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Abstract

Flavonoids are dietary compounds with potential anti-diabetes activities. Many flavonoids have 

poor bioavailability and thus low circulating concentrations. Unabsorbed flavonoids are 

metabolized by the gut microbiota to smaller metabolites, which are more bioavailable than their 

precursors. The activities of these metabolites may be partly responsible for associations between 

flavonoids and health. However, these activities remain poorly understood. We investigated 

bioactivities of flavonoid microbial metabolites [hippuric acid (HA), homovanillic acid (HVA), 

and 5-phenylvaleric acid (5PVA)] in primary skeletal muscle and β-cells compared to a native 

flavonoid ([(−)-epicatechin, EC]. In muscle, EC was the most potent stimulator of glucose 

oxidation, while 5PVA and HA simulated glucose metabolism at 25 μM, and all compounds 

preserved mitochondrial function after insult. However, EC and the metabolites did not uncouple 
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mitochonndrial respiration, with the exception of 5PVA at10 μM. In β-cells, all metabolites more 

potently enhanced glucose-stimulated insulin secretion (GSIS) compared to EC. Unlike EC, the 

metabolites appear to enhance GSIS without enhancing β-cell mitochondrial respiration or 

increasing expression of mitochondrial electron transport chain components, and with varying 

effects on β-cell insulin content. The present results demonstrate the activities of flavonoid 

microbial metabolites for preservation of β-cell function and glucose utilization. Additionally, our 

data suggest that metabolites and native compounds may act by distinct mechanisms, suggesting 

complementary and synergistic activities in vivo which warrant further investigation. This raises 

the intriguing prospect that bioavailability of native dietary flavonoids may not be as critical of a 

limiting factor to bioactivity as previously thought.
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1. INTRODUCTION

Incidence rates of type-2 diabetes and obesity are rising worldwide. In adition to traditional 

medical interventions, complementary lifestyle strategies such as diet and exercise are 

needed to blunt this epidemic. Flavonoids from cocoa, fruit, tea and other sources have been 

identified as dietary bioactive compounds with potential anti-obesity and anti-diabetes 

activities. Many of these flavonoids, such as quercetin [1] and procyanidins [2], have poor 

oral bioavailability and thus low circulating concentrations. Non-extractable/bound 

flavonoids (from cocoa, etc.) and oxidized flavonoids, such as theaflavins and thearubigins 

from oolong and black teas, have extremely limited oral bioavailability [3,4] and vanishing 

low circulating concentrations. As an extreme example, consumption of 700 mg theaflavins 

(equivalent to ~30 cups of black tea), produced maximal blood concentrations of only 1 μg/L 

(~1.8 nM) in humans [3]. Therefore, circulating concentrations of the native species may 

represent a very small fraction of the ingested dose, whereas the majority reaches the colon 

unabsorbed. Unabsorbed flavonoids are extensively metabolized by the gut microbiota to a 

series of smaller metabolites such as valerolactones, phenylalkyl acids, and smaller 

aromatics (Figure 1A) [4–9]. While some metabolites are unique to individual flavonoid 

compounds or subclasses, dozens of metabolites are common to most flavonoids [10,11]. 

These metabolites are comparatively more bioavailable than their native flavonoid 

precursors, and in many cases represent the predominant circulating forms following 

flavonoid consumption [10]. For example, a recent study of pharmacokinetics following 

consumption of grape pomace demonstrated that anthocyanins and procyanidins were not 

detected in blood and catechins and their phase-II conjugates exhibited maximum blood 

levels of 7–136 nM (with only 1 compound reaching at least 100 nM), while microbial 

metabolites exhibited maximum blood levels of 3–1170 nM (with 8 compounds reaching at 

least 100 nM) [12]. In an extreme example, consumption of 6 cups of green or black tea 

resulted in circulating metabolite levels in the mM range (hippuric acid, HA, reached 2.3 

mM) [13]. This highlights the comparative importance of these metabolites as potential 

bioactives in circulation following the consumption of flavonoids.
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Even flavonoids with comparatively high bioavailability (monomeric catechins, etc.) are 

only present in the bloodstream at nM to very low μM levels following consumption of 

typical doses in foods and supplements [14,15]. These doses are generally lower than the 

range of concentrations typically used to study mechanisms in cell culture models (1–100 

μM, or sometimes higher). Despite poor bioavailability and low circulating concentrations, 

many of these compounds (and foods rich in them) appear to effectively prevent or 

ameliorate metabolic syndrome even at low dietary doses in animals [16] and humans [17]. 

Dietary efficacy, despite poor bioavailability and/or low circulating concentrations of the 

native forms, suggests three mechanisms by which ingested flavonoids exert their activities: 

1) native flavonoids primarily exert their activities in the gut lumen (inhibition of digestive 

enzymes, alteration of microbiome composition and function, etc.) [18,19] and/or epithelium 

(improving barrier function, immune development, etc.) [20] where they are at highest 

concentrations (μM-mM range), 2) native flavonoids primarily exert their activity in 

peripheral tissues even at the very low (pM-low μM range) circulating levels achieved, or 3) 

microbial metabolites of flavonoids generated by commensal microbiota in the lower gut 

exert activities locally in the gut and systemically [21,22].

Considering the relatively high concentrations of microbial metabolites documented in 

plasma compared to the native compounds, it is plausible that these metabolites may be 

responsible, at least in part, for observed associations between dietary flavonoids and health 

outcomes. While all of the three possible scenarios identified above likely occur 

simultaneously, the potential anti-diabetic and anti-obesity activities of microbial 

metabolites formed from unabsorbed flavonoids remain poorly understood.

Recent provocative evidence has strengthened the argument that native flavonoids may exert 

their effects independent of systemic bioavailability: either directly on the microbiota, or by 

formation of bioavailable microbial metabolites that then act in peripheral tissues [23]. In 
vitro, 3-(3-hydroxyphenyl)propionoic acid (a microbial metabolite common to many 

flavonoids) prevented loss of insulin-stimulated nitric oxide synthesis and activity under 

high glucose concentrations in human aortic endothelial cells [24]. In human skeletal muscle 

myotubes, various microbial metabolites stimulated glucose and oleic acid uptake [25]. 

Recent studies demonstrated that phenylacetic and phenylpropionic acid have protective 

activities in pancreatic β-cells and islets [26,27] and protect hepatocytes from 

acetaminophen injury [28]. Two recent studies demonstrated that valerolactones inhibited 

monocyte adhesion to endothelial cells [29]. A key animal study demonstrated that 

administration of antibiotics (depletion of gut microbiota and their associated metabolites) 

abolished the ability of procyanidin-rich grape seed extract to prevent inflammation, insulin 

resistance, hyperglycemia and weight gain in a high-fat feeding mouse model [30]. 

Furthermore, antibiotic administration reversed the ability of blackcurrant anthocyanins to 

ameliorate diet-induced obesity in mice [31]. Finally, digestion and microbial metabolism of 

berry flavonoids did not diminish their protective activities against colon cancer [32]. While 

the in vivo studies did not measure metabolite production, they strongly suggest that these 

effects are mediated by the microbiota and/or their metabolites produced from the native 

dietary flavonoids. Perhaps the most well-known microbial metabolites, the phenylalkyl 

acids (phenylacetic, phenyl propionic, and phenylvaleric acids) have not been well studied, 

and the phenylvaleric acids have not been studied at all to our knowledge. Some compounds 
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that are microbial metabolites have been studied, but only because they also exist as native 

compounds in foods, such as the cinnamic acids and small aromatics such as vanillic acid. 

These compounds have been shown to possess anti-diabetic and anti-obesity activities in β-
cell, skeletal muscle, hepatocyte and adipose models (see Supplementary Information). 

Finally, some microbial metabolites of flavonoids have been shown to possess enhanced 

anti-tumor and anti-platelet agreggation activities compared to the native forms [33].

Despite these promising findings, relatively little work has been done to characterize the 

effects of these metabolites in cell or animal models, in comparison to the exhaustive body 

of literature on the bioactivities of native flavonoids. The majority of research that does exist 

on these metabolites has focused on their formation, but not their activities nor mechanisms 

of action. Our objectives were therefore to 1) investigate the anti-diabetic activities of 

microbial flavonoid metabolites (including a poorly-studied class, phenylvaleric acids) in β-
cells and primary skeletal muscle cells, 2) compare these activities to those of a control 

native flavonoid, and 3) suggest potential mechanisms by which these activities may occur. 

Our findings demonstrate that these metabolites possess potent bioactivities, and may 

contribute to the observed peripheral tissue effects of dietary flavonoids.

2. MATERIALS AND METHODS

2.1 Materials

Three representative metabolites representative of three distinct classes of metabolites 

common to a variety of dietary flavonoids were selected for investigation: hippuric acid 

(HA, 98%), homovanillic acid (HVA), and 5-phenylvaleric acid (5PVA, 99%) were obtained 

from Sigma (St. Louis, MO). A native flavanol, (−)-epicatechin (EC, Sigma), was used as a 

positive control; note that the three selected metabolites can be obtained by metabolism of 

EC and related compounds [9]. Structures of these compounds are shown in Figure 1B. All 

compounds were tested over a range of 0–100 μM (depending upon the specific assay) in 

water or DMSO, with equal final concentrations of DMSO in cell media for all treatments. 

Generally, doses of 5–25 μM were employed, which are easily obtainable in circulation for 

metabolites but which represent the extreme upper end of what is attainable for native 

flavonoids [13,34]. Microbial metabolites, similar to those of native flavonoids, exhibit 

pharmacokinetic curves that depend on a variety of factors and circulating concentrations 

necessarily fluctuate over time based on consumption frequency. The levels employed herein 

are attainable following flavonoid consumption but are not continuously present, similar to 

those of native dietary flavonoids. Furthermore, while compounds and doses were uniform 

across experiments, differences in some aspects (treatment times, etc.) were necessary due to 

the use of established, robust experimental protocols for each model system.

2.2 Skeletal muscle experiments

Skeletal muscle metabolism experiments were conducted per previously published methods 

[35,36], with modifications. Primary human muscle cells were cultured for measuring 

palmitate and glucose oxidation. Cultures of primary human muscle cells were obtained 

from a singler subject who provided written informed consent under an approved protocol 

by Virginia Polytechnic Institute and State University Institutional Review Board (approval 
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#11–770). The subject was a healthy Caucasian male, age 22 years, with a BMI of 23.6 and 

20.9% body fat.

2.2.1 Skeletal muscle substrate metabolism—Cells were grown in low glucose 

DMEM supplemented with 10% fetal bovine serum and SkGM SingleQuots (Lonza, 

Walkersville, MD). Upon reaching ~80% confluence in standard 12-well plates, cells were 

differentiated for 7 days in 2% horse serum. All experiments were performed on day 7 of 

differentiation following overnight serum deprivation. The compounds tested were treated 

for 24 hours prior to assessment of substrate metabolism. Fatty acid oxidation was assessed 

by measuring and summing 14CO2 production (complete) and 14C-labeled acid-soluble 

metabolites (incomplete) from the oxidation of [1-14C] palmitic acid (American 

Radiolabeled Chemicals, St. Louis, MO). Briefly, cells were incubated in media containing 

radiolabeled substrate along with the compound at 5 or 10 μM, or vehicle only (0 μM, 0.1% 

DMSO) for 3 hours at 37ºC, 5% CO2. Following incubation media was removed and 

acidified with 45% perchloric acid to elute gaseous 14CO2. 14CO2 was trapped in 1M NaOH 

over the course of 1 hour. The NaOH was then placed in a liquid scintillation counter and 

counted. Data were expressed as means ± SEM and is normalized to total protein content. 

Glucose oxidation was assessed by measuring 14CO2 production from the oxidation of 

[U-14C] glucose (American Radiolabeled Chemicals, St. Louis, MO) in a manner similar to 

fatty acid oxidation expect for the substitution of glucose in place of palmitic acid. 

Compounds were tested at 10 and 25 μM.

2.2.2 Skeletal muscle cell respiration—Oxygen consumption rate (OCR) was 

measured with our established protocols [37] using a XF96 Seahorse Extracellular Flux 

Analyzer (Agilent Technologies, Santa Clara, California, USA). C2C12 myoblast studies are 

commonly used by our groups as a fast and practical model to screen for compound efficacy. 

Because differentiating cells into myotubes takes 7 days continuously in the SeaHorse plate, 

we utilized the myoblasts as a more feasible approach. Cultured C2C12 muscle cells were 

seeded at a density of 1.5 × 104 per well in supplemented DMEM media [4.5 g/L D-

Glucose, L-Glutamine, and 110 mg/L Sodium Pyruvate supplemented with 10% Fetal 

Bovine Serum (FBS) and 1% Penicillin Streptomycin (PSA)] on a Seahorse XF96 Cell 

Culture Microplate. Cells were then incubated overnight at 37ºC in 5% CO2 to allow for 

adherence. Following adherence, cells were pretreated for 4 hours with 10% FBS/1% PSA 

DMEM containing the test compounds (5 and 10 μM) or vehicle only (≤0.1 % DMSO). 

After the 4-hour pretreatment, 500 μM H2O2 was added to injure the cells, and the 

microplate was subsequently incubated for an additional 4 hours. Following incubation, the 

cells were washed with supplemented XF media (XF base media plus 1 mM pyruvate, 2 mM 

glutamine, 10 mM glucose) twice before adding a final volume of 180 μL per well. A XF 

Cell Mitochondrial Stress Test was completed to assess the bioenergetic status of the cells by 

injecting ATP synthase inhibitor oligomycin (1 μg/mL), inner membrane uncoupler 

fluorocarbonyl cyanide (FCCP, 2 μM), and complex III inhibitor antimycin A (2 μM). 

Oxygen consumption rate data were normalized by subtracting non-mitochondrial rates of 

respiration (after antimycin A), and are expressed as pmol O2 per minute per 1.5 × 104 cells. 

Mitochondrial coupling efficiency was calculated by taking the ATP-dependent respiration 

(baseline-oligomycin) and dividing by the basal rates for internal normalization.
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2.3 β-cell experiments

β-cell metabolism experiments were conducted per previously published methods, with 

modifications [38,39].

2.3.1 INS-1 832/13 β-cell culture—Cell culture was performed per our established 

protocols [40–44] The INS-1 derived 832/13 rat β-cell line was maintained in complete 

RPMI 1640 medium with L-glutamine and 11.2 mM glucose supplemented with 50 U/ml 

penicillin, 50 μg/ml streptomycin, 10 mM HEPES, 10% fetal bovine serum, and INS-1 

supplement, as previously described. For all glucose-stimulated insulin secretion and 

respiration assays using the 832/13 β-cells, cells were plated at 0 hours, treated with test 

compounds at 24 hours, and harvested at 48 hours. Stock solutions of test compounds were 

made at 100mM, and diluted in media for assays at final concentrations of 0100 μM (0.1% 

DMSO in all treatments).

2.3.2 Glucose-stimulated insulin secretion—Glucose-stimulated insulin secretion 

(GSIS) was performed as previously described [40]. Briefly, INS-1 832/13 β-cells were 

plated and grown to confluency in standard 24-well plates. Upon reaching confluency, cell 

were cultured with test compounds at 0 −100 μM in complete media for 24 hours. Following 

the 24 hour treatment, cells were washed with PBS and preincubated in secretion assay 

buffer (SAB) for 1.5 hours (114 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4 1.16 mM 

MgSO4, 20 mM HEPES, 2.5 mM CaCl2, 0.2% BSA, pH 7.2) containing 2.5 mM glucose. 

GSIS was performed by incubating quadruplicate replicate wells of cells previously cultured 

with test compounds in SAB containing 2.5 mM glucose for 1 hour (basal), followed by 1 

hour in SAB with 16.7 mM glucose (glucose stimulation), followed by collection of the 

respective buffers, as previously described. For total insulin content, β-cells stimulated with 

16.7 mM glucose for 1 hour were lysed in RIPA buffer with protease inhibitors (Life 

Technologies). Secreted insulin and total insulin was measured in SAB using a rat insulin 

RIA kit (MP Biomedicals), and normalized to total cellular protein concentration 

(determined by BCA assay), as previously described.

2.3.3 INS-1 832/13 β-Cell Oxygen Consumption Rate—Oxygen consumption rate 

(OCR) was measured using an XFp Extracellular Flux Analyzer (Agilent Technologies). 

INS-1 832/13 β-cells were seeded at 2.0 × 104 cells/well in complete 832/13 RPMI 1640 

medium (L-glutamine, 11.2 mM glucose supplemented, 50 U/ml penicillin, 50 μg/ml 

streptomycin, 10 mM HEPES, 10% fetal bovine serum, and INS-1 supplement) on a 

Seahorse XFp Cell Culture Microplate. Cells were incubated overnight and then treated with 

test compounds at 10 μM, 5 μM or 0 μM in complete RPMI 1640 media. Following 24 hours 

of culture with the compounds, cells were incubated in 2.5mM glucose SAB for 3 hours. 

Following incubation, buffer was exchanged for 180 μL fresh pre-warmed 2.5mM glucose 

SAB per well. A XF Cell Mitochondrial Stress Test was completed to assess the 

bioenergetic status of the cells by injecting glucose (16.7mM, in order to examine 

respiration under glucose stimulation), oligomycin (4 μM), FCCP (2.5 μM), and antimycin A 

with rotenone (2.5 μM). Residual oxygen consumption was determined following inhibition 

of complex III with the addition of rotenone and antimycin A. This state of residual oxygen 
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consumption served as a baseline correction for all of the other states. All data were 

normalized to protein content of each well, determined by BCA assay.

2.3.4 Western blotting—832/13 beta cells were plated in standard 6-welll plates, grown 

to confluency, and cultured overnight in media containing each test compound at 10 μM or 

vehicle control (0.1% DMSO in both). Cells were washed in PBS and harvested in RIPA 

buffer followed by sonication. Protein concentration was quantified by BCA, and 30 μg was 

run per sample. Western blotting and transfer was performed as previously described 

[38,40,41]. Blot were probed using the Anti Rt/Ms Total OxPhos Complex Kit (1:250, Life 

Technologies, Carlsbad, CA) which contains a cocktail of antibodies for the electron 

transport chain (ETC) components ATP5A (Complex V), UQCR2 (Complex III), MTCO1 

(Complex IV), SDHB (Complex II) and NDUFB8 (Complex I). Blot was imaged in the 

linear range using a LI-COR Odyssey CLx (LI-COR Biotechnology, Lincoln, NE). Blotting 

was performed on triplicate samples.

2.4 Statistics

All results are expressed as mean ± SEM. For activity assays, data were analyzed by 1- or 2-

way ANOVA as appropriate. For 2-way ANOVAs, if a significant main effect of treatment 

compound dose was detected, Dunnett’s post hoc test was performed within the high-

glucose treatments to compare each dose to the vehicle (0 μM) control. For 1-way ANOVAs, 

if a significant treatment effect was detected, Dunnett’s post hoc test was performed within 

each compound to compare each dose to the vehicle controls. Significance was defined a 

priori as P < 0.05. Statistical anslyses were performed on Prism v6.0f (GraphPad, La Jolla, 

CA).

3. RESULTS AND DISCUSSION

3.1 Skeletal muscle

3.1.1 Skeletal muscle metabolism—The ability of EC (+ control, native flavonoid) 

and 3 representative metabolites (HA, HVA and 5PVA) to influence fatty acid or glucose 

uptake and metabolism was examined in primary human skeletal muscle cells. As shown in 

Figure 2, these compounds exhibited minimal ability to alter fatty acid oxidation. The only 

statistically significant findings were that HA was able to increase complete fatty acid 

oxidation at 25 μM (Figure 2D) and increase the ratio of complete: incomplete oxidation at 

10 μM (Figure 2P). While these results suggest that HA has more potent activities than EC, 

overall the enhancement of fatty acid oxidation does not seem to be a significant mechanism 

of action for these metabolites. These results suggest that, despite a reported finding that 

metabolites increased oleic acid uptake in human skeletal muscle myotubes [25], alteration 

of fatty acid oxidation in skeletal muscle may not be a primary mechanism by which 

flavonoid microbial metabolites exert anti-diabetic and anti-obesity activities.

Glucose oxidation results (Figure 3) were more promising than fatty acid oxidation. EC 

appeared to be the most potent stimulator of glucose utilization, increasing activity at both 

10 and 25 μM (Figure 3A). While HVA had no apparent activity, both 5PVA and HA were 

able to simulate glucose metabolism at 25 μM (Figures 3B-D). While the EC activity at 
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lower concentrations suggests that it is more potent than the metabolites on an equal 

concentration basis, it is important to keep in mind that the metabolites tend to exist in 

circulation at higher levels than the native forms. Thus, the observed increase in glucose 

oxidation for 5PVA and HA, combined with previous reports that microbial metabolites 

stimulate glucose uptake [25], suggest promise for the ability of these metabolites to exert 

significant benefits on blood glucose levels in vivo.

3.1.2 Skeletal muscle cell respiration—The effects of EC and the three metabolites 

on respiration in normal, uninjured C2C12 cells are shown in Figure 4. We utilized a 

peroxide stress paradigm since heightened mitochondrial ROS burdens are observed in 

skeletal muscle from humans and animal models of diabetes, often before the onset of overt 

systemic hyperglycemia [45]. Respiration curves for controls and each dose, including basal, 

leak (oligomycin) and maximal (FCCP) respiration, are shown in Figure 4A-B. None of the 

compounds tested significantly enhanced basal respiration (Figure 4C), ATP-dependent 

respiration (Figure 4E), maximal respiration (Figure 4F), or respiratory reserve (the 

difference between basal and maximal respiration, which reflects reserve bioenergetic 

capacity available to the cell, Figure 4G) compared to the control at either 5 or 10 μM 

compared to vehicle control. Coupling efficiency was not influenced by any of the 

compounds at any concentration, with the exception of 5PVA at 10 μM (Figure 4H). HA 

and 5PVA both modestly enhanced ‘leak’ respiration at 10 μM (Figure 4D), suggesting 

either slight mitochondrial injury (potentially due to minor pro-oxidant effects at these 

higher doses) or mitochondrial uncoupling. The data in uninjured cells generally suggest that 

EC and the metabolites do not alter skeletal muscle repiration under normal conditions at 

low doses, and indicate that do not appear to acutely uncouple mitochondria or partially 

inhibit the respiratory chain (both of which have been postulated as a strategy to treat 

obesity/diabetes for decades) with the possible exception of HA and 5PVA at high doses 

[46,47].

The effects of EC and the metabolites on C2C12 cells exposed to peroxide challenge (i.e. 

injured) are presented in Figure 5. Peroxide treatment induced mitochondrial injury as 

assessed by increased ‘leak’ respiration (respiration after oligomycin roughly doubled) 

(Figure 5D) and lower rates of maximal respiration (FCCP), ATP-dependent respiration 

(Figure 5E), respiratory reserve capacity (Figure 5G), and coupling efficiency (Figure 5H) 

for H2O2 treated cells (red bars) compared to control (blue bars). While there were some 

differences in basal respiration, this can be due to slight respiratory uncoupling due to the 

injury and should be interpreted with caution. Each of the compounds studied significantly 

protected against peroxide-mediated injury at 5 μM, reflected by reduced leak respiration, 

and preserved maximal respiration respiratory reserve and/or coupling efficiency at the same 

level as the uninjured control despite peroxide challenge (Figures 5D-H). As observed for 

uninjured cells, one metabolite actually worsed cell injury as measured by leak respiration, 

although in this case it was 10 μM HVA (as opposed to HA and PVA in uninjured cells), 

again suggesting either cellular injury or uncoupling. Interestingly, while HA and 5PVA 

increased leak respiration in the absence of H2O2, there was only a slight additional increase 

in leak respiration with H2O2 treatment. These data indicate that HA and 5PVA may have 

pro-oxidant effects similar to H2O2, but that these metabolites did not exacerbate leak 
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respiration when combined with H2O2 stress. Future studies that further examine the effects 

of HA and 5PVA will advance our understanding of these compounds on mitochondrial 

bioenergetics. The 10 μM dose was generally ineffective for all compounds except HA, 

which partly preserved respiratory reserve (Figure 5E). These results suggest that EC and 

the flavonoid microbial metabolites preserve skeletal mitochondrial function after oxidative 

insult, notably at lower micromolar concentrations.

3.2 β-cells

3.2.1 β-cell glucose-stimulated insulin secretion—In addition to substrate 

utilization in skeletal muscle, β-cell function is a critical target at all stages of diabetes 

development. We sought to examine the impact of EC and representative flavonoid 

metabolites on GSIS in a β-cell model (Figure 6). We have previously demonstrated that the 

epicatechin-rich fraction from cocoa enhances β-cell GSIS at 25 μg/ml [38]. In the present 

experiment, EC was able to enhance GSIS in INS-1 832/13 β-cells but only at 100 μM 

(Figure 6A), which is not physiologically relevant, suggesting minimal relevance for 

activity in vivo. Interestingly, all three microbial metabolites demonstrated significant 

induction of GSIS at concentrations from 5–100 μM (Figure 6B-D) except HA, which 

induced GSIS at 5–50 μM but not 100 μM). These data demonstrate that the metabolites 

increase GSIS at much lower (and physiologically relevant) concentrations compared to EC, 

suggesting that the metabolites are more potent stimulators of GSIS than native EC. This 

fact, combined with the greater bioavailability of microbial metabolites than the parent 

compound, point towards the potential contribution of microbial metabolites to the observed 

effects of dietary flavanoids.

To further investigate the effects of these compounds on INS-1 832/13 β-cells, we examined 

the cellular insulin content under stimulatory conditions (16.7 mM glucose) to determine if 

treatment impacted insulin expression (Figure 7). An increase in insulin content, 

concomitant with an increase in insulin secretion would indicate greater insulin expression, 

while a decrease in insulin content with no change in insulin secretion would indicate an 

impediment in insulin production. EC exhibited small increases in insulin content (Figure 

7A), but the effect was inconsistent across doses. Interestingly, increases in insulin content 

were vastly different across the metabolites (Figure 7B-D), despite similarities observed in 

GSIS. 5PVA and HVA stimulated greater insulin content, particularly at lower doses. HA 

exhibited a slight increase in insulin content at 50 μM. These results are intriguing, as they 

suggest distinct mechanism at play that impinges on β-cell insulin secretion. The results for 

EC are consistent with our previous results demonstrating increased insulin secretion at high 

doses, without concurrent increase in insulin content [38]. For 5PVA and HVA we observed 

increased GSIS and increased cellular insulin content. The increased insulin content could 

be due to greater insulin gene expression, enhanced insulin processing, or improved insulin 

stability. As has been previously shown, increased cellular insulin content can be sufficient 

to enhance GSIS [48]. Therefore, the enhanced insulin secretion from β-cells treated with 

these metabolites, particularly at lower doses, may be due to an increased insulin load, rather 

than modulation of the β-cell glucose sensing machinery. The GSIS observed by HA occurs 

with minimal changes to insulin content. The data suggest that flavonoid microbial 

metabolites may exert significant effects on β-cell function by increasing both β-cell insulin 
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production and insulin secretion. These distinct mechanisms suggest complementary and 

synergistic activities of various metabolites present simultaneously following flavonoid 

consumption, and thus warrant further investigation in vitro and in vivo.

3.2.2 β-cell respiration—Given our previous data demonstrating enhanced β-cell 

mitochondrial respiration due to exposure to EC from cocoa [38,39], we sought to define the 

effect of culture in the presence of EC and microbial metabolites on β-cell mitochondrial 

respiration under basal conditions (low glucose) and glucose stimulation (Figure 8). Basal 

respiration rate was significantly increased by 10 μM EC, and appeared to be somewhat 

reduced (albeit not statistically significantly) by 5 and 10 μM HA (Figure 8C). The same 

results were also observed under glucose stimulation and maximal respiration (although the 

level of glucose induced respiration is surprisingly less that what has been observed in other 

studies) (Figure 8D-E). None of the compounds tested significantly affected respiratory 

reserve (Figure 8F). It is important to note that the low means and comparatively high 

SEMs for respiratory reserve in this case are indicative of the fact that these cells were 

essentially already operating near maximal respiration in the basal state (Figure 8A-B, F). 

Note that uncoupling and ATP-dependent respiration were not plotted individually from 

these data due to differences in the question being asked between the β-cells (do these 

compounds enhance respiration as a means to improve β-cell function?) vs. the skeletal 

muscle cells (do these compounds enhance respiration via uncoupling as a means to improve 

energy expenditure, and do they protect from injury?). The finding that EC enhances 

respiration is consistent with our previous data [38,39]. Coupled with the GSIS data (Figure 

6), these respiration data suggest several novel findings. First, EC does not enhance GSIS 

except at extremely high doses despite enhacing β-cell respiration at lower doses. Second, 

HA enhances GSIS despite inhibition of β-cell respiration (although these reductions were 

not statistically significant, this trend appears to be of practical significance as suggested by 

Figures 8C-E). Third, HVA and 5PVA enhance GSIS despite not affecting β-cell 

respiration. Thus, these data demonstrate that while each of the epicatechin metabolites 

enhance GSIS; their individual mechanisms do not all increase insulin release through 

modulating mitochondrial respiration. Therefore, the mechanisms by which these 

compounds exert their effects are likely distinct and thus warrant further investigation.

3.2.3 Expression of ETC components—To validate the changes that we observed in 

β-cell respiration after treatment with EC or the gut metabolites, we measured protein levels 

of select ETC components (Figure 9). Similar to what was observed in our mitochondrial 

respiration studies, only treatment with EC changed protein levels of ETC components. 

These data validate our previous findings that while the metabolites do enhance glucose 

stimulated insulin secretion, it appears to be through extra mitochondrial modifications.

3.3 Discussion

The premise of this study was to explore the possibility that the unique activities of 

microbial flavonoid metabolites on peripheral tissues may contribute to the observed 

bioactivities of native dietary flavonoids. In other words, can dietary flavonoids exert 

significant bioactivities despite poor bioavailability, or is bioavailability of the native dietary 

species at peripheral target tissues indeed the primary limiting factor for bioactivity in vivo? 
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Our central hypothesis, spanning this study and others in progress, is that the systemic, 

peripheral tissue activities of microbial metabolites may account for a significant portion of 

observed bioactivity following dietary flavonoid exposure in vivo.

The present results demonstrate the potent activities of flavonoid microbial metabolites, 

particularly for preservation of β-cell function, enhancement of skeletal muscle glucose 

utilization and protection of skeletal muscle respiratory function from oxidative injury, 

Therefore, these data suggest that further investigation of the anti-diabetic activities of 

flavonoid microbial metabolites is warranted. Additionally, our data suggest that metabolites 

and native compounds may act by distinct mechanisms, suggesting complementary and 

synergistic activities in vivo. Specifically, our data demonstrate that the gut metabolites 

enhance β-cell glucose stimulated insulin secretion more effectively than EC. Furthermore, 

unlike EC, these metabolites appear to do this without enhancing mitochondrial respiration 

or increasing expression of mitochondrial electron transport chain components, and with 

varying effects on β-cellinsulin content. Insulin secretion is dependent on ATP production in 

the β-cell due to glycolysis, TCA cycle and the ETC. In addition, the increases in ATP 

closes K+ channels which cause membrane depolarization and opening of Ca2+ channels 

which allow Ca2+ influx. The modulation of these two channels is an area of future interest 

in determine how the metabolites enhance glucose stimulated insulin secretion. In skeletal 

muscle, these compounds appear to enhance glucose utilization, but do not appear to 

enhance respiration under normal conditions. Therefore, mitochondrial uncoupling does not 

appear to be a mechanism by which these compounds can prevent obesity and glucose 

intolerance, with the exception of HA and 5PVA at high doses. However, they do appear to 

significantlyprotect respiratory function against oxidative injury. The objective of these 

respiration experiments was to evaluate the impacts of the selected compounds on overall 

respiration. Future mechanistic experiments, including use of ETC complex inhibitors as 

well as comparing intact cells, permeabilized cells and isolated mitochondria, will be useful 

to elucidate the specific mechanisms by which the microbial metabolites exert these effects 

on respiration. Future work will also provide new insight that address some of the current 

study limitations, such as examining compound efficacy in differentiated muscle myotubes 

from mouse and human (to compliment myoblast studies that were conducted herein).

The results presented here make significant additions to the small, yet growing, body of 

published data indicating that flavonoid microbial metabolites likely account for a 

significant fraction of many observed bioactivities of dietary flavonoids, particularly those 

with poor oral bioavailability of the native forms. These data help to explain epidemiological 

and experimental data suggesting that some dietary flavonoids (and potentially other classes 

of compounds, such as curcuminoids)possess potent bioactivities despite poor oral 

bioavailability. These results also suggest that the metabolites may be equally important to, 

if not more important than (in some cases), the native forms for in vitro mechanistic studies 

in cell culture models that attempt to recapitulate effects in peripheral tissues (hepatic, 

adipose, pancreatic, skeletal muscle, endothelial and other cell models). This is particularly 

true at compound doses in the mid to high μM range, which are commonly used for 

bioactives in cell culture but which are much more likely to be obtained by the microbial 

metabolites than the native dietary forms
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Moving forward, there is a need to further identify the most active individual metabolites (or 

metabolite profiles) that confer systemic benefits, to understand the characteristics of the 

microbiome that facilitate generation of these profiles, and to understand how inter-

individual variability in microbial metabolism affects subsequent metabolite profiles and 

bioactivities [49]. This knowledge will be critical for development of strategies to fully 

exploit the potential health benefits of dietary flavonoids. While initial studies have used 

antibiotics to eliminate the effect of the microbiome and microbiome-derived metabolites 

[30,31], germ-free and other gnotobiotic models will be instrumental in elucidation of the 

role of the microbiome in mediating the beneficial effects of poorly-bioavailable flavonoids. 

Furthermore, large-scale screening of several dozen (if not libraries of several hundred) 

microbial metabolites in peripheral tissue cell culture models will need to be performed in 

order to understand the tissue-specific mechanisms by which these compounds exert their 

activities. This will require advances in commercial availability of some metabolites, 

specifically the valerolactones, which to our knowledge are not currently available. It will 

also be important to conduct full dose-dependence studies of these metabolites. Furthermore, 

in vitro anaerobic fecal fermentations of flavonoids, with assessment of the bioactivity 

before and after fermentation in vitro and in vivo (via i.p. administration of filter-sterilized 

supernatants) will be useful to identify broad effects of microbial transformation.

It is important to note that we did not study valerolactones, which are among the early 

microbial metabolites of flavonoids. These compounds are present in high concentrations in 

circulation following flavonoid intake, and represent important compounds that may possess 

significant bioactivities. We did not study these compounds due to the lack of commercial 

availability, which is a significant obstacle for understanding their activities. Due to the 

provocative data in the present work, future work is needed to generate, isolate, and 

elucidate the activity of valerolactones. Two possible approaches include isolation from in 

vivo or ex vivo fecal fermentation mixtures, as well as synthetic approaches. These will need 

to be performed in order to complete our understanding of the potential bioactivities of 

flavonoid microbial metabolites.

It is also important to note that these microbial metabolites exist in circulation in the 

unconjugated forms studied, as well as Phase-II conjugates (sulfate, O-methyl and 

glucuronide forms) produced in enterocytes and hepatocytes following their absorption [50]. 

While the present work focused on the unconjugated forms, future work needs to be 

performed to elucidate the bioactivities of the conjugated forms. Such transformations can 

be performed using enterocytes, hepatocytes, liver microsomes, or isolated conjugating 

enzymes. Such studies will further advance the overall objective of the present work which 

is to understand the bioactivities of the actual circulating profile of compounds 

(unconjugated and phase-II conjugates of both native dietary flavonoids and their microbial 

metabolites) as opposed to just the native, unconjugated forms (i.e. the majority of existing 

studies).

4. CONCLUSION

In summary, our data demonstrate that flavonoid microbial metabolites stimulate β-cell 

function, as well as glucose utilization and mitochondrial respiration in skeletal muscle. 
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These data support the hypothesis that dietary flavonoids may exert significant activity 

despite poor bioavailability via their microbial metabolites. This raises the intriguing 

prospect that bioavailability of native flavonoids may not be as critical of a limiting factor to 

bioactivity as previously thought. If, in fact, bioavailability of native flavonoids is not as 

crucial as currently thought, this would represent a paradigm shift in the thinking regarding 

how to exploit the activities of flavonoids in the diet. While development of strategies to 

enhance bioavailability of native compounds should not be discontinued, exploration of 

strategies that do not require bioavailability should receive extensive consideration as a 

parallel complementary approach to solving the same problem. Our overall logic for the 

proposed experiments moving forward is that we are quickly approaching an asymptote 

(diminishing novel returns) in terms of what we can learn from further studies focusing on 

the activities of native flavonoids. New approaches are now needed to answer the complex 

questions remaining.
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HIGHLIGHTS

• Microbial metabolites of flavonoids possess potent activities

• Metabolites stimulated glucose-stimulated insulin secretion

• Metabolites stimulated beta-cell respiration

• Metabolites protected skeletal muscle from oxidative injury

• Metabolites did not generally uncouple mitochondrial respiration
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Figure 1. 

A) Schematic showing representative sequential metabolism of representative flavonoids [a 

dimeric procyanidin, and (−)-epicatechin monomer] by the gut microbiota. B) Structures of 

(−)-epicatechin and the three representative flavonoid microbial metabolites employed in 

this present study.
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Figure 2. 

Fatty acid oxidation in primary human skeletal muscle cells treated with either hippuric acid, 

homovanillic acid, 5-phenylvaleric acid, or epicatechin. Complete oxidation represents 

evolution of 14CO2 from 14C-labeled palmitate. Incomplete oxidation represents production 

of 14C-labeled acid-soluble metabolites (ASM) from 14C-labeled palmitate. Total oxidation 

represents the sum of complete and incomplete oxidation. Values represent mean ± SEM 

from n=4 replicates, normalized to vehicle (vehicle expressed as 1). Data were analyzed by 

1-way ANOVA. If a significant treatment effect was detected, Dunnett’s post hoc test was 

performed within each compound to compare each dose to the vehicle control. Significance 

vs. vehicle control is indicated by: *P ≤ 0.05, **P ≤ 0.01.
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Figure 3. 

Glucose oxidation in primary human skeletal muscle cells treated with either hippuric acid, 

homovanillic acid, 5-phenylvaleric acid, or epicatechin. Oxidation represents evolution of 
14CO2 from 14C-labeled glucose. Values represent mean ± SEM from n=4 replicates, 

normalized to vehicle (vehicle expressed as 1). Data were analyzed by 1-way ANOVA. If a 

significant treatment effect was detected, Dunnett’s post hoc test was performed within each 

compound to compare each dose to the vehicle control. Significance vs. vehicle control is 

indicated by: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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Figure 4. 

Corrected mitochondrial respiration data for C2C12 cells cells cultured acutely (4h) in the 

presence of hippuric acid (HA), homovanillic acid (HVA), 5-phenylvaleric acid (5PVA), or 

epicatechin (EC): oxygen consumption rate (OCR) curves for treatments at 5 μM (A) and 10 

μM (B), basal respiration (C), leak respiration (after oligomycin, D), ATP-dependent 

respiration (E),maximal respiration (after FCCP, F) respiratory reserve (maximal − basal, 

G), and coupling efficiency (ATP-dependent respiration/basal respiration, H). Oxygen 

consumption rate data were normalized by subtracting non-mitochondrial rates of respiration 

(after antimycin A, not shown), and are expressed as pmol O2 per minute per 1.5 × 104 cells. 

Values represent mean ± SEM from n=8 replicates. Data were analyzed by 1-way ANOVA. 

If a significant treatment effect was detected, Dunnett’s post hoc test was performed within 
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each compound to compare each dose to the vehicle control (H2O). Significance vs. vehicle 

control is indicated by: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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Figure 5. 

Corrected mitochondrial respiration data for H2O2-injured C2C12 cells cultured acutely (4h) 

in the presence of hippuric acid (HA), homovanillic acid (HVA), 5-phenylvaleric acid 

(5PVA), or epicatechin (EC): oxygen consumption rate (OCR) curves for treatments at 5 μM 

(A) and 10 μM (B), basal respiration (C), leak respiration (after oligomycin, D), ATP-

dependent respiration (E), maximal respiration (after FCCP, F) respiratory reserve (maximal 

– basal, G), and coupling efficiency (ATP-dependent respiration/basal respiration, H). 

Oxygen consumption rate data were normalized by subtracting non-mitochondrial rates of 

respiration (after antimycin A, not shown), and are expressed as pmol O2 per minute per 1.5 

× 104 cells. Values represent mean ± SEM from n=8 replicates. Data were analyzed by 1-

way ANOVA. If a significant treatment effect was detected, Dunnett’s post hoc test was 
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performed within each compound to compare each dose to the vehicle control (H2O) as well 

as injury control (H2O + H2O2). Significance vs. vehicle control is indicated by: *P ≤ 0.05, 

**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; significance vs. injury control is indicated by: †P 

≤ 0.05, ††P ≤ 0.01, †††P ≤ 0.001, ††††††P ≤ 0.0001.
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Figure 6. 

Glucose-stimulated insulin secretion in INS-1 derived 832/13 rat β-cells treated with either 

hippuric acid, homovanillic acid, 5-phenylvaleric acid, or epicatechin. Values represent mean 

± SEM from n=6 replicates. Data were analyzed by 2-way ANOVA. If a significant main 

effect of treatment compound dose was detected, Dunnett’s post hoc test was performed 

within the high-glucose treatments to compare each dose to the untreated (0 μM) control. 

Significance vs. untreated control is indicated by: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, 

****P ≤ 0.0001.
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Figure 7. 

Total insulin content of INS-1 derived 832/13 rat β-cells cultured in 16.7 mM glucose 

treated with either hippuric acid, homovanillic acid, 5-phenylvaleric acid, or epicatechin. 

Values represent mean ± SEM from n=6 replicates. Data were analyzed by 1-way ANOVA. 

If a significant treatment effect was detected, Dunnett’s post hoc test was performed to 

compare each dose to the untreated (0 μM) control. Significance vs. untreated control is 

indicated by: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.

Bitner et al. Page 26

J Nutr Biochem. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 

Corrected mitochondrial respiration measured after culturing INS-1 832/13 β-cells for 24 h 

in the presence of 0, 5 or 10 μM hippuric acid (HA), homovanillic acid (HVA), 

5phenylvaleric acid (5PVA), or epicatechin (EC): A) 0 (Ctrl) and 5 μM, B) 0 (Ctrl) and 10 

μM, C) Basal respiration (2 min), D) glucose-stimulated respiration (21 min), E) maximal 

respiration (61 min) and F) respiratory reserve (maxmal − basal). Oxygen consumption rate 

data were normalized by subtracting non-mitochondrial rates of respiration (after antimycin 

A, not shown), and are expressed as pmol O2 per minute, normalizer per μg protein. Values 

represent mean ± SEM from n=5 replicates. Significance vs. untreated control is indicated 

by: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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Figure 9. 

A) Expression levels of electron transport chain components ATP5A (Complex V), UQCR2 

(Complex III), MTCO1 (Complex IV), SDHB (Complex II) and NDUFB8 (Complex I) as 

quantified by Western blotting. Values are presented as mean ± SEM from n=3 replicates per 

condition. Data were analyzed by 1-way ANOVA. If a significant treatment effect was 

detected, Dunnett’s post hoc test was performed to compare each dose to the untreated (0 

μM) control. Significance vs. untreated control is indicated by: *P ≤ 0.05, **P ≤ 0.01, ***P 
≤ 0.001, ****P ≤ 0.0001. B) Representative Western blot.
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