. (Larchmt.) 2007, 8, 41–54. 

13. Zapelini, P.H.; Rezin, G.T.; Cardoso, M.R.; Ritter, C.; Klamt, F.; Moreira, J.C.; Streck, E.L.;  

Dal-Pizzol, F. Antioxidant treatment reverses mitochondrial dysfunction in a sepsis animal model. 

Mitochondrion 2008, 8, 211–218. 

14. Andrades, M.E.; Ritter, C.; Dal-Pizzol, F. The role of free radicals in sepsis development.  

Front. Biosci. 2009, 1, 277–287. 

15. Galley, H.F. Bench-to-bedside review: Targeting antioxidants to mitochondria in sepsis.  

Crit. Care 2010, 14, 230. 

16. Lowes, D.A.; Thottakam, B.M.; Webster, N.R.; Murphy, M.P.; Galley, H.F. The mitochondria-targeted 

antioxidant MitoQ protects against organ damage in a lipopolysaccharide-peptidoglycan model of 

sepsis. Free Radic. Biol. Med. 2008, 45, 1559–1565. 

17. Havsteen, B.H. The biochemistry and medical significance of the flavonoids. Pharmacol. Ther. 

2002, 96, 67–202. 

18. Estruch, R.; Ros, E.; Salas-Salvado, J.; Covas, M.I.; Corella, D.; Aros, F.; Gomez-Gracia, E.; 

Ruiz-Gutierrez, V.; Fiol, M.; Lapetra, J.; et al. Primary prevention of cardiovascular disease with 

a Mediterranean diet. N. Engl. J. Med. 2013, 368, 1279–1290. 

19. Nicholas, C.; Batra, S.; Vargo, M.A.; Voss, O.H.; Gavrilin, M.A.; Wewers, M.D.; Guttridge, D.C.; 

Grotewold, E.; Doseff, A.I. Apigenin blocks lipopolysaccharide-induced lethality in vivo and 

proinflammatory cytokines expression by inactivating NF-κB through the suppression of p65 

phosphorylation. J. Immunol. 2007, 179, 7121–7127. 

20. Hostetler, G.; Riedl, K.; Cardenas, H.; Diosa-Toro, M.; Arango, D.; Schwartz, S.; Doseff, A.I. 

Flavone deglycosylation increases their anti-inflammatory activity and absorption. Mol. Nutr. 

Food Res. 2012, 56, 558–569. 



Int. J. Mol. Sci. 2013, 14 17677 

 

 

21. Manach, C.; Williamson, G.; Morand, C.; Scalbert, A.; Remesy, C. Bioavailability and 

bioefficacy of polyphenols in humans. I. Review of 97 bioavailability studies. Am. J. Clin. Nutr. 

2005, 81, 230S–242S. 

22. Day, A.J.; Canada, F.J.; Diaz, J.C.; Kroon, P.A.; McLauchlan, R.; Faulds, C.B.; Plumb, G.W.; 

Morgan, M.R.; Williamson, G. Dietary flavonoid and isoflavone glycosides are hydrolysed by the 

lactase site of lactase phlorizin hydrolase. FEBS Lett. 2000, 468, 166–170. 

23. Nielsen, I.L.; Chee, W.S.; Poulsen, L.; Offord-Cavin, E.; Rasmussen, S.E.; Frederiksen, H.; 

Enslen, M.; Barron, D.; Horcajada, M.N.; Williamson, G. Bioavailability is improved by 

enzymatic modification of the citrus flavonoid hesperidin in humans: A randomized, double-blind, 

crossover trial. J. Nutr. 2006, 136, 404–408. 

24. Richelle, M.; Pridmore-Merten, S.; Bodenstab, S.; Enslen, M.; Offord, E.A. Hydrolysis of 

isoflavone glycosides to aglycones by beta-glycosidase does not alter plasma and urine isoflavone 

pharmacokinetics in postmenopausal women. J. Nutr. 2002, 132, 2587–2592. 

25. Vargo, M.A.; Voss, O.H.; Poustka, F.; Cardounel, A.J.; Grotewold, E.; Doseff, A.I.  

Apigenin-induced-apoptosis is mediated by the activation of PKCδ and caspases in leukemia 

cells. Biochem. Pharmacol. 2006, 72, 681–692. 

26. Arango, D.; Morohashi, K.; Yilmaz, A.; Kuramochi, K.; Parihar, A.; Brahimaj, B.; Grotewold, E.; 

Doseff, A.I. Molecular basis for the action of a dietary flavonoid revealed by the comprehensive 

identification of apigenin human targets. Proc. Natl. Acad. Sci. USA 2013, doi:10.1073/pnas. 

1303726110. 

27. Tseng, H.W.; Juan, H.F.; Huang, H.C.; Lin, J.Y.; Sinchaikul, S.; Lai, T.C.; Chen, C.F.; Chen, S.T.; 

Wang, G.J. Lipopolysaccharide-stimulated responses in rat aortic endothelial cells by a systems 

biology approach. Proteomics 2006, 6, 5915–5928. 

28. Doseff, A.I.; Baker, J.H., Jr.; Bourgeois, T.A.; Wewers, M.D. Interleukin-4-induced apoptosis 

entails caspase activation and suppression of extracellular signal-regulated kinase 

phosphorylation. Am. J. Respir. Cell. Mol. Biol. 2003, 29, 367–374. 

29. Ceaser, E.K.; Ramachandran, A.; Levonen, A.L.; Darley-Usmar, V.M. Oxidized low-density 

lipoprotein and 15-deoxy-delta 12,14-PGJ2 increase mitochondrial complex I activity in 

endothelial cells. Am. J. Physiol. Heart Circ. Physiol. 2003, 285, H2298–H2308. 

30. Cannino, G.; El-Khoury, R.; Pirinen, M.; Hutz, B.; Rustin, P.; Jacobs, H.T.; Dufour, E. Glucose 

modulates respiratory complex I activity in response to acute mitochondrial dysfunction.  

J. Biol. Chem. 2012, 287, 38729–38740. 

31. Tatsuta, T.; Model, K.; Langer, T. Formation of membrane-bound ring complexes by prohibitins 

in mitochondria. Mol. Biol. Cell 2005, 16, 248–259. 

32. Choi, K.B.; Wong, F.; Harlan, J.M.; Chaudhary, P.M.; Hood, L.; Karsan, A. Lipopolysaccharide 

mediates endothelial apoptosis by a FADD-dependent pathway. J. Biol. Chem. 1998, 273,  

20185–20188. 

33. Hull, C.; McLean, G.; Wong, F.; Duriez, P.J.; Karsan, A. Lipopolysaccharide signals an 

endothelial apoptosis pathway through TNF receptor-associated factor 6-mediated activation of  

c-Jun NH2-terminal kinase. J. Immunol. 2002, 169, 2611–2618. 



Int. J. Mol. Sci. 2013, 14 17678 

 

 

34. Scott, S.V.; Cassidy-Stone, A.; Meeusen, S.L.; Nunnari, J. Staying in aerobic shape: how the 

structural integrity of mitochondria and mitochondrial DNA is maintained. Curr. Opin. Cell Biol. 

2003, 15, 482–488. 

35. Donovan, M.; Cotter, T.G. Control of mitochondrial integrity by Bcl-2 family members and 

caspase-independent cell death. Biochim. Biophys. 2004, 1644, 133–147. 

36. Lee, W.L.; Slutsky, A.S. Sepsis and endothelial permeability. N. Engl. J. Med. 2010, 363,  

689–691. 

37. Larche, J.; Lancel, S.; Hassoun, S.M.; Favory, R.; Decoster, B.; Marchetti, P.; Chopin, C.; 

Neviere, R. Inhibition of mitochondrial permeability transition prevents sepsis-induced 

myocardial dysfunction and mortality. J. Am. College Cardiol. 2006, 48, 377–385. 

38. Nunnari, J.; Suomalainen, A. Mitochondria: In sickness and in health. Cell 2012, 148, 1145–1159. 

39. Gellerich, F.N.; Trumbeckaite, S.; Opalka, J.R.; Gellerich, J.F.; Chen, Y.; Neuhof, C.; Redl, H.; 

Werdan, K.; Zierz, S. Mitochondrial dysfunction in sepsis: Evidence from bacteraemic baboons 

and endotoxaemic rabbits. Biosci. Rep. 2002, 22, 99–113. 

40. Vanasco, V.; Cimolai, M.C.; Evelson, P.; Alvarez, S. The oxidative stress and the mitochondrial 

dysfunction caused by endotoxemia are prevented by alpha-lipoic acid. Free Radic. Res. 2008, 42, 

815–823. 

41. Vanasco, V.; Magnani, N.D.; Cimolai, M.C.; Valdez, L.B.; Evelson, P.; Boveris, A.; Alvarez, S. 

Endotoxemia impairs heart mitochondrial function by decreasing electron transfer, ATP synthesis 

and ATP content without affecting membrane potential. J. Bioenerg. Biomembr. 2012, 44,  

243–252. 

42. Tanaka, J.; Kono, Y.; Shimahara, Y.; Sato, T.; Jones, R.T.; Cowley, R.A.; Trump, B.F. A study of 

oxidative phosphorylative activity and calcium-induced respiration of rat liver mitochondria 

following living Escherichia coli injection. Adv. Shock Res. 1982, 7, 77–90. 

43. Taylor, D.E.; Kantrow, S.P.; Piantadosi, C.A. Mitochondrial respiration after sepsis and 

prolonged hypoxia. Am. J. Physiol. 1998, 275, L139–L144. 

44. Kozlov, A.V.; Gille, L.; Miller, I.; Piskernik, C.; Haindl, S.; Staniek, K.; Nohl, H.; Bahrami, S.; 

Ohlinger, W.; Gemeiner, M.; et al. Opposite effects of endotoxin on mitochondrial and 

endoplasmic reticulum functions. Biochem. Biophys. Res. Commun. 2007, 352, 91–96. 

45. Lapuente-Brun, E.; Moreno-Loshuertos, R.; Acin-Perez, R.; Latorre-Pellicer, A.; Colas, C.; Balsa, E.; 

Perales-Clemente, E.; Quiros, P.M.; Calvo, E.; Rodriguez-Hernandez, M.A.; et al. Supercomplex 

assembly determines electron flux in the mitochondrial electron transport chain. Science 2013, 

340, 1567–1570. 

46. Mauro, C.; Leow, S.C.; Anso, E.; Rocha, S.; Thotakura, A.K.; Tornatore, L.; Moretti, M.;  

De Smaele, E.; Beg, A.A.; Tergaonkar, V.; et al. NF-B controls energy homeostasis and 

metabolic adaptation by upregulating mitochondrial respiration. Nat. Cell Biol. 2011, 13, 1272–1279. 

47. Munoz-Pinedo, C.; El Mjiyad, N.; Ricci, J.E. Cancer metabolism: Current perspectives and future 

directions. Cell Death Dis. 2012, 3, e248. 

48. Lagoa, R.; Graziani, I.; Lopez-Sanchez, C.; Garcia-Martinez, V.; Gutierrez-Merino, C. Complex I 

and cytochrome c are molecular targets of flavonoids that inhibit hydrogen peroxide production 

by mitochondria. Biochim. Biophys. 2011, 1807, 1562–1572. 



Int. J. Mol. Sci. 2013, 14 17679 

 

 

49. Santos, A.C.; Uyemura, S.A.; Lopes, J.L.; Bazon, J.N.; Mingatto, F.E.; Curti, C. Effect of 

naturally occurring flavonoids on lipid peroxidation and membrane permeability transition in 

mitochondria. Free Radic. Biol. Med. 1998, 24, 1455–1461. 

50. Das, A.; Gopalakrishnan, B.; Voss, O.H.; Doseff, A.I.; Villamena, F.A. Inhibition of  

ROS-induced apoptosis in endothelial cells by nitrone spin traps via induction of phase II 

enzymes and suppression of mitochondria-dependent pro-apoptotic signaling. Biochem. Pharmacol. 

2012, 84, 486–497. 

51. Voss, O.H.; Kim, S.; Wewers, M.D.; Doseff, A.I. Regulation of monocyte apoptosis by the protein 

kinase C-dependent phosphorylation of caspase-3. J. Biol. Chem. 2005, 280, 17371–17379. 

52. Voss, O.H.; Batra, S.; Kolattukudy, S.J.; Gonzalez-Mejia, M.E.; Smith, J.B.; Doseff, A.I. Binding 

of caspase-3 prodomain to heat shock protein 27 regulates monocyte apoptosis by inhibiting 

caspase-3 proteolytic activation. J. Biol. Chem. 2007, 282, 25088–25099. 

53. Arango, D.; Parihar, A.; Villamena, F.A.; Wang, L.; Freitas, M.A.; Grotewold, E.; Doseff, A.I. 

Apigenin induces DNA damage through the PKC -dependent activation of ATM and  

H2AX causing down-regulation of genes involved in cell cycle control and DNA repair.  

Biochem. Pharmacol. 2012, 84, 1571–1580. 

54. Reisch, A.S.; Elpeleg, O. Biochemical assays for mitochondrial activity: assays of TCA cycle 

enzymes and PDHc. Method Cell Biol. 2007, 80, 199–222. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


