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Abstract

We have recently shown that several classes of glucuronide metabolites, including the morphine 

metabolite morphine-3-glucuronide and the ethanol metabolite ethyl glucuronide, cause toll like 

receptor 4 (TLR4)-dependent signalling in vitro and enhanced pain in vivo. Steroid hormones, 

including estrogens and corticosterone, are also metabolized through glucuronidation. Here we 

demonstrate that in silico docking predicts that corticosterone, corticosterone-21-glucuronide, 

estradiol, estradiol-3-glucuronide and estradiol-17-glucuronide all dock with the MD-2 component 

of the TLR4 receptor complex. In addition to each docking with MD-2, the docking of each was 

altered by pre-docking with (+)-naloxone, a TLR4 signaling inhibitor. As agonist versus 

antagonist activity cannot be determined from these in silico interactions, an in vitro study was 

undertaken to clarify which of these compounds can act in an agonist fashion. Studies using a cell 

line transfected with TLR4, necessary co-signaling molecules, and a reporter gene revealed that 

only estradiol-3-glucuronide and estradiol-17-glucuronide increased reporter gene product, 

indicative of TLR4 agonism. Finally, in in vivo studies, each of the 5 drugs was injected 

intrathecally at equimolar doses. In keeping with the in vitro results, only estradiol-3-glucuronide 

and estradiol-17-glucuronide caused enhanced pain. For both compounds, pain enhancement was 

blocked by the TLR4 antagonist lipopolysaccharide from Rhodobacter sphaeroides, evidence for 

the involvement in TLR4 in the resultant pain enhancement. These findings have implications for 

several chronic pain conditions, including migraine and tempromandibular joint disorder, in which 
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pain episodes are more likely in cycling females when estradiol is decreasing and estradiol 

metabolites are at their highest.
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corticosterone; corticosterone-21-glucuronide; estradiol; estradiol-17-glucuronide; estradiol-3-
glucuronide; TLR4; (+)-naloxone

1. Introduction

Recent evidence suggests that certain glucuronide metabolites have neuroinflammatory 

actions. Specifically, morphine-3-glucuronide, ethyl-β-D-glucuronide and glucuronic acid 

have been shown to activate the innate immune toll-like receptor 4 (TLR4) and cause TLR4-

dependent enhanced pain when administered intrathecally (Lewis et al., 2010; Lewis et al., 

2013) or systemically (Due et al., 2012). Another major class of molecules with 

glucuronidated metabolites is the steroid hormones. Androgens (Belanger et al., 1994), 

estrogens (Guillemette et al., 2004), and corticosteroids (Ikegawa et al., 2009) are all 

glucuronidated as part of metabolism. However, the potential for TLR4 activation and/or 

enhanced nociception by these glucuronidated metabolites has not been studied.

Several of the steroid hormones also have associations with enhanced pain, including 

corticosterone and estradiol. Acute stress and acute stress-associated corticosterone release 

in rats has, by and large, been shown to inhibit nociception, while chronic stress has been 

linked to hyperalgesia (Imbe et al., 2006), although analgesic effects have also been 

repeatedly reported (reviewed in (Miguez et al., 2014). Clinically, chronic stress has also 

been associated with chronic pain conditions such as fibromyalgia, chronic headache, 

inflammatory bowel disease and tempromandibular joint pain (McEwen and Kalia, 2010). 

Corticosterone, intriguingly, has both anti-inflammatory and pro-inflammatory effects on 

inflammation caused by the classic TLR4 ligand lipopolysaccharide (LPS). Corticosterone 

inhibits proinflammation by LPS when LPS precedes corticosterone, whereas corticosterone 

potentiates proinflammation by LPS when LPS is given 2 or 24 hours following 

corticosterone (Frank et al., 2010). One potential explanation for this finding is that the anti-

inflammatory effect of corticosterone was modulated by a proinflammatory effect of its 

glucuronidated metabolite. Corticosterone is metabolized by extensive degradation or 

conjugation with a glucuronide group to form corticosterone-21-glucuronide (CortG). CortG 

has been found in mouse brain homogenates, indicating that it has the potential to directly 

affect the central nervous system (Kallonen et al., 2009; Maeda et al., 2013). In humans, the 

major stress hormone cortisol and several of its metabolites are also glucuronidated, with 

over 90% of cortisol metabolites in the urine being glucuronide conjugated (Kornel and 

Saito, 1975).

Large epidemiology studies, in different countries and cultures, show women are more 

likely to report chronic pain (Blyth et al., 2001; Johannes et al., 2010) and chronic pain that 

limits daily activities (Blyth et al., 2001). Estrogens, including estradiol, are the primary 

female sex hormones and have reports of both pro-inflammatory and pro-nociceptive 

activity as well as antinociceptive effects (for review, Craft, 2007). Notably, the drop from 
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peak estradiol levels during pre-menses in women is associated with increased incidence of 

migraine (Martin and Behbehani, 2006; Somerville, 1972) and temporomandibular joint 

pain (LeResche et al., 2003). This period of declining estradiol coincides with peak to 

consistent levels of glucuronidated estradiol metabolites (Stanczyk et al., 1980), as 

glucuronidated metabolites typically have longer half-lives than parent molecules. The 

declining estradiol and steady glucuronidated metabolites in this time period increases the 

relative effect of the glucuronidated metabolites. Estradiol may also affect the LPS response. 

Chronic estradiol administration in ovariectomized females and male rats increased the 

LPS–stimulated inflammatory response in hippocampal microglia ex vivo and increased 

proinflammatory cytokine transcription in vivo (Loram et al., 2011a). Estradiol is 

metabolized into estradiol-3-glucuronide (E2-3-G) and estradiol-17-glucuronide (E2-17-G), 

and both of these metabolites have also been found in brain tissue homogenates, indicating 

that they have access to the central nervous system (Kallonen et al., 2009). Neither 

metabolite is believed to have activity at the estrogen receptors (Guillemette et al., 2004).

The first step to determine if glucuronidated corticosterone and estradiol metabolites could 

contribute to the pain-enhancing effects of the parent hormones is to determine if the 

metabolites have the ability to potentiate pain. Given the TLR4-dependent allodynia caused 

by other glucuronidated metabolites, we hypothesize that CortG, E2-3-G and E2-17-G will 

cause an increase in TLR4 signaling as well as TLR4-dependent enhanced pain.

2. Materials and methods

2.1. Drugs

Corticosterone, estradiol, E2-3-G, and E2-17-G were purchased from Sigma (St. Louis, 

MO). CortG was synthesized by the authors (MMF, TS) from D-(+)-glucurono-6,3-lactone. 

The lactone was converted to the protected trichloroacetimidate by the procedure of 

Nakajima et al. (2005), coupled with corticosterone, then deprotected according to the 

procedure of Ciuffredaa et al. (2009). The identity of the product was confirmed by 

comparison of 1H and 13C NMR data with that reported by Ciuffredaa et al. (2009). The 

competitive TLR4 antagonist lipopolysaccharide from Rhodobacter sphaeroides (LPS-RS) 

was purchased from Invivogen (Thousand Oaks, CA) and (+)-naloxone was obtained from 

the National Institute on Drug Abuse, synthesized by an author (KR). CortG, E2-3-G, LPS-

RS and (+)-naloxone were dissolved in endotoxin-free sterile water (Hospira, Lake Forest, 

IL) for in vitro studies (Experiment 2) and endotoxin-free, sterile 0.9% saline (Hospira, Lake 

Forest, IL) for in vivo studies (Experiment 3). E2-17-G was dissolved in 10% DMSO 

(Sigma, St. Louis, MO) and sterile water for in vitro studies (Experiment 2) and 1% DMSO 

and sterile saline for in vivo studies (Experiment 3). Corticosterone and estradiol were 

dissolved in 100% DMSO for both in vitro and in vivo studies. Corticosterone, CortG, 

estradiol, E2-3-G, and E2-17-G, (+)-naloxone, saline and water were all confirmed to be 

endotoxin-free by the limulus amebocyte lysate (LAL) assay (Lonza, Walkersville, MD). 

Where appropriate, doses are reported as a free base concentration.
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2.2. In silico docking simulations

In silico docking simulation methods were similar to those previously described in detail 

(Hutchinson et al., 2012; Hutchinson et al., 2010b). These were employed to examine the 

docking of corticosterone, CortG, estradiol, E2-3-G, and E2-17-G to the TLR4/MD-2 

complex. The in silico docking analyses were conducted in Experiment 1 using the recently 

published high-resolution crystalline structure of the dimer of human TLR4 and MD-2 (Park 

et al., 2009) and the in silico docking software vina, PyRx and the AutoDockTools package. 

Briefly, the complexed human TLR4 and MD-2 pdb file was obtained from RCSB Protein 

Data Bank database (PDBID: 3fxi). Docking was conducted using Vina (version 1.1.2; 

(Trott and Olson, 2010) within PyRx (version 0.8; (Wolf, 2009)). An exhaustiveness factor 

of 8 was used for all simulations, with the Vina search space dimensions and center defined 

using the auto-maximize function. Structures were gathered using PubChem isomeric 

SMILES then converted to .pdb using a structure file generator (http://cactus.nci.nih.gov/

services/translate/).

2.3. In vitro assay for TLR4 signaling

A human embryonic kidney-293 (HEK 293) cell line was used in Experiment 2. This cell 

line was stably transfected by Invivogen (San Deigo, CA) to over-express human TLR4 and 

co-receptor molecules (MD-2, CD14) (293-htlr4a-md2cd14; referred to here as HEK-

TLR4). In addition, these cells stably express an optimized alkaline phosphatase reporter 

gene under the control of a promoter inducible by transcription factors, such as NFκB and 

AP-1, activated as part of the TLR4 signaling cascade. Secreted alkaline phosphatase 

(SEAP) protein is produced as a consequence of TLR4 activation.

HEK-TLR4 cells were grown at 37°C (5% CO2; VWR incubator model 2300) in 10 cm 

dishes (Greiner Bio-One, CellStar 632171; Monroe, NC, USA) in normal supplement 

selection media (DMEM media [Invitrogen, Carlsbad, CA, USA] supplemented with 10% 

fetal bovine serum [Hyclone; Logan, UT, USA], HEK-TLR4 selection [Invivogen]; 

Penicillin 10,000 U/ml [Invitrogen]; streptomycin 10 mg/ml [Invitrogen], Normocine 

[Invivogen], and 200 nM L-Glutamine [Invitrogen]). The cells were then plated for 48 h in 

96 well plates (Microtest 96 well plate, flat bottom, Becton Dickinson; 5 × 103 cells/well) 

with the same media. After 48 h, supernatants were removed and replaced with fresh media. 

Drugs tested were added in concentrations indicated and incubated for 24 h. Supernatants 

(15 μl) were then collected from each well for immediate assay.

SEAP levels in the supernatants were assayed using the Phospha-Light System (Applied 

Biosystems) according to the manufacturer’s instructions. This chemiluminescent assay 

incorporates Tropix CSPD chemiluminescent substrate. The 15 μl test samples were diluted 

in 45μl of 1x dilution buffer, transferred to 96-well plates (Thermo, Walthma, MA, USA), 

and heated at 65°C in a water bath (Model 210, Fisher Scientific, Pittsburgh, PA, USA) for 

30 min, then cooled on ice to room temperature. Assay buffer (50 μl/well) was added and, 5 

min later, reaction buffer (50 μl/well) is added and allowed to incubate for 20 min at room 

temperature. The light output is then measured in a microplate luminometer (Dynex 

Technologies, #IL213.1191, Chantilly, VA, USA).
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2.4. In vivo behavioral assessments

2.4.1. Animals—Adult, male, pathogen-free Sprague-Dawley rats (Harlan Labs, Madison, 

WI) were used for all in vivo experiments. Rats (325–375 g at time of experiments) were 

housed in temperature (23±3 °C) and light (12 h: 12 h light:dark) controlled rooms with 

water and food given ad libitum. All habituation and behavioral testing procedures were 

performed during the light phase of the daily cycle. All procedures were approved by the 

University of Colorado-Boulder Institutional Animal Care and Use Committee and in 

compliance with the International Association for the Study on Pain guidelines for the 

ethical use of animals. Each experimental group contains 6–8 rats.

2.4.2. Intrathecal catheter implantation and injections—Acute intrathecal 

injections were used to administer drugs in Experiment 3. Catheter placements via the L5/L6 

intervertebral approach and drug microinjections were performed based on Milligan et al. 

(1999). Rats were briefly anaesthetized under isoflurane anesthesia. An 18-gauge needle was 

placed between L5 and L6 into the intrathecal space and served as a guide. Polyethylene-10 

tubing was threaded rostrally through the guide, terminating over the lumbosacral 

enlargement. The catheters were pre-loaded with drugs at the intrathecal end and the 

remainder filled with sterile saline. Upon insertion, the drug was injected with an 8.5 μl 

flush to ensure complete drug delivery, and the needle and catheter then removed. The rats 

were anaesthetized for, on average, 5 min and had no skin incision or implantations upon 

awakening and hence required no additional analgesics.

All drugs administered in vivo in Experiment 3 were given intrathecally over lumbosacral 

spinal cord. All doses were equimolar with the doses of glucuronide metabolites 

(morphine-3-glucuronide, ethyl glucuronide and glucuronic acid) that were sufficient to 

cause allodynia in prior studies (Lewis et al., 2010; Lewis et al., 2013). Corticosterone was 

given at a dose of 0.56 μg and CortG was given at a dose of 0.85 μg. Estradiol was given at a 

dose of 0.44 μg, E2-3-G and E2-17-G were both given at doses of 0.76 μg. All doses were 

equimolar to each other. LPS-RS was given at an intrathecal dose of 40 μg, consistent with 

previous literature showing this dose was capable of reversing neuropathic pain (Hutchinson 

et al., 2008).

2.4.3. von Frey test for tactile allodynia—All testing was conducted by an 

experimenter blind to group assignment. Rats received at least four 1 h habituations to the 

appropriate testing apparatus and environment prior to baseline testing, as in our previous 

studies (Lewis et al., 2010).

The response threshold to light touch on both plantar hind paws was measured using 

calibrated microfilaments (von Frey hairs; Stoelting, Wood Dale, IL, USA), as described in 

Milligan et al. (2001). Briefly, a logarithmic range of hairs from 0.406-15.136 g force were 

used, allowing both analgesia and allodynia to be measured, following the standard up-down 

procedures previously described (Chaplan et al., 1994). Responses were fitted to a Gaussian 

integral psychometric function using a maximum-likelihood fitting method as described in 

Milligan et al. (2001).
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2.5. Statistics

GraphPad Prism (version 5 for Windows, San Diego, CA) software was used for all 

statistical analyses. One-way ANOVAs with appropriate Bonferroni post hocs were used to 

compare experimental groups on in vitro experiments and to confirm that there were no 

baseline differences on behavioral measures. Two-way repeated-measures ANOVAs with 

Bonferroni post-hoc tests when appropriate were used to determine statistical significance 

between behavioral measures. For all analyses, p<0.05 was considered significant.

2.6. Experimental Procedures

2.6.1. Experiment 1A: Does in silico docking predict that corticosterone, CortG, estradiol, 
E2-3-G, and/or E2-17-G will bind to TLR4/MD-2?

Initially, the in silico docking of corticosterone, CortG, estradiol, E2-3-G, and E2-17-G to 

the entire TLR4 MD-2 dimer complex was conducted. All the ligands were docked to MD-2 

alone with greater resolution. The lowest energy and highest interaction docking 

conformation was visualized and the residues on MD-2 that interacted with that 

conformation determined for each of the experimental drugs.

2.6.2. Experiment 1B: For drugs predicted to dock to the TLR4/MD-2 complex in 
Experiment 1A, would previously docked (+)-naloxone reduce the likelihood of their in 
silico docking?

The (+)-naloxone conformation from a previous study (Lewis et al., 2010) was saved as a 

combined MD-2/(+)-naloxone pdb file and the corticosterone, CortG, estradiol, E2-3-G, 

and/or E2-17-G in silico docking was repeated on the combined MD-2/(+)-naloxone 

complex to determine the change in docking due to the presence of already docked (+)-

naloxone.

2.6.3. Experiment 2A: Does in vitro corticosterone, CortG, estradiol, E2-3-G, and/or E2-17-G 
cause an increase in TLR4-dependent SEAP expression in HEK-TLR4 cells?

The experimental drugs, corticosterone, CortG, estradiol, E2-3-G, and/or E2-17-G were each 

applied to HEK-TLR4 cells at concentrations of 0, 1, 10 and 100 μM as described above. 

Cells were incubated for 24 h, then supernatants removed and assessed for SEAP activity, 

indicative of TLR4-induced NFκB activity.

2.6.4. Experiment 2B: Is the in vitro increase in TLR4-dependent SEAP expression seen in 
Experiment 2A blocked by the TLR4 inhibitors LPS-RS and/or (+)-naloxone?

For drugs which increase HEK-TLR4 SEAP production in Experiment 2A, the most 

effective dose (100 μM for each) was applied to HEK-TLR4 cells as described above. 

Additionally, one of two TLR4 antagonists was coadministered. One, lipopolysaccharide 

from Rhodobacter sphaeroides (LPS-RS, Invivogen, San Diego, CA), lacks functional 

TLR4 activity and acts as a competitive TLR4 antagonist. LPS-RS was applied to the HEK-

TLR4 cells at the same time as the estradiol, E2-3-G, or E2-17-G at concentrations of 0, 0.1, 

1 or 10 ng/ml. The other, (+)-naloxone, is the opioid-inactive isomer of naloxone and has 

been shown to antagonize LPS-induced increases in HEK-TLR4 signaling (Hutchinson et 
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al., 2010b). (+)-Naloxone was applied to the HEK-TLR4 cells at the same time as the 

estradiol, E2-3-G, and/or E2-17-G at concentrations of 0, 1, 10 or 100 μM. For all assays, 

cells were incubated for 24 h, then supernatants removed and assessed for SEAP activity, 

indicative of TLR4 activity.

2.6.5. Experiment 3: Does intrathecal corticosterone, CortG, estradiol, E2-3-G, and/or 
E2-17-G cause tactile allodynia? Is that allodynia TLR4 dependent?

Rats received either corticosterone (0.56 μg), CortG (0.85 μg), estradiol (0.44 μg), E2-3-G 

(0.76 μg), and/or E2-17-G (0.76 μg) or equivolume (1 μl) vehicle via an acute intrathecal 

injection, as described above. Both injections had a saline flush for a total injection volume 

of 9.5 μl. Rats were tested for tactile allodynia 1 d prior to injection (baseline; BL) and again 

1 and 3 h post-injection.

The drugs that produced significant allodynia (in this case, E2-3-G and E2-17-G) were 

coadministered with the TLR4 antagonist LPS-RS. Rats received 0.76 μg of either E2-3-G, 

E2-17-G or equivolume (1 μl) saline with 40 μg LPS-RS via an acute intrathecal injection. 

LPS-RS was selected over (+)-naloxone due to its longer half-life which permitted 

coadministration and assessment of pain behaviors 3 hours later.

3. Results

3.1. Experiment 1A: In silico modeling predicts that corticosterone, CortG, estradiol, E2-3-
G, and E2-17-G will bind to MD-2

An in silico docking study was done to determine if corticosterone, CortG, estradiol, E2-3-

G, and/or E2-17-G would be predicted to dock to the TLR4/MD-2 complex. This in silico 

technique has been successfully used previously to model the docking of morphine-3-

glucuronide, other opioid drugs, tricyclic antidepressants, ethanol glucuronide, glucuronic 

acid and other compounds (Hutchinson et al., 2010a; Hutchinson et al., 2010b; Lewis et al., 

2010; Lewis et al., 2013).

The in silico docking of corticosterone, CortG, estradiol, E2-3-G, and E2-17-G to the entire 

TLR4 MD-2 dimer complex was initially conducted (AutoGrid center set 3.438, -7.805, 

2.034; 126 grid points expanding in all directions; genetic algorithm running number of 100, 

Max Evals 5 × 106 and 1.0 Å spacing). These data demonstrated that the ligands each 

docked with human MD-2 independent of human TLR4 interactions. Therefore, the ligands 

were then docked to MD-2 alone with greater resolution. The lowest energy and highest 

interaction docking conformation was visualized for each drug and the residues on MD-2 

that each drug interacted with are listed in Table 1. Additionally, corticosterone, CortG, 

estradiol, E2-3-G, and E2-17-G all had a preferred conformation with a negative predicted 

docking energy, suggesting that they would be likely to dock to MD-2.

3.2. Experiment 1B: (+)-Naloxone alters the predicted MD-2 docking conformations of 
corticosterone, CortG, estradiol, E2-3-G, and E2-17-G in silico

Given prior evidence that (+)-naloxone altered the predicted in silico docking of other 

glucuronide molecules and successfully blocked HEK-TLR4 signaling of these same 
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molecules in vitro (Hutchinson et al., 2010b; Lewis et al., 2010; Lewis et al., 2013), we 

hypothesized that CortG, E2-3-G, and E2-17-G would dock on MD-2 such that when (+)-

naloxone was already docked to MD-2, the drugs of interest would be less likely to dock. 

Similarly, in Experiment 1A, corticosterone and estradiol were also predicted to dock to 

MD-2 at similar residues to the glucuronide metabolites, and we hypothesize that this 

docking would also be altered by the presence of (+)-naloxone.

The in silico docking analysis performed in Experiment 1A was repeated utilizing a saved 

combined MD-2/(+)-naloxone pdb file to determine the change in docking due to the 

presence of (+)-naloxone already docked to the MD-2 molecule. Additionally, for all the 

molecules, the residues at which the lowest binding energy conformation in Experiment 1A 

interacted were altered by the presence of (+)-naloxone (Table 1). However, the functional 

effects of any of these compounds docking to MD-2 are beyond the capability of this in 

silico study.

3.3. Experiment 2A: In vitro TLR4-dependent SEAP expression in HEK-TLR4 cells is 
increased by E2-3-G and E2-17-G and decreased by estradiol and corticosterone

Experiment 1 provided initial evidence suggesting that corticosterone, CortG, estradiol, 

E2-3-G and E2-17-G may have effects on TLR4. In order to determine if these effects were 

present in a cellular system, HEK-TLR4 cells were utilized. As detailed in the methods, 

HEK-TLR4 cells have been transfected by Invivogen for overexpression of TLR4 and its co-

receptors and an NFκB-dependent SEAP reporter gene. Thus, an increase in TLR4 signaling 

will lead to an increase in NFκB transcription and subsequent increase in SEAP levels 

measured. Previous studies have confirmed that HEK cells with the SEAP reporter gene but 

without TLR4 overexpression did not increase SEAP expression to the classic TLR4 agonist 

LPS (Hutchinson et al., 2010b). The dose-response functions for corticosterone, CortG, 

estradiol, E2-3-G and E2-17-G on HEK-TLR4 SEAP expression were calculated.

Corticosterone caused a significant decrease in SEAP production in the HEK-TLR4 cells 

relative to its 1% DMSO vehicle (F(5, 35)=9.05, p<0.05). Post-hoc tests showed that 

corticosterone decreased SEAP expression relative to vehicle at 0.1, 1 and 10 μM 

concentrations, but was not significantly different from vehicle at the 100 or 0.01 μM 

concentrations (Figure 1A). CortG, however, caused no significant alterations from its saline 

vehicle (F(5,23)=1.72, p>0.05, Figure 1B).

Estradiol caused a significant decrease in SEAP expression in the HEK-TLR4 cells 

(F(5, 30)=9.60, p<0.05). Post-hoc tests showed that estradiol decreased SEAP expression 

relative to vehicle at the 0.01, 0.1, 1 and 10 μM concentrations, but caused no change at the 

100 μM concentration (Figure 2A). E2-3-G, on the other hand, caused an increase in SEAP 

production in the HEK-TLR4 cells (F(5, 21)=19.2, p<0.05). Post-hoc tests confirmed that all 

five concentrations of E2-3-G tested (0.01. 0.1, 1, 10 and 100 μM) were significantly 

increased relative to vehicle (Figure 2B). Finally, E2-17-G also caused a significant increase 

in HEK-TLR4 SEAP expression (F(5, 18)=72.81, p<0.05), but post-hoc tests showed this 

difference only at the 100 μM concentration (Figure 2C). The potential inhibitory effects of 

corticosterone and estradiol could be due to an effect on TLR4 or on other effects leading to 
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decreased NFkB activation. As the focus of this paper is the glucuronide metabolite 

activation of TLR4, these effects remain for further investigation.

3.4. Experiment 2B: In vitro E2-3-G and E2-17-G induced increases in SEAP expression are 
blocked by the TLR4 inhibitors LPS-RS and (+)-naloxone

Both E2-3-G and E2-17-G caused a robust increase in SEAP expression in the HEK-TLR4 

cells in Experiment 2A. To test whether this effect was via actions at TLR4, two TLR4 

inhibitors, LPS-RS and (+)-naloxone, were separately coincubated with E2-3-G and E2-17-G 

to determine if the TLR4 inhibitors each blocked the SEAP increases seen with the estrogen 

degradation products alone. LPS-RS acts as a competitive antagonist of LPS binding to the 

TLR4 complex, as it is structurally similar to LPS but fails to produce a TLR4-dependent 

signaling-induced proinflammatory response. The second inhibitor, (+)-naloxone, has also 

been shown to antagonize the LPS response in vitro (Hutchinson et al., 2008) and in vivo 

(Hutchinson et al., 2009) and has been documented by a broad receptor, enzyme, and second 

messenger screen to have no identified off-target effects (Hutchinson et al., 2012).

(+)-Naloxone effectively blocked the increase in HEK-TLR4 cell SEAP expression caused 

by E2-3-G (F(5, 17)=6.89, p<0.05, Figure 3A) and E2-17-G (F(5,14)=9.17, p<0.05, Figure 3C). 

Posthoc tests showed that when 100 μM E2-3-G was incubated with 1 or 10 μM (+)-

naloxone, SEAP expression was significantly decreased compared to 100 μM E2-3-G alone. 

Similarly, when 100 μM E2-17-G was incubated with 10 or 1 μM (+)-naloxone, SEAP 

expression was also significantly decreased compared to 100 μM E2-17-G alone.

LPS-RS also blocked the increase in HEK-TLR4 cell SEAP expression caused by E2-3-G 

(F(5,19)=5.22, p<0.05, Figure 3B) and E2-17-G (F(5, 16)=7.81, p<0.05, Figure 3D). Posthoc 

tests showed that when 100 μM E2-3-G was incubated with 0.1, 1 or 10 ng/ml LPS-RS, 

SEAP expression was significantly decreased compared to 100 μM E2-3-G alone. Similarly, 

when 100 μM E2-17-G was incubated with 0.1, 1 or 10 ng/ml LPS-RS, SEAP expression 

was also significantly decreased compared to 100 μM E2-17-G alone.

3.5. Experiment 3: E2-3-G and E2-17-G cause tactile allodynia that is blocked by the TLR4 
antagonist LPS-RS

The in silico and in vitro studies above strongly suggest that E2-3-G and E2-17-G, but not 

corticosterone, CortG or estradiol, are capable of activating TLR4. Previous studies have 

shown that other glucuronide metabolites that can act as TLR4 agonists are able to produce 

pain in vivo (Lewis et al., 2010). To determine if the drugs investigated here caused 

increased tactile sensitivity, equimolar corticosterone, CortG, estradiol, E2-3-G and E2-17-G 

were injected via an acute intrathecal injection over the lumbar enlargement and allodynia 

measured 1 and 3 hours following injection. Experiments 1 and 2 predict that E2-3-G and 

E2-17-G will enhance TLR4 signaling. Previous studies suggest that TLR4 activity can 

cause enhanced pain in vivo (Hutchinson et al., 2008; Lewis et al., 2010). To determine if 

TLR4 activity was necessary for drugs that caused allodynia in this study, a TLR4 

antagonist, LPS-RS was coadministered intrathecally and allodynia again assessed 1 and 3 

hours post-injection. LPS-RS was chosen to test as it successfully blocked E2-3-G and 

E2-17-G induced SEAP expression in HEK-TLR4 cells in vitro and has previously been 
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used to block allodynia induced by intrathecal glucuronic acid or ethyl glucuronide 

administration in vivo (Lewis et al., 2010).

No differences between right and left hind paw responsiveness were detected. Thus, results 

are reported as the average of the response thresholds recorded for both paws. There were 

also no baseline differences between any of the behavior groups (F(9, 52)=1.86, p>0.05).

Intrathecal corticosterone (0.56 μg) and its equivolume (1 μl) 1% DMSO vehicle each 

caused an increase in tactile sensitivity relative to baseline, and did not differ from each 

other on post-hoc tests (F(2, 22), interaction=3.59, p<0.05; F(2,22), main effect time=35.33, p<0.05; 

F(1, 22) main effect treatment = 0.53, p>0.05, Figure 4A). Hence intrathecal corticosterone failed 

to induce allodynia relative to its vehicle control. However, due to the induction of allodynia 

by the vehicle, it is difficult to ascertain the nociceptive effect of corticosterone, if any, 

independent of its vehicle. Intrathecal CortG (0.85 μg) also failed to produce allodynia to 

develop relative to its saline vehicle (F(2, 20) interaction=0.93, p>0.05; 

F(2,20) main effect time=21.11, p<0.05; F(1,20) main effect treatment=0.87, p>0.05 Figure 4B).

Similar to corticosterone, intrathecal estradiol (0.44 μg) and its equivolume (1 μl) 1% 

DMSO vehicle both caused an increase in sensitivity relative to baseline but did not differ 

from each other (F(2, 22) interaction=2.82, p>0.05; F(2, 22) main effect time = 23.46, p<0.05; 

F(1,22) main effect treatment = 2.17, p>0.05, Figure 4C). Hence, intrathecal estradiol failed to 

induce allodynia relative to its vehicle control although the nociception caused by the 

vehicle makes it difficult to interpret estradiol nociceptive effects independent of vehicle 

effects. Intrathecal E2-3-G (0.76 μg), however, caused a robust tactile allodynia 1 and 3 

hours post injection, which was blocked by 40 μg LPS-RS (F(4,40) interaction=11.98, p<0.05; 

F(2,40) main effect time= 73.28, p<0.05; F(2, 40) main effect treatment=24.53, p<0.05, Figure 4D). 

Bonferroni post-hoc tests showed that animals administered E2-3-G had significant more 

tactile allodynia at 1 and 3 hours post-injection than either saline or E2-3-G with LPS-RS 

treated animals. E2-17-G (0.76 μg) also caused significant tactile allodynia to develop 3 

hours post injection that was blocked by 40 μg LPS-RS (F(4,34)interaction=3.585, p<0.05; 

F(4,34) main effect time = 43.42, p<0.05; F(2,34) main effect treatment=9.303, p<0.05) Figure 4E). 

Bonferroni post-hoc tests showed that E2-17-G treated animals had significantly lower 

thresholds at 1 and 3 hours than either saline or E2-17-G with LPS-RS treated animals.

4. Discussion

We present the first evidence that the naturally occurring glucuronide metabolites E2-3-G 

and E2-17-G cause TLR4 activation in vitro and a potent TLR4-dependent pain response in 

vivo. Additionally, each molecule tested, including corticosterone, CortG, and estradiol as 

well as E2-3-G and E2-17-G, was predicted to dock to MD-2 in an in silico model utilizing a 

recently published TLR4-MD-2 crystal structure (Park et al., 2009). Further, the docking of 

each was altered when in silico modeling was repeated using an MD-2 structure with the 

TLR4 inhibitor (+)-naloxone already docked, indicating a (+)-naloxone sensitive docking. 

However, whether that interaction is as an antagonist or agonist to TLR4 signaling is 

unknown from the in silico docking alone. An in vitro study using HEK cells transfected 

with TLR4 and necessary co-signaling molecules showed that E2-3-G and E2-17-G caused a 
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dose-dependent increase in NFκB-dependent SEAP reporter gene protein expression, 

indicating agonism at TLR4. In contrast, antagonism of TLR4 signaling was observed with 

corticosterone and estradiol, as each significantly reduced reporter gene protein expression 

relative to their 1% DMSO vehicle. CortG exhibited no apparent TLR4 activity, as it 

produced no significant changes on TLR4 reporter protein expression. When administered 

intrathecally, E2-3-G and E2-17-G induced mechanical allodynia that was blocked by the 

TLR4 antagonist LPS-RS, hence supporting and extending the in vitro and in silico results. 

As predicted from in vitro results, corticosterone, CortG and estradiol did not alter pain 

responsiveness relative to their vehicles.

One inherent issue with corticosterone and estradiol results is that, in addition to the 

potential for TLR4 activity, they also have potent effects on the glucocorticoid and estrogen 

receptors, respectively. The larger, polar glucuronide metabolite of corticosterone, CortG, 

cannot cross the cell membrane to interact with the cytosolic glucocorticoid receptors. E2-3-

G and E2-17-G are not believed to have effects on estrogen receptors (Guillemette et al., 

2004). Another concern with these metabolites is that the vehicle (1% DMSO) also appeared 

to cause TLR4 activity. The purpose of the present studies was to determine the potential of 

these steroid metabolites to cause TLR4 activity, resulting in increased pain in vivo. Future 

studies might more directly assess the potential for TLR4 activity independent of 

glucocorticoid or estrogen receptor function by coadministering glucocorticoid or estrogen 

receptor antagonists, or to assess the potential of these drugs as TLR4 antagonists. The 

present studies have not investigated potential, but unlikely, dual roles for these compounds, 

in which the hormone receptor and TLR4 might cause opposing effects.

CortG is the first of six glucuronide metabolites tested in this methodology that failed to 

either increase HEK-TLR4 cell reporter protein in vitro or cause potentiated pain responses 

in vivo (Lewis et al., 2010; Lewis et al., 2013). Glucocorticoids, including corticosterone, 

are known to inhibit many inflammatory functions (Barnes, 2010), although they may also 

“prime” an enhanced LPS-induced inflammation after a delay (Frank et al., 2010). The anti-

inflammatory actions of glucocorticoid agonists may mask a potential pro-inflammatory 

TLR4 agonist effect in vivo when both were present. Another possible explanation is that the 

structure of CortG is such that it lacks TLR4 agonism despite docking predicted in silico. 

Additionally, the delayed proinflammatory effects of corticosterone have been shown to be 

blocked by a glucocorticoid receptor antagonist, evidence that the glucocorticoid receptor 

itself modulates the inflammatory effects of corticosterone (Frank et al., 2012). Elucidating 

which explanation is correct will aid in the understanding of the nature of the TLR4 agonism 

in glucuronidated molecules. Further, the effects of human cortisol and its glucuronidated 

metabolites remain to be investigated.

The finding that estrogen metabolites can, by themselves, have TLR4-dependent, pain-

producing effects has implications for several chronic pain disorders. For instance, among 

women who suffer from migraines, about 60% are more likely to have a migraine during 

perimenstrual stage of their menstrual cycle, between ovulation and menses (Kornstein and 

Parker, 1997). During this stage, there is a precipitous drop in circulating levels of the parent 

estrogen molecule with maintenance of the longer lived glucuronated metabolite. Notably, 

very high levels of estrogens, as in the third trimester of pregnancy, as well as ongoing very 
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low levels of estrogens and their metabolites, as in post-menopause, both sharply reduce the 

risk of migraines (Craft, 2007). The risk conferred during the perimenstrual stage, then, is 

not due exclusively to the level of estrogens, but rather due to the abrupt decline in 

circulating levels of the parent estrogen molecule during this stage. A similar link between 

the perimenstrual stage and pain episodes was found in women suffering from 

tempromandibular joint disorder (LeResche et al., 2003). As noted, the perimenstrual stage 

of estrogen withdrawal is also the period during which estradiol-glucuoronide 

concentrations will be maximal (LeResche et al., 2003; Stanczyk et al., 1980). The studies 

here suggest that the TLR4 activation and enhanced pain caused by E2-3-G and E2-17-G 

may potentially contribute to the increase risk, in women affected by the disorder, of 

menstrual migraine or tempromandibular joint pain in the perimenstrual period. Were this 

link substantiated in future studies, it would create a novel treatment target in these 

challenging disorders.

The disparity between the length of time to develop a SEAP signal in vitro and the length of 

time for onset of pain behaviors in vivo is not surprising given the very different 

environments and end points. There are several potential explanations for this disparity. 

First, the threshold for physiologic effect may be quite different than the threshold for 

detection in the SEAP assay. Second, numerous studies have shown rapid release of 

cytokines from cells in the CNS (Loram et al., 2011b; Milligan et al., 2001), suggesting that 

these molecules are not synthesized de novo following stimulation in vivo, while the HEK-

TLR4 SEAP assay requires gene expression. Third, the HEK-TLR4 system is designed to be 

a reporter system, not to mimic physiological effects, and only measures one potential 

downstream effect of TLR4 activation (i.e. increased NFkB transcription). Finally, the 

cellular environment and cell type (HEK cell vs. CNS cells), including costimulatory 

molecule expression, cell surface molecules and second signals, are remarkably different in 

vivo than in vitro, and thus the response of the cells to TLR4 signaling is likely to also be 

quite different.

These studies have shown that naturally produced steroid hormone metabolites, E2-3-G and 

E2-17-G are predicted to bind to MD-2 in silico, increase HEK-TLR4 cell reporter gene 

protein levels and cause TLR4-dependent pain. The finding that endogenously produced, 

naturally circulating molecules can have TLR4 effects is somewhat counterintuitive. TLR4s 

are generally thought to detect danger signals, such as lipopolysaccharide from gram 

negative bacterial cell walls, indicative of bacterial invasion, and degraded membrane 

components that are not typically found extracellularly, indicative of tissue damage 

(Osterloh and Breloer, 2008). While glucuronic acid, another endogenous molecule, has also 

been shown to activate TLR4 (Lewis et al., 2013), it is typically found conjugated to form 

uridine diphosphoglucuronic acid or polymerized to form hyaluronan, rather than freely 

available. We present the first evidence that an endogenously produced molecule can 

activate TLR4 and produce increased pain sensation.

There are several possible explanations for why TLR4 detects numerous compounds with a 

glucuronide component. First, several classes of bacteria, such as streptococci, have a 

hyaluronan capsule surrounding their cell walls (Maclennan, 1956). Several studies have 

shown that TLR4 detects low molecular weight hyaluronan as the polymers degrade (Leu et 

Lewis et al. Page 12

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



al., 2011; Li et al., 2010). It is possible that the destruction of bacterial capsules and 

presence of low molecular weight hyaluronan became a danger signal of bacterial invasion, 

and one which was detected by TLR4. Another potential explanation is that, while the 

chemical structure of the exogenously made estradiol glucuronide metabolites is identical to 

that produced endogenously, that other differences between endogenously and exogenously 

produced metabolites exist that result in the effects observed. All drugs tested free of 

endotoxin contamination on the LAL assay, one obvious concern, but there could be more 

subtle differences in the metabolism of these steroid hormones and the molecular 

environment in which they are encountered by TLR4 receptors. Finally, TLR4 is a pattern 

recognition receptor that responds to a range of molecular structures. While it evolved to 

detect danger signals, it is possible that it also detects similar molecules due to similarities in 

epitope patterning. That is, molecules that are structurally similar to the danger signals 

detected by TLR4 also act as agonists without being danger signals themselves.

The studies here present evidence that the estradiol metabolites, E2-3-G and E2-17-G, are 

predicted to bind to MD-2 in silico, increase the production of a HEK-TLR4 reporter protein 

in vitro and cause potent allodynia when administered intrathecally. Additionally, we 

determined that the parent molecules, corticosterone and estradiol as well as the glucuronide 

metabolite CortG, are not TLR4 agonists in sum with other potential physiological effects, 

and when administered acutely at low doses. These findings may potentially have broad 

implications for migraine and other disorders, such as fibromyalgia and tempromandibular 

join disorder (Craft, 2007), in which female hormone levels have been linked to painful 

episodes.
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Figure 1. 
Corticosterone caused a significant decrease in HEK-TLR4 cell SEAP reporter expression 

(F(5,25)=9.05, p<0.05, A). Bonferroni post-hoc tests showed a significant decreased between 

vehicle and 10 (t=1.15, p<0.05), 1 (t=1.84, p<0.05), and 0.1 (t=1.84, p<0.05) μM 

corticosterone concentrations. CortG did not cause any changes in HEK-TLR4 SEAP 

expression compared to vehicle (F(5,23)=1.72, p>0.05, B).
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Figure 2. 
Estradiol caused a significant decrease in HEK-TLR4 cell SEAP reporter gene expression 

relative to 1% DMSO vehicle (F(5, 30)=9.60, p<0.05, A). Bonferroni post-hoc tests showed a 

significant decrease from vehicle at 10 (t=3.696, p<0.05), 1 (t=4.14, p<0.05), 0.1 (t=3.61, 

p<0.05) and 0.01 (t=3.426, p<0.05) μM estradiol concentrations. E2-3-G caused a significant 

increase in HEK-TLR4 cell NFκB-dependent SEAP expression relative to water (F=19.2, 

p<0.05, B). A Bonferroni post-hoc test showed E2-3-G significantly increased SEAP 

expression at 100 (t=42.35, p<0.05), 10 (t=4.84, p<0.05), 1 (t=4.95, p<0.05), 0.1 (t=4.82, 

p<0.05) and 0.01 (t=3.505, p<0.05) μM E2-3-G concentrations. E2-17-G also caused a 
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significant increase in HEK-TLR4 cell SEAP expression relative to 0.1% DMSO vehicle at 

the 100 μM concentration (F(5,18)=72.81, p<0.05, Bonferroni post-hoc t=14.63, p<0.05, C).
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Figure 3. 
The TLR4 inhibitor (+)-naloxone significantly attenuated the HEK-TLR4 cell SEAP 

increases caused by 100 μM E2-3-G (F(5,17)=6.89, p<0.05, A), or 100 μM E2-17-G (F(5,14)= 

9.18, p<0.05, C) at the 1 and 10 μM concentrations of (+)-naloxone. Bonferroni post-hoc 

tests showed a significant decrease in SEAP expression when 100 μM E2-3-G was incubated 

with 10 (t=4.49, p<0.05) or 1 μM (t=4.96, p<0.05) (+)-naloxone compared to 100 μM E2-3-

G alone. Similarly, Bonferroni post-hoc tests showed a significant decrease in SEAP 

expression when 100 μM E2-17-G was incubated with 10 (t=5.06, p<0.05) or 1 μM (t=5.25, 

p<0.05) (+)-naloxone compared to 100 μM E2-3-G alone. The TLR4 antagonist LPS-RS 

significantly attenuated the HEK-TLR4 cell SEAP increases caused by 100 μM E2-3-G 

(F(5,19)=5.22, p<0.05, B) or 100 μM E2-17-G (F(5,16)=7.81, p<0.05, D) at all three 

concentrations tested (0.1, 1 and 10 ng/ml). Bonferroni post-hoc tests showed a significant 

decrease in SEAP expression when 100 μM E2-3-G was coincubated with 10 (t=4.29, 

p<0.05), 1 (t=4.38, p<0.05), or 0.1 (t=3.62, p<0.05) ng/ml LPS-RS. Similarly, Bonferroni 

post-hoc tests showed a significant decrease in SEAP expression when 100 μM E2-17-G was 

coincubated with 10 (t=4.29, p<0.05), 1 (t=4.38, p<0.05), or 0.1 (t=3.62, p<0.05) ng/ml 

LPS-RS.
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Figure 4. 
Intrathecal injection of corticosterone (0.56 μg, F(2,22)=3.59, p<0.05, A), CortG (0.85 μg, 

F(2,22)=0.93, p>0.05, B) or E2 (0.44 μg, F(2,22)=2.82, p>0.05, C) failed to cause significant 

allodynia relative to vehicle controls. Intrathecal injection of E2-3-G (0.76 μg, 

F(4, 40)=11.98, p<0.05, D) and E2-17-G (0.76 μg, F(4,34), p<0.05, E) caused significant 

allodynia to develop, which was blocked by LPS-RS (40 μg intrathecal) coadministration. 

Bonferroni post-hoc tests showed a significant increase in sensitivity was present at 1 

(t=4.61, p<0.05) and 3 (t=8.04, p<0.05) hours following E2-3-G administration. The 

allodynia caused by E2-3-G injection was blocked at 1 (t=4.10, p<0.05) and 3 (t=7.89, 
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p<0.05) hours by coadministration of 40 μg LPS- RS. Similarly, Bonferroni post-hoc tests 

showed a significant increase in sensitivity following E2-17-G administration at 3 hours 

(t=3.99, p<0.05) which was blocked by LPS-RS (40 μg intrathecal; t=5.02, p<0.05) 

coadministration.
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