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Abstract

Background—An extract of Phyllanthus muellerianus and its constituent geraniin have been 

reported to exert anti-inflammatory activity in vivo. However, orally consumed geraniin, an 

ellagitannin, shows low bioavailability and undergoes metabolization to urolithins by gut 

microbiota. This study aimed at comparing geraniin and urolithin A with respect to inhibition of 

M1 (LPS) polarization of murine J774.1 macrophages and shedding more light on possible 

underlying mechanisms.

Methods—Photometric, fluorimetric as well as luminescence-based assays monitored production 

of reactive oxygen species (ROS) and nitric oxide (NO), cell viability or reporter gene expression. 

Western blot analyses and confocal microscopy showed abundance and localization of target 

proteins, respectively.

Results—Urolithin A is a stronger inhibitor of M1 (LPS) macrophage polarization (production 

of NO, ROS and pro-inflammatory proteins) than geraniin. Urolithin A leads to an elevated 

autophagic flux in macrophages. Inhibition of autophagy in M1 (LPS) macrophages overcomes 

the suppressed nuclear translocation of p65 (NF-kB; nuclear factor kB), the reduced expression of 

pro-inflammatory genes as well as the diminished NO production brought about by urolithin A. 

The increased autophagic flux is furthermore associated with impaired Akt/mTOR (mammalian 

target of rapamycin) signaling in urolithin A-treated macrophages.

Conclusions and general significance—Intestinal metabolization may boost the potential 

health benefit of widely consumed dietary ellagitannins, as suggested by side by side comparison 

of geraniin and urolithin A in M1(LPS) macrophages. Increased activity of the autophagic cellular 

recycling machinery aids the anti-inflammatory bioactivity of urolithin A.
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1 Introduction

Phyllanthus muellerianus belongs to the family Euphorbiaceae, and leaves, bark and fruits 

are used in Traditional African Medicine for the treatment of dysentry, wounds and 

inflammatory disorders, among others [1]. Our recent study confirmed anti-inflammatory 

activity of an orally administered aqueous Phyllanthus leaf extract in rats and assigned part 

of its activity to its constituent geraniin [2]. Geraniin is an ellagitannin made up of a galloyl, 

a hexahydrodiphenoyl and a dehydrohexahydrodiphenoyl group esterified to a glucose 

molecule, most prominently present in different plant parts (leaf, root, seed, fruit) of the 

genera Euphorbiaceae, Geraniaceae and Phyllanthaceae [3]. Ellagitannins are generally very 

poorly absorbed from the gastrointestinal tract, possibly due to their bulky structure which 

does not facilitate simple diffusion. Therefore, metabolization of geraniin by intestinal 

microflora into ellagic acid, gallic acid, urolithin A, B and C and other related compounds is 

crucial for absorption [4,5]. Several bioactivities were assigned to geraniin, including 

improved wound healing [6], antiviral [7–9], growth inhibitory [10,11], hepato-, neuro-and 

cytoprotective [12–16] as well as anti-inflammatory [17] properties. However, given the low 

bioavailability and metabolization of geraniin it is questionable whether mere in vitro data 

may become relevant in an in vivo setting or whether the active principle beyond the 

observation made upon oral administration of geraniin is mainly the parent ellagitannin. In 

this line, it is of note that the reported bioactivities of urolithins partly overlap with those of 

geraniin, such as growth inhibition and anti-inflammation [18–22].

Inflammation represents a response to tissue injury induced by a multitude of stimuli, 

including wounds, infection, or transformed cells. Macrophages are crucial players in 

inflammation and show a high degree of phenotypic plasticity [23]. A simplistic 

classification divides macrophages in the classically activated M1 and the alternatively 

activated M2 types. However, this categorization only takes into account the extremes of a 

continuous spectrum macrophage states. M1 polarization usually results from of bacterial /

Toll like receptor activation (e.g. by lipopolysaccharide (LPS)) and the presence of cytokines 

associated with a Th1-like response (e.g. interferon gamma (IFN-γ)). M1 macrophages 

produce pro-inflammatory cytokines and mediators (interleukin (IL)-12, IL-6, IL-1β, tumor 

necrosis factor (TNF)-α, reactive oxygen species (ROS) and reactive nitrogen species 

produced by inducible NO synthase (iNOS) or eicosanoids). In contrast, M2 polarization 

occurs upon exposure to cytokines connected with Th2 responses (such as IL-4 or IL-13). 

These cells are considered anti-inflammatory, produce IL-10 and highly express arginase 1 

as well as scavenger receptors [24–26]. Despite being a vital defense reaction in the acute 

setting, ongoing chronic inflammation and production of cytokines and other pro-

inflammatory factors can lead to tissue damage and is associated with chronic diseases, such 

as inflammatory bowel disease, the metabolic syndrome or declining cognitive function 

[27,28]. Therefore, compounds able to prevent or alleviate M1 polarization or boost the M1 

→ M2 shift may be promising candidates for countering those disorders and understanding 

their mode of action may even open up new therapeutic and intervention strategies.

Prompted by the results from our previous in vivo study with geraniin and from observations 

that ellagitannin-rich diets appear beneficial for patients with e.g. intestinal inflammation 

[29,30], we aimed in this study at comparing geraniin and the selected metabolite urolithin 
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A side-by-side in their impact on M1 macrophage polarization and revealing the potential 

underlying anti-inflammatory mechanism.

2 Material and methods

2.1 Chemicals and antibodies

Geraniin (purity ≥ 95%) was isolated and purified from leaves of Phyllanthus muellerianus 
[2]. Urolithin A (purity ≥ 98%) was obtained from Santa Cruz (Germany) and 

dihydrodichlorofluorescein-diacetate (H2DCF-DA) from Invitrogen (Austria). All other 

chemicals or enzymes were obtained from Sigma-Aldrich (Austria). All primary and 

secondary antibodies were obtained from New England Biolabs (Germany), except the anti-

iNOS and the anti-p65 antibodies from Santa Cruz (Germany), the anti-caspase1 antibody 

from Abcam (UK), the anti HO-1 antibody from Enzo Life Sciences (Germany) and the 

FITC-coupled anti-rabbit antibody from Sigma-Aldrich (Austria).

2.2 Cell culture

The J774.1 murine macrophage and the human embryonic kidney HEK (human embryonic 

kidney) 293 cell lines were obtained from ATCC (USA), and the stably transfected CHO 

(Chinese hamster ovary)-ARE-LUC reporter line was previously established in the lab [31]. 

All three cell lines were maintained in DMEM medium (phenol-red free; Lonza, 

Switzerland) supplemented with 10% fetal calf serum (Gibco, Germany), 2 mM glutamine 

(Lonza, Switzerland), 100 U/mL benzylpenicillin (Lonza, Switzerland), 100 μg/mL 

streptomycin (Lonza, Switzerland) at 37 °C and 5% CO2 in a humidified atmosphere. For 

subcultivation, cells at 75% -90% confluency were detached from the cell culture dish (via 
scraping or accutase treatment for macrophages, via trypsin treatment for HEK and CHO 

cells), and an appropriate aliquot was transferred to a new dish and medium. For 

macrophages, 5 × 104 cells/well were seeded in 96-well plates, and 7.5 × 105 cells/well in 6-

well plates for experiments that were started 16–24 h later. For induction of M1 polarization, 

macrophages were stimulated with 100 ng/mL lipopolysaccharide (stock: 1 mg/mL in water; 

Sigma Aldrich, Austria). Treatment with test compounds usually preceded the LPS stimulus 

by 15 min unless stated otherwise. All compounds were applied as a stock solution in 

DMSO. Solvent concentration was even throughout all samples of one experiment and never 

exceeded 0.3%.

2.3 Determination of extracellular NO and cell viability

Cells were seeded in 96-well plates and treated with geraniin, urolithin A and LPS as 

indicated (final volume/well: 200 μL). After 24 h 100 μL of the supernatants were removed 

and mixed 1:1 with freshly prepared Griess reagent (0.05% naphthylendiamine, 0.5% 

sulfanilamide, 2.5% H3PO4 in water) to determine nitrite as surrogate readout for NO 

release. Absorbance of the pink azo-dye was assessed at 550 nm. To the cells (still covered 

with 100 μL medium), 100 μL of the ready-to-go Cell TiterGlo solution (Promega, Austria) 

were added, the plate was incubated in the dark for 1 h and then luminescence was recorded 

using a multiplate reader (Tecan, Austria).
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2.4 Determination of intracellular reactive oxygen species (ROS)

Cells were treated as desired and then exposed to the ROS sensitive dye H2DCF-DA (20 

μM) for 30 min. Cells were washed and mean green fluorescence of 20,000 cells /sample 

was analyzed by flow cytometry (FL1 channel) with a FACSCalibur™ (BD Biosciences, 

Austria) instrument. Obtained values were corrected for autofluorescene of control cells 

without dye.

2.5 Western blot analysis

After the desired cell treatment extraction of total cell lysates, SDS-polyacrylamide 

electrophoresis and immunoblot analysis were performed essentially as described previously 

[32]. To separate nuclear from cytosolic proteins, cells were first washed with cold PBS and 

then exposed to buffer 1 (10 mM HEPES pH 7.5, 0.2 mM EDTA, 10 mM KCl, 1% NP40 

(Igepal), 1 mM DTT, 0.5 mM PMSF, CompleteTM (Roche, Switzerland)). Cells were 

scraped off and transferred into a microtube and incubated for 15 min on ice, with vigorous 

vortexing every 2–3 min, and centrifuged for 5 min at 11000g. The supernatant was 

collected as cytosolic fraction. The obtained pellets were washed once with buffer 1 and 

were then resuspended in buffer 2 (20 mM HEPES pH 7.5, 1.1 mM EDTA, 420 mM NaCl, 1 

mM DTT, PMSF and Complete™ (Roche, Switzerland)) incubated on ice for 15 min with 

vigorous vortexing every 2–3 min, followed by centrifugation for 5 min at 11000g. The 

supernatant contained nuclear proteins. Successful separation of cytosolic and nuclear 

fractions was routinely validated by immunoblotting of tubulin (cytosolic marker) and lamin 

(nuclear marker), respectively.

2.6 Reporter gene assays

Peroxisome proliferator activated receptor (PPAR)γ, liver X receptors (LXR) α,β and 

retinoid X receptor (RXR)α reporter gene assays utilized HEK293 cells that were transiently 

transfected with the expression plasmid and response element of the respective nuclear 

receptor as well as a plasmid coding for enhanced green fluorescent protein (EGFP) as 

control. The nuclear factor erythroid 2 related factor 2 (Nrf2)-dependent reporter gene assay 

was done in CHO cells stably expressing an ARE-dependent luciferase reporter gene and a 

control EGFP expression plasmid. The procedure was essentially the one described in 

previous studies [31,33,34].

2.7 Confocal laser scanning microscopy

Cells were grown on coverslips and treated as indicated. The coverslips were then washed 

with PBS and cells were fixed with 3.7% formaldehyde in PBS followed by 

permeabilization with 0.5% Triton® X-100 in PBS. After two washing steps with PBS, the 

coverslips were incubated with blocking solution (2% BSA in PBS) for 30 min, then with 

anti-p65 antibody (1:50 in PBS/BSA) for two hours, washed and then exposed to FITC-

coupled anti-rabbit antibody (1:500 in PBS/BSA) for another hour. After washing, the 

coverslips were mounted on a glass slide using ProLong antifade-mounting medium (New 

England Biolabs, Germany) and kept at 4 °C overnight. Confocal laser scanning microscopy 

was performed using a TCS SP5 II system (Leica, Germany). Images were recorded with a 

63× oil immersion objective using the manufacturer's LAS AF imaging software. All 
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compared samples within one experiment were detected with constant gain, zoom and 

exposure time.

2.8 Statistics

Experiments were performed at least three times. Error bars in the pictures represent the 

standard deviation (SD). Statistical significance was determined by using Student's t-test (for 

two groups) or ANOVA (> 2 groups) followed by Dunnett's or Bonferroni's post test in the 

GraphPad Prism software. p-values < 0.05 were considered as significant and are designated 

with * in the figures.

3 Results

3.1 Urolithin A is more potent in impeding M1(LPS) macrophage polarization than 
geraniin

In a first step, we compared the influence of geraniin and urolithin A (Fig. 1a) side by side 

on M1 macrophage polarization. As expected, the employed murine J774.1 macrophages 

responded to stimulation with 100 ng/mL LPS with an augmented production of NO. The 

NO release could be suppressed by geraniin and urolithin A in a concentration-dependent 

manner, as shown by the results from a Griess assay in Fig. 1b. In more detailed 

concentration-response experiments urolithin showed an apparent IC50 value of 14 μM 

whereas geraniin reached 50% inhibition only at around 40 μM. The values are comparable 

to those from studies focusing on the individual compounds and using RAW264.7 

macrophages [21,35]. Cell viability was not markedly affected by urolithin A and geraniin in 

LPS-stimulated macrophages compared to control cells, as assessed by an ATP–based 

luminescent viability assays (Fig. 1c), and complementary MTT (3-(4,5-Dimethylthiazol-2-

yl)-2,5-diphenyltetrazoliumbromid)-, resazurin-(both metabolic activity) and crystal violet 

(biomass) assays (data not shown). Next to NO, LPS-stimulated macrophages produced 

more ROS compared to naïve macrophages. Again, the test compounds were able to counter 

the ROS production, and urolithin A was more potent than geraniin (Fig. 1d). LPS further 

triggered induction of iNOS, Cox-2 and pro-IL1β expression in macrophages which were 

diminished by 40 μM urolithin A, with a stronger effect on pro-IL-1β and iNOS than on 

Cox2 (Fig. 1e–g). Geraniin at 40 μM reduced LPS-induced iNOS-, but not IL-1β and Cox2 

expression. Inflammasome activation as assessed by levels of mature IL-1β and cleaved 

caspase1 was not obviously altered in LPS-primed (4 h) macrophages upon nigericin-trigger 

(45 min) in the presence of either compound (data not shown). Overall, LPS stimulation led 

to a pro-inflammatory M1 polarization in J774.1 macrophages (from now on also referred to 

M1(LPS)) which is characterized by elevated pro-IL-1β, iNOS- and Cox2 expression, 

massive NO release and increased ROS production. A direct side by side comparison 

revealed that the metabolite urolithin A hinders the M1(LPS) polarization and is hereby 

more potent and versatile than the parent ellagitannin geraniin, suggesting that microbial 

metabolization boosts the anti-inflammatory potential.
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3.2 Urolithin A and geraniin have no influence on peroxisome proliferator activated 
receptor (PPAR)γ, liver X receptors (LXR), retinoid X receptor α (RXR) or nuclear factor 
erythroid 2 related factor 2 (Nrf2)-mediated gene transactivation

The anti-inflammatory properties of Urolithin A and geraniin have been mainly assigned to 

an impaired nuclear factor κ B (NF-κB) signaling in previous studies [21,36]. However, 

other anti-inflammatory targets have not been investigated to a great extent. We therefore 

examined potential agonism of geraniin and urolithin A on nuclear receptors with anti-

inflammatory properties. Those studies included PPARγ, LXR α and β, which counter pro-

inflammatory gene expression and seem to determine macrophage polarization also by 

controlling lipid metabolism [37–39] as well as RXRα, the heterodimerization partner of the 

permissive PPAR and LXR. However, neither geraniin nor urolithin A was able to markedly 

activate luciferase expression in the respective reporter gene assay, whereas the used positive 

controls (pioglitazone for PPARγ, GW 3965 for the LXRs and retinoic acid for RXR) 

elicited significant activation. (Fig. 2a–d). At 50 μM, urolithin A was able to slightly 

(approx. 2-fold induction) elevate the RXRα-dependent luciferase signal (Fig. 2d). However, 

compared to the positive control retinoic acid (approx. 35-fold induction) the effect was 

considered to be hardly relevant. Nrf2 is a stress responsive and antioxidant transcription 

factor also showing anti-inflammatory activity [40,41]. Using a Nrf2-dependent luciferase 

reporter gene assay (antioxidant-response element (ARE)-LUC) we did not observe 

increased Nrf2 signaling with urolithin A or geraniin, while the positive control CDDO-IM 

elicited a strong luciferase signal (Fig. 2e). Overall, geraniin and urolithin A did not show 

marked activation of PPAR, LXR, RXR or Nrf2. Based on the finding that urolithin A was 

more efficient in prevention of M1(LPS) macrophage polarization (and presumably more 

relevant when thinking of the in vivo situation) than geraniin, we focused on a better 

characterization and understanding of the anti-inflammatory activity of urolithin A.

3.3 Urolithin A leads to an elevated autophagic flux in macrophages

A recent study reported life span prolongation in the nematode C. elegans by urolithin A-

mediated induction of autophagy [42]. The authors also investigated induction of autophagy 

in myo- and hepatocytes, but not in macrophages. To close this gap and because autophagy 

and immunomodulation are linked phenomena [43–45], we examined the autophagic flux in 

macrophages upon exposure to urolithin A in vitro. The level of lipidated microtubule-

associated protein 1A/1B-light chain 3 (LC3; the lipidated form LC3II) was determined in 

macrophages by western blot analysis after treatment with urolithin A (40 μM) and 

rapamycin (250 nM, positive control) in the presence and absence of bafilomycin, an 

inhibitor of vacuolar ATPase and autophagosome fusion with the lysosome. In the presence 

of bafilomycin urolithin A significantly increased the LC3II level compared to DMSO, 

indicating an increased autophagic flux in naïve and LPS-stimulated macrophages (Fig. 3a) 

[46]. As expected, the mTOR inhibitor rapamycin also led to an increased autophagic flux. 

Moreover, the pro-autophagic effect of urolithin A occurred in a concentration dependent 

manner (Fig. 3b). Thus, urolithin A is able to enhance the autophagic flux in macrophages.
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3.4 Urolithin A interferes with the Akt/mTOR signaling pathway

Autophagy is a highly regulated and finely tuned complex process that integrates cues from 

a plethora of signaling molecules. However, mTOR and AMP-activated kinase (AMPK) are 

considered as main control hubs of autophagy [47–50]. Time course experiments revealed 

that LPS-treatment leads to an increase in the Akt/mTOR/p70 S6K signaling axis after 

approximately 1 h in macrophages that lasts up to 8 h (Suppl Fig. 1). An increased 

phosphorylation and activation of AKT is transduced to an increased phosphorylation of 

tuberin (TSC2) at threonine 1462 which in turn leads to activation of the mTOR complex via 
the small G-protein Rheb. Activated mTOR finally phosphorylates its substrates including 

p70S6K at Ser 389 [51]. In order to examine the influence of urolithin A on the mTOR 

signaling pathway, macrophages were treated with 20 and 40 μM urolithin A in the absence 

or presence of LPS for 2 and 6 h. Subsequent western blot analysis of total cell lysates 

revealed that urolithin A was able to suppress LPS-induced AKT, TSC2 and as well as basal 

and LPS-induced p70S6K phosphorylation (Fig. 4a–c). In contrast, levels of phosphorylated 

(Ser79) acetyl-CoA carboxylase (ACC) as readout for AMPK activity did not obviously 

change between control and urolithin A -treated cells (Suppl. Fig. 2). Thus, urolithin A is 

able to interfere with the mTOR signaling pathway in macrophages which is likely to 

account for the observed increase in autophagic flux.

3.5 The increased autophagic flux contributes to the prevention of M1(LPS) macrophage 
polarization by urolithin A

In a next step we examined whether the increased autophagic flux is linked with the anti-

inflammatory activity of urolithin A. The most primordial function of autophagy is 

adaptation to nutrient deprivation. However, the autophagy machinery has also been found to 

entangle with immunity and inflammation [43–45]. Monitoring LPS-triggered NO 

production uncovered inhibition by urolithin A (in line with Fig. 1) at 10 to 50 μM which 

was completely abrogated in the presence of the autophagy inhibitor bafilomycin at 10 and 

100 nM (Fig. 5a). A similar picture became apparent for LPS-induced iNOS, Cox2 and pro-

IL-1β expression, which were blunted in a concentration-dependent manner by urolithin A 

(suppression of pro-IL-1β only significant at 40 μM). Addition of bafilomycin diminished 

the inhibitory capacity of 40 μM urolithin A by at least 50% (Fig. 5b). Notably, bafilomycin 

on its own negatively affected the extent of pro-IL1β-induction by LPS. Taken together, 

these findings indicate that the increased autophagic flux contributes to the alleviated M1 

(LPS) macrophage polarization by urolithin A.

3.6 The increased autophagic flux appears pivotal for the impeded nuclear translocation 
in the presence of urolithin A

NF-κB signaling, one main mediator of the M1(LPS) polarization in murine macrophages, is 

negatively affected by urolithin A. Previous reports showed that urolithin A reduced nuclear 

translocation and DNA binding of NF-κB [21]. Degradation of inhibitor of NF-κB (IκB), 

which usually precedes nuclear translocation of NF-κB and becomes most apparent after 30 

min of LPS stimulation, is not influenced (Fig. 6a), suggesting that urolithin A acts between 

release from its inhibitor IκB and nuclear translocation of the p65 Rel protein (one 

transactivating member of the NF-κB protein family). Thus, we went on to investigate the 
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relationship between increased autophagy and inhibited nuclear accumulation of p65 (NF-

κB) in urolithin A-treated macrophages. One hour after LPS stimulation appeared as optimal 

time point to study nuclear p65 in the used murine macrophages (Suppl. Fig. 3). Employing 

confocal laser scanning microscopy (Fig. 6b) and western blot analysis of nuclear extracts 

(Fig. 6c) confirmed that urolithin A impedes nuclear accumulation of p65. Of note, co-

treatment with the autophagy inhibitor bafilomycin overcame the blunted nuclear 

translocation of p65 by urolithin A. Bafilomycin alone had no influence on nuclear p65 

levels. These data imply that urolithin A interferes with NF-κB (p65) function at a step 

between release from the IκB complex and transport into the nucleus in an autophagy-

dependent manner.

4 Discussion

The main findings of this study are that (i) microbial metabolization of geraniin to urolithin 

A increases the anti-inflammatory potential, (ii) urolithin A triggers an increased autophagic 

flux in macrophages which contributes to reduced nuclear abundance of p65 (NF-κB) and 

M1(LPS) polarization and that (iii) urolithin A exerts a negative influence on the AKT/TSC/

mTOR signaling axis.

The concept that the intestinal microbiome is a critical player in metabolization and 

exploitation of ingested food and drugs is commonly accepted. For instance, metabolization 

of dietary fiber (precursor) into short chain fatty acids (active principle), such as butyric acid 

acting mainly as epigenetic modulator, is thought to bring about the benefits of a fiber-rich 

diet [52,53]. Secondary plant metabolites often show promising bioactivity in vitro but very 

low bioavailability in vivo. Nonetheless, ellagitannin supplementation or diets rich in 

pomegranate, berries or nuts have been positively correlated with health benefits (e.g. 
[54,55]). The active principles beyond these effects are likely metabolites. Orally consumed 

ellagitannins are hydrolyzed in the gut to release ellagic acid, which in turn is further 

processed by certain gut bacteria into a series of urolithins with distinct hydroxylation 

pattern, that then are subject of phase 2 metabolism by enterocytes and hepatocytes. This 

yields glucuronides, sulfates and methyl derivatives of urolithins which appear in the 

circulation at nM to low μM concentrations. Prevalent metabolites in humans are conjugates 

with glucuronic acid of urolithin A, isourolithin A and urolithin B. These circulate in human 

plasma with huge interindividual variability in the range of 0.024–35 μM for urolithin A-

glucuronide, 0.0045–0.745 μM for isourolithin-A glucuronide and 0.012–73 μM for 

urolithin B-glucuronide, depending on study design. Under a dietary approach it is unlikely 

that substantial amounts of free urolithin aglycones reach the systemic circulation. Local 

tissue distribution ranged from 2 ng/g urolithin A glucuronide in prostate and 4.8 to 507,3 

ng/g for several aglycones and conjugates in colon (reviewed in [56,57]). A recent study in 

rats measured plasma levels of urolithin A upon intraperitoneal administration of 2.5 

mg/kg/day and only found up to 0.015 μM urolithin A and 0.39 μM urolithin A-sulfate in 

plasma, up to 10 nmol aglycone and up to 60 nmol sulfate per gram tissue in heart, pancreas 

and liver [58]. Based on these findings one is generally advised to use a mixture of 

appropriate urolithin conjugates for in vitro studies on endothelial cells and systemic tissues, 

whereas aglycones could be more suitable for cell types resident in colon. Urolithin 

concentrations in the two-digit μmolar range as used in this study might be justified for 
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individual aglycones or conjugates, but need to be carefully chosen according to available 

data, cell type of interest as well as the difference between the dietary scenario and a 

pharmacological setting in which high doses of synthetic urolithins are given 

intraperitoneally or intravenously. In this line, our future studies can benefit from 

investigating (a mixture of) urolithin metabolites (glucuronides and sulfates) in order to have 

relevant in vitro data with regard to systemic inflammation, as well as from working with a 

mixture of urolithin aglycones for statements with potential relevance for colon-resident 

macrophages. Working with mixtures would also take into account the important point of 

potential synergistic effects between the individual compounds. A recent study by 

Piwowarksi et al. [59] suggested the intriguing novel concept that the phase 2 conjugates of 

urolithin serve as prodrug that could be deconjugated to the aglycones at sites of 

inflammation and malignant transformation due to low pH and/or elevated glucuronidase 

activity. Thus, it seems that the jury is still out to decide which metabolite at what 

concentration ultimately qualifies for the active principle of the systemic positive effects of 

ellagitannins in inflammation and cancer.

In contrast to punicalagin (another ellagitannin) [60] neither urolithin A nor geraniin 

promoted the M2 polarization in the employed murine macrophages as arginase 1 expression 

was not increased (data not shown). However, geraniin but not urolithin A boosted LPS-

induced expression of heme-oxygenase-1, a potential anti-inflammatory protein involved in 

the M2 polarization and resolution of inflammation [60] (Suppl. Fig. 4). This suggests that 

the metabolization of geraniin may abolish the capability of triggering a potential M1 → 
M2 shift counter-balancing the inflammatory response upon LPS stimulation (which, 

however, may become obsolete due to the already strong impediment of an initial M1(LPS) 

polarization by urolithin A in the first place).

Autophagy and immunomodulation are interdependent in the cellular network of signal 

integration (e.g. [61–63]). Our study shows that an increased autophagic flux contributes to 

the anti-inflammatory action of urolithin A. Urolithin A impedes M1 (LPS) macrophage 

polarization (inhibition of iNOS/Cox2/pro-IL-1β expression, NO and ROS release) and 

triggers an elevated autophagic flux. Inhibition of the autophagic flux by bafilomycin 

blunted the anti-inflammatory activity of urolithin A, indicating an actual cross-talk between 

both processes. Knockdown of vital players in the autophagic machinery (such as autophagy 

gene (Atg) 5 or beclin) should complement the pharmacological approach and 

unambiguously corroborate the autophagy/anti-inflammation link in the activity profile of 

urolithin A, optimally in primary macrophages. Inhibition of the M1(LPS) polarization in 

macrophages by urolithin A could previously be traced back to inhibition of the NF-κB 

signaling pathway [21]. Our study defined the point of action of urolithin A as located 

between release from IκB and nuclear translocation of p65 and as susceptible to autophagic 

signaling. Impeded autophagy restored nuclear translocation of p65 also in the presence of 

urolithin A. Future experiments will address the obvious question how an increased pro-

autophagic signaling can interfere with nuclear translocation of p65 in M1(LPS) 

macrophages.

Geraniin and urolithin A did not show a marked agonism on the nuclear receptors PPARγ, 

RXRα and LXRα/β or on activation of the stress responsive transcription factor Nrf2. Their 
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polar nature may prevent binding to the nuclear receptors that usually habour lipopilic 

ligands, such fatty acids or sterols. Accordingly, in endothelial cells urolithin A led to 

increased PPARγ expression rather than acted as ligand [64]. The putative positive impact 

on PPARγ signaling due to increased abundance could not be confirmed in macrophages, 

though, as we did not see increased PPARγ levels nor target gene expression upon urolithin 

A exposure (data not shown). Although reported for geraniin in previous studies [35,65], we 

did not observe any activation of Nrf2 signaling with urolithin A or geraniin. The reasons for 

the divergent results on geraniin may be based on the different readouts for Nrf2 activation 

(Nrf2 accumulation/heme oxygenase 1 expression) [35] versus consensus sequence-based 

reporter gene assays (ARE-LUC (here)), different experimental setups (pre-stressed cells 

[35] versus naïve cells (here)) or an actual metabolite of geraniin being the active principle 

for Nrf2 activation in the in vivo setting [65].

Looking at the two major prominent control hubs in autophagy, we showed unaltered AMPK 

activity but impaired mTOR signaling in urolithin-treated cells. Phosphorylation of p70 

S6K, indicative for an active mTOR signaling, was strongly and concentration-dependently 

decreased by urolithin A treatment in naïve and LPS-stimulated macrophages. Therefore, 

induction of autophagy is likely to occur via an inhibited mTOR axis in urolithin-exposed 

M1(LPS) macrophages. Notably, mTOR inhibition occurred as anti-inflammatory strategy in 

several recent publications (e.g. [66,67]), but was also found to aggravate (adipose tissue) 

inflammation in other studies [68,69]. More studies are needed to completely decipher the 

context-and tissue specific action of mTOR in inflammation, to understand the possible 

distinct responses to pharmacological mTOR inhibition and absolute mTOR deficiency as 

well as the detailed mode of action underlying the augmented autophagic flux upon urolithin 

A. Urolithin A also increased the life span of the nematode C. elegans via increased 

autophagy [42], and was reported to inhibit proliferation of various cancer cell lines, to exert 

vaso- and cardioprotective effects or improve lipid profiles [18,19,58,64,70,71]. To what 

extent autophagy induction plays a role for these effects has not been investigated so far 

although there is good chance that autophagy is involved [72–74].

Given the wide-spread and long-term dietary exposure to their metabolic precursors, 

urolithins have been comparatively poorly characterized concerning their biological effects. 

A recent study has assessed safety and determined the NOAEL (no observed adverse effect 

level) for the daily oral intake of urolithin A as 3.4 (female) to 3.8 (male) g/per kg body 

weight [75]. Only for a decade research efforts have been providing a better understanding 

of the molecular mechanism of these metabolites. We could complement the arising picture 

by showing that urolithin A possesses a higher anti-inflammatory potential in vitro than the 

precursor ellagitannin geraniin and increases the autophagic flux which in turn blocks 

nuclear translocation of p65 and M1(LPS) polarization in macrophages. Future in vitro and 

in vivo studies are warranted to fully capture and appreciate the potential health benefit 

obtained from ellagitannins and their metabolites as well as the synergy between nutrition, 

host cells and gut microbiota (e.g. [76]).

Appendix A. Supplementary data

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Influence of geraniin and urolithin A on M1(LPS) macrophage polarization.
(a) Chemical structures of geraniin and urolithin A. (b) J774.1 macrophages were seeded in 

96-well plates and treated with the indicated concentrations of urolithin A (Uro) or geraniin 

(Ger) in the absence and presence of 100 ng/mL LPS for 24 h. Supernatants were subjected 

to a Griess assay. The bar graph depicts data from three independent experiments in 

quadruplicates. Data are expressed as the LPS-triggered NO release (Δ +/−LPS of each 

condition) assessed by photometric readings at 550 nm (*, p < 0.05; vs DMSO control). (c) 

Attached cells in the plate were then subjected to a CellTiterGlo Cell viability assay. The 
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displayed data are the mean from three independent experiments and show viability of LPS-

treated macrophages in the presence of the indicated concentrations of Uro and Ger 

(expressed as relative luminescence units (RLU)). (d) Macrophages were treated with Uro 

and Ger as well as LPS as indicated for 24 h before intracellular ROS levels were 

determined by flow cytometry. Compiled auto-fluorescence-corrected relative fluorescence 

units (RFU) of three independent experiments are shown (*, p < 0.05; vs DMSO control). (e) 

Macrophages were treated with DMSO (D), urolithin A (Uro, 40 μM), geraniin (Ger, 40 μM) 

and LPS (100 ng/mL) as indicated for 24 h before total cell lysates were subjected to 

western blot analysis for iNOS and actin. Lines between the lanes indicate that those parts 

changed order, but originate from the same original membrane. (f) Cells were treated as in 

(e), but lysates were probed for Cox2 and actin. (g) Macrophages were treated with D, Uro, 

Ger (each 40 μM) and LPS as indicated for 4 h before total cell lysates were subjected to 

western blot analysis for pro-IL-1β and actin. All shown blots are representative for three 

independent experiments for each target protein with consistent results.

Boakye et al. Page 17

Biochim Biophys Acta. Author manuscript; available in PMC 2018 February 22.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 2. Influence of geraniin and urolithin A on nuclear receptor- and Nrf2-dependent 
transactivation.
(a) HEK293 cells were transiently transfected with a PPARγ expression plasmid, a PPAR-

dependent luciferase reporter (PPRE-LUC) construct as well as a plasmid coding for EGFP. 

Cells were seeded into 96–wells and treated with the indicated concentrations of Uro and 

Ger as well as 5 μM pioglitazone as positive control (PC) for 24 h. Then cells were lysed 

and luciferase-derived luminescence as well as EGFP fluorescence (control for cell number 

and transfection efficiency) were assessed. Data are expressed as the ratio between 

luminescence/fluorescence of each well and expressed as fold induction compared to the 
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solvent (DMSO) control. (n = 3) (b–d) HEK cells were treated basically as in (a), except for 

the use of LXRα- (b), LXRβ- (c) and RXRα (d) expression plasmids and the respective 

luciferase reporter constructs. 1 μM GW3965 and 5 μM retinoic acid served as positive 

controls (PC) for LXR α or β and RXRα, respectively. (e) Stably transfected CHO-ARE 

LUC/EGFP cells were seeded in 96-well plates and treated with the indicated concentrations 

of Uro and Ger as well as 100 nM CDDO-IM as positive control. After 16 h luminescence 

and fluorescence were recorded in the cell lysates. Data are expressed as the ratio between 

luminescence/fluorescence of each well and expressed as fold induction compared to the 

solvent (DMSO) control (n = 3) (*, p < 0.05; vs DMSO control).
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Fig. 3. Influence of urolithin A on the autophagic flux in macrophages.
(a) J774.1 cells were treated with 40 μM urolithin A (uro) and rapamycin (Rapa, 250 nM) 

for 24 h. As indicated, cells were additionally treated with 100 nM bafilomycin (baf) for the 

last 4 h. Cell lysates were prepared and subjected to western blot analysis for LC3 (I: non-

lipidated, II: lipidated) as well as actin as loading control. Blots are representative for three 

independent experiments, and the bar graph compiles the densitometric data (LC3II/actin) 

from the three experiments. (b) J774.1 macrophages were treated with 0–40 μM urolithin A 

(uro) for 24 h and +/− bafilomycin (100 nM) for the last 4 h. Cell lysates were prepared and 
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treated as above. Again, representative blots as well as compiled densitometric data from 

three independent experiments are depicted (*, p < 0.05).
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Fig. 4. Influence of urolithin A on the mTOR signaling pathway in macrophages.
Murine macrophages were treated with 20 and 40 μM urolithin A (Uro) in the presence and 

absence of LPS for 2 and 6 h. Cell lysates were prepared and subjected to western blot 

analysis for (a) phospho AKT (Thr308) and total AKT, for (b) phospho-TSC2 (Thr1462) and 

total TSC2, and (c) phospho-p70S6K (Ser389) and actin. Representative blots from three 

experiments and compiled densitometric data (target/loading control) are depicted (*, p < 

0.05; vs LPS-treated solvent control).
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Fig. 5. Influence of an autophagy inhibitor on the reduced M1(LPS) polarization in the presence 
of urolithin A.
(a) J774.1 macrophages were treated with the indicated concentrations of urolithin A (Uro) 

in the absence and presence of 10 nM or 100 nM bafilomycin (baf) and then stimulated with 

100 ng/mL LPS for 24 h. Supernatants were subjected to a Griess assay. The bar graph 

depicts data from three independent experiments in quadruplicates. Data are expressed as the 

LPS-triggered NO release (Δ +/−LPS of each condition) assessed by photometric readings at 

550 nm. (*, p < 0.05; vs DMSO control) (b) J774.1 macrophages were treated with Urolithin 

A (20 and 40 μM), LPS (100 ng/mL) and bafilomycin (baf, 10 nM) as indicated for 4 (pro-
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IL1 β) or 24 (iNOS, Cox2) hours. Total cell lysates were then subjected to western blot 

analysis for iNOS, Cox2, pro-IL1β and actin. Representative blots are depicted together with 

the compiled densitometric analysis of three independent experiments. The given numbers 

represent the % inhibition by urolithin A compared to the solvent (DMSO) control.
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Fig. 6. Influence of urolithin A and/or autophagy inhibition on IκB degradation and nuclear 
translocation of p65.
(a) Murine macrophages were treated with solvent (DMSO) or 40 μM urolithin A (Uro) and 

then stimulated with LPS (100 ng/mL) for the indicated periods of time. Total cell lysates 

were then subjected to immunoblot analysis for IκB and actin. Representative blots from 

three independent experiments are depicted. (b) J774.1 cells were grown on coverslips and 

then treated with urolithin A (Uro, 40 μM), LPS (100 ng/mL) and bafilomycin (100 nM; baf) 

as indicated for 1 h. Then immunostaining for p65 was performed and cells were viewed 

under a confocal microscope. (c) J774.1 cells treated with urolithin A (Uro, 40 μM), LPS 

(100 ng/mL) and bafilomycin (100 nM; baf) as indicated for 1 h. Then nuclear protein was 

isolated and subjected to western blot analysis for p65 and lamin B. Representative blots and 

compiled densitometric data from three independent experiments are depicted. (*, p < 0.05)
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