
 

 

 

 

 

   
   

   
 

  

 

 

 

 

   

   

 

 

 

    

     

         

        

 

 

  

 

  

Discovery and Pharmacological 
Characterization of 

Environmental Melatonin Receptor 
Modulators 

by 

Anthony Jordan Jones 

July 23, 2019 

A dissertation submitted to the 

faculty of the Graduate School of 

the University at Buffalo, The State University of New York 

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

Neuroscience Program 



 

   

  

   

     

     

   

      

    

     

    

          

    

    

      

   

    

    

           

    

    

      

TABLE OF CONTENTS 

DEDICATION............................................................................................................................................ iv 

ACKNOWLEDGMENTS........................................................................................................................... v 

LIST OF FIGURES....................................................................................................................................vi 

LIST OF TABLES .................................................................................................................................. viii 

ABSTRACT................................................................................................................................................ ix 

CHAPTER I – INTRODUCTION ............................................................................................................ 1 

1.1. ORGANIZATION ................................................................................................................................................ 2 

1.2. SPECIFIC AIMS.................................................................................................................................................. 2 

1.3. INTRODUCTION ................................................................................................................................................ 6 

CHAPTER II - CARBAMATE INSECTICIDES MODULATE HUMAN MT1 AND MT2 

MELATONIN RECEPTOR SIGNALING..............................................................................................22 

2.1. INTRODUCTION .............................................................................................................................................. 23 

2.2. MATERIALS AND METHODS.......................................................................................................................... 28 

2.3. RESULTS.......................................................................................................................................................... 34 

2.4. DISCUSSION .................................................................................................................................................... 39 

2.5. CONCLUSIONS................................................................................................................................................. 43 

CHAPTER III - PHTHALATE DIESTERS EXHIBIT AFFINITY FOR MAMMALIAN MT1 AND 

MT2 MELATONIN RECEPTORS .........................................................................................................61 

3.1. INTRODUCTION .............................................................................................................................................. 62 

3.2. MATERIALS AND METHODS.......................................................................................................................... 64 

ii 



 

   

    

    

        

   

    

      

   

    

    

     

     

     

    

   

 

  

3.3. RESULTS.......................................................................................................................................................... 66 

3.4. DISCUSSION .................................................................................................................................................... 68 

3.5. CONCLUSIONS................................................................................................................................................. 72 

CHAPTER IV - PHARMACOLOGICAL CHARACTERIZATION OF MELATONIN RECEPTORS 

IN INS-1E CELLS.....................................................................................................................................85 

4.1. INTRODUCTION .............................................................................................................................................. 86 

4.2. MATERIALS AND METHODS.......................................................................................................................... 89 

4.3. RESULTS.......................................................................................................................................................... 93 

4.4. DISCUSSION .................................................................................................................................................... 96 

4.5. CONCLUSIONS............................................................................................................................................... 100 

CHAPTER V - DISCUSSION...............................................................................................................109 

5.1. GENERAL DISCUSSION................................................................................................................................. 110 

5.2. TOXICOLOGICAL IMPLICATIONS ................................................................................................................. 117 

5.3. CONCLUSIONS............................................................................................................................................... 119 

REFERENCES .......................................................................................................................................121 

iii 



 

 

              

                 

                 

              

              

             

DEDICATION 

This thesis is dedicated to my family. To my wife, Bryanna, who I love with all of my heart 

and who personifies my sense of home. I am glad to have you by my side in good times and 

in bad, and I am blessed to have such an intelligent and caring person to grow with. To my 

seven-month-old son, Jaylen, who reminds me every day now what is important in life. To 

my parents, Tammy and Darryl, who equipped me to be anything I want and to my siblings 

Malik, Adreanna, and Orlando who have always pushed me to be my best self. 

iv 



 

 

             

      

              

              

               

            

        

           

            

               

      

          

             

        

          

          

            

 

  

ACKNOWLEDGMENTS 

I am most grateful to my mentors Dr. Margarita L. Dubocovich and Dr. Rajendram V. 

Rajnarayanan, for their support, expertise, and commitment throughout my graduate 

studies. Dr. Dubocovich has taught me through example that it takes devotion, pride, and 

attention to detail to be a successful scientist, and Dr. Rajnarayanan has shown me how to 

think outside of the box when appropriate. I would also like to express my gratitude to my 

committee members Dr. Lucy Mastrandrea, Dr. Mulchand Patel, and Dr. James Olson, for 

their continued guidance, patience, and encouragement throughout the years. 

I want to express my thanks to members of the Dubocovich/Hudson and Rajnarayanan 

labs, both past and present, for the knowledge shared with me, fruitful discussions, and 

assistance. Working as a team with such an intelligent and kind group of people was the 

most enjoyable aspect of my graduate experience. 

I appreciate the academic enrichment, professional development, and mentoring given to 

me by the UB Neuroscience Program, the Department of Pharmacology and Toxicology, and 

the CLIMB Program. I am thankful for the financial support from the National Institute of 

Health funds for the Initiative for Maximizing Student Development (R25 GM 095459) and 

Diversity Supplement (ES 023684-S2) as well as from the PhRMA Foundation (73309). 

Lastly, this work was supported by ES 023684 grant to MLD and RVR 

v 



 

    

     

           

         

            

      

         

           

    

          

      

        
    

        

        
     

   

    

     

       

   

       

     

  

      

        

           
        

           

LIST OF FIGURES 

Figure 1.1. Synthesis of melatonin. ..................................................................................................................................19 

Figure 1.2. Common signaling pathways for MT1 and MT2 melatonin receptors........................................20 

Figure 1.3. MT1 and MT2 competition binding: GTP-Shift......................................................................................21 

Figure 2.1. Molecular docking of carbaryl with human MT1 and MT2 melatonin receptor models 

derived from X-ray crystal structures. ...........................................................................................................................48 

Figure 2.2. Chemical clustering of melatonin and carbamate insecticides. ...................................................49 

Figure 2.3. Melatonin and carbamate insecticides docking to human MT1 and MT2 melatonin 

receptor homology models..................................................................................................................................................51 

Figure 2.5. Kinetic analysis of 2-[125I]-iodomelatonin binding to hMT1 and hMT2 melatonin 

receptors without and with G protein inactivation. .................................................................................................53 

Figure 2.6. Carbamate insecticides inhibit 2-[125I]-iodomelatonin binding to hMT1 and hMT2 

melatonin receptors. ..............................................................................................................................................................54 

Figure 2.7. Carbaryl competes with 2-[125I]-iodomelatonin via orthosteric binding. ...............................55 

Figure 2.8. Cluster 1-carbamate insecticides likely compete with 2-[125I]-iodomelatonin via an 
orthosteric binding mechanism. .......................................................................................................................................56 

Figure 2.9. Melatonin, luzindole, fenobucarb and bendiocarb GTP-shift 2-[125I]-iodomelatonin 

binding curves...........................................................................................................................................................................57 

Figure 2.10. GTP-shift 2-[125I]-iodomelatonin competition binding indicates carbamate insecticides 

exhibit antagonist apparent efficacy at hMT1 melatonin receptors and agonist apparent efficacy at 

hMT2. .............................................................................................................................................................................................58 

Figure 2.11. Carbamate insecticides inhibit forskolin stimulated-cAMP formation in cells expressing 

recombinant human melatonin receptors....................................................................................................................59 

..........................................................................................................................................................................................................60 

Figure 2.12. Carbaryl does not desensitize melatonin receptors. ......................................................................60 

Figure 3.1. Melatonin and phthalate diester molecular features........................................................................76 

Figure 3.2. Molecular docking of butylbenzyl phthalate with human MT1 and MT2 melatonin 
receptor models derived from X-ray crystal structures. ........................................................................................77 

Figure 3.3. Docking interactions of LMW PDEs with hMT1 receptor models (6ME2)...............................78 

vi 



 

           

      

         

  

       
          

    

        
            

          

      

          

  

        
         

      

        

       

         

  

        

  

Figure 3.4. Docking interactions of LMW PDEs with hMT2 receptor models (6ME9)...............................79 

Figure 3.5. Structures of phthalate esters. ....................................................................................................................80 

Figure 3.6. Phthalate esters inhibit 2-[125I]-iodomelatonin binding to hMT1 and hMT2 melatonin 

receptors......................................................................................................................................................................................81 

Figure 3.7. Correlation analysis between affinity (pKi) of low molecular weight phthalates at human 
melatonin receptors and molecular weight (A), log P (B), molecular volume (C), and length of side 

chain (D). .....................................................................................................................................................................................82 

Figure 3.8. Low molecular weight phthalate diesters compete for 2-[125I]-iodomelatonin binding to 
hMT1 and hMT2 melatonin receptors without (control) and with (GTP) G protein inactivation.........83 

Figure 4.1. Saturation analysis of 2-[125I]-iodomelatonin binding to INS-1E melatonin receptors. 102 

Figure 4.2. Structures of reference compounds tested. ....................................................................................... 103 

Figure 4.3. Competition for 2-[125I]-iodomelatonin binding to rat INS-1E cell membrane melatonin 

receptors................................................................................................................................................................................... 104 

Figure 4.4. Correlation analysis of reference ligand binding affinities determined at INS-1E 
melatonin receptors vs. recombinant hMT1 (A), hMT2 (B), rMT1 (C), and rMT2 (D) receptors. ........ 105 

Figure 4.5. Pharmacological profile visual comparison of rat INS-1E melatonin receptors vs. 

recombinant human (A) and rat (B) melatonin receptors. ................................................................................ 106 

Figure 4.6. Melatonin, luzindole, and carbaryl compete for 2-[125I]-iodomelatonin binding to rat INS-

1E cell membrane melatonin receptors without (control) and with (inactive) G protein inactivation. 

....................................................................................................................................................................................................... 107 

Figure 4.7. Pre-incubation with melatonin or carbaryl inhibits forskolin-stimulated insulin release. 

....................................................................................................................................................................................................... 108 

vii 



 

 

          

    

            
      

         

          

          

          

       

 

 

  

LIST OF TABLES 

Table 2.1. 2-[125I]-iodomelatonin competition binding with carbamate insecticides at hMT1 or hMT2 

melatonin receptors. ..............................................................................................................................................................45 

Table 2.2. 2-[125I]-iodomelatonin competition binding to hMT1 and hMT2 without and with G protein 
inactivation for aromatic methylcarbamate insecticides.......................................................................................46 

Table 3.1. Physiochemical properties and docking scores of phthalate diesters for human MT1 and 

MT2 melatonin receptor models derived from X-ray crystal structures.........................................................74 

Table 3.2. Affinity of phthalate esters for binding to melatonin receptors. ...................................................75 

Table 5.1. Coincidental disorders or disease symptoms linked to melatonin system or circadian 

disruption and environmental melatonin receptor modulators. .................................................................... 120 

viii 



 

 

             

       

           

         

            

          

                 

           

             

         

         

          

        

           

       

          

           

        

             

            

                  

         

ABSTRACT 

Melatonin targets MT1 and MT2 melatonin receptors that are expressed in brain and 

peripheral tissues in order to signal “time-of-day” messages for the synchronization of 

circadian rhythms. In 2017, Popovska-Gorevski et al. demonstrated via in-silico screening 

paired with competition binding that environmental carbamate insecticides with similar 

pharmacophores to melatonin, carbaryl and carbofuran, may be human (h) MT1 and MT2 

melatonin receptor disruptors based on their affinity for melatonin recombinant receptors. 

Carbaryl (Ki hMT1 = 3.3 µM, hMT2 = 0.16 µM) and carbofuran (Ki hMT1 = 94 µM, hMT2 = 3.6 

µM) are only two of many environmental pollutants identified by in-silico chemical clustering 

to have a similar structure to melatonin. It is most likely that melatonin receptor modulators 

with different pharmacological activities than melatonin will be the most disruptive for 

rhythmic homeostatic processes, such as timekeeping in the suprachiasmatic nucleus or 

pancreatic insulin release. Therefore, we hypothesized that further screening in-vitro would 

identify melatonin receptor-specific environmental toxins that exhibit signaling profiles 

distinct from melatonin. The objectives of this study were to identify environmental 

melatonin receptor modulators using integrated pharmacoinformatics and competition 

binding, to determine pharmacological properties of melatonin receptor ligands at hMT1 and 

hMT2 receptors in-vitro, and to assess the ability of unique environmental melatonin 

receptor modulators to alter melatonin receptor-mediated processes in target tissues. 

Based on the ability to inhibit 2-[125I]-iodomelatonin binding to MT1 and MT2 melatonin 

receptors in-vitro these studies implicate carbamate insecticides, fenobucarb (Ki hMT1 = 10 

µM, hMT2 = 0.55 µM) and bendiocarb (Ki hMT1 = 42 µM, hMT2 = 3.0 µM), and eight low 

molecular weight phthalate diesters, including ubiquitous diethyl phthalate (DEP; Ki hMT1 = 
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48 µM, hMT2 = 3.3 µM), butylbenzyl phthalate (BBzP; Ki hMT1 = 3.3 µM, hMT2 = 1.1 µM), and 

dibutyl phthalate (DBP; Ki hMT1 = 22 µM, hMT2 = 6.6 µM) as environmental melatonin 

receptor modulators. Saturation and kinetic binding studies verified that carbamate 

insecticides were orthosteric ligands for both receptor types. Further, all compounds 

displayed different profiles from hMT1 and hMT2 agonist melatonin as intrinsic efficacy at 

recombinant hMT1 and hMT2 melatonin receptors were determined for higher affinity 

compounds by GTP-shift membrane assays. Specifically, carbaryl (Emax hMT1 = -8.7% MLT, 

hMT2 > 100% MLT), fenobucarb (hMT1 = 17%, hMT2 > 100%), bendiocarb (hMT1 = 11%, 

hMT2 > 100%), carbofuran (hMT1 = -6.7%, hMT2 > 100%), and DEP (hMT1 = -41%, hMT2 > 

100%) classified as hMT1 antagonists and hMT2 agonists while BBzP (hMT1 = -43%, hMT2 = 

-14%) and DBP (hMT1 = -62%, hMT2 = -66%) were determined to be antagonists at both 

receptors. Measures of efficacy in the forskolin-stimulated cAMP live cell assays, once again 

determined the four carbamate insecticides to be weak agonists or antagonists for hMT1 

(inhibition at 10 µM = 3.7-41% MLT) and hMT2 agonists (inhibition at 10 µM = 40-61%). 

Notably, carbaryl displayed picomolar potency for activation of hMT2 (hMT1 IC50 = 1.6 µM, 

Imax = 45% MLT; hMT2 IC50 = 95 pM, Imax = 67% MLT), equal to the effect of melatonin. Lastly, 

carbaryl was able to inhibit forskolin-stimulated insulin release in the pancreatic β-cell line, 

INS-1E (inhibition at 10 µM = 96% MLT). Considering the wide range of influences melatonin 

receptors have in regulating metabolism, circadian rhythms, mood, immune system, and 

other critical biological functions, disruption of these receptor pathways could contribute to 

associated disease pathologies. Based on these results, we propose that environmental 

compound screening involving high-throughput in-vitro bioassays for critical melatonin 

receptor-mediated processes should be implemented in chemical risk assessment platforms. 
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1.1. Organization 

This thesis is organized to include a general introduction (Chapter I), three chapters 

discussing three specific aims (Chapter II – Aim 1 & 2; Chapter III – Aim 1 & 2; Chapter IV – 

Aim 3) and an overall discussion. The introduction below provides relevant background 

information for the main question pertaining to environmental melatonin receptor 

modulators. Chapters II, III, and IV each contain their own introduction, materials and 

methods, results, discussion, and conclusions section. The overall discussion ties together 

the preceding chapters and how they fit into the literature by revisiting the specific aims 

and also explores future directions. 

1.2. Specific Aims 

The neurohormone, melatonin, released nightly from the pineal gland, modulates MT1 and 

MT2 melatonin G protein-coupled receptor (GPCR) signaling to relay “time-of-day” messages 

to the central nervous system and peripheral target tissues (Reiter, 1991; Dubocovich et al., 

2010). Considering the broad scope of influences melatonin receptors have in regulating 

metabolism, circadian rhythms, mood, immune system, and other vital biological functions, 

alterations or interruptions of these receptor pathways could be implicated in associated 

disease pathologies (Claustrat et al., 2005; Jockers et al., 2016). Currently, interactions 

between manmade chemicals and easily accessible cell membrane GPCRs has been 

understudied in the field of toxicology considering the importance of these receptors as 

pharmacological drug targets (Le Ferrec & Øvrevik, 2018). Exposure to environmental 

chemicals is a potential risk-factor for the rise in prevalence of diseases such as cancers, 
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asthma, allergies, metabolic syndromes such as diabetes and obesity, and neurological 

disorders (De Coster & van Larebeke, 2012). It is necessary to isolate possible physiologic 

targets of environmental chemicals to assess their potential harmful health effects (Kavlock 

et al., 2009; Schmidt, 2009; Tice et al., 2013). Considering this endeavor, little is known about 

the potential impact of exposure to environmental chemicals on the circadian hormone 

melatonin and its target receptors MT1 and MT2. 

To solve this problem, our group employs an in-silico to in-vivo strategy (Chem2Risk) for 

identification of environmental contaminants that persistently act as circadian disruptors 

through irregular activation of melatonin receptors. Using an integrated 

pharmacoinformatic-molecular docking approach, Popovska-Gorevski et al. (2017) 

identified two carbamate insecticides, carbaryl and carbofuran, as environmental, structural 

mimics of melatonin, however further examination into their efficacy as melatonin receptor 

ligands was required before testing for their ability to alter circadian physiology in-vivo. Also, 

the melatonin-pharmacophore similarity screening from the study, as mentioned earlier, 

identified too many potential environmental melatonin receptor ligands to investigate in-

vitro. Incorporation of in-vitro high-throughput screening would likely narrow down which 

of these environmental chemicals have the highest potency for activation melatonin 

receptors or antagonism of endogenous melatonin action. 

Currently, it is unknown which pharmacological properties (i.e., efficacy, melatonin receptor 

type-selectivity, orthosteric/allosteric binding mechanism, pathway bias) of environmental 

melatonin receptor ligands have the most significant influence on the disruption of critical 

melatonin receptor-mediated processes (Le Ferrec & Øvrevik, 2018; Karamitri & Jockers, 
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2019). Therefore, the overall goal of this thesis work was to identify, in-vitro, environmental 

melatonin receptor ligands with unique pharmacological profiles for future testing in-vivo. 

Our overall goal was to identify melatonin receptor-specific environmental toxins that exhibit 

signaling profiles distinct from melatonin. To accomplish this goal, we utilized three specific 

aims: 

SPECIFIC AIM 1: To identify environmental melatonin receptor modulators using 

integrated pharmacoinformatics and competition binding. 

Hypothesis: Chemical clustering of environmental chemicals with melatonin, or melatonin 

receptor ligands with distinct pharmacological profiles, will implicate new classes of 

environmental melatonin receptor modulators. 

Approach: Melatonin or known and novel melatonin receptor ligands with distinct 

pharmacological profiles (i.e., MT1/MT2 type selective, partial agonists, agonists/inverse 

agonists, signaling pathway-biased, or allosteric modulators) were used as seed molecules 

in comparing pharmacophores in chemical similarity clustering studies versus small organic 

2-[125I]-molecules of the Chem2Risk knowledgebase (Popovska-Gorevski et al., 2017). 

Iodomelatonin competition binding was used to determine affinity and melatonin receptor 

type-selectivity of potential environmental melatonin receptor ligands. 

SPECIFIC AIM 2: To determine pharmacological properties of environmental 

melatonin modulators at MT1 and MT2 melatonin receptors in-vitro. 

Hypothesis: Environmental compounds with affinity for melatonin receptors will display 

similar efficacy, selectivity, and binding sites (orthosteric/allosteric) as their respective 

chemical similarity clustering seed molecules. 
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Approach: Binding mechanism(s) (orthosteric or allosteric) of environmental melatonin 

receptor ligands were determined using 2-[125I]-iodomelatonin saturation and dissociation 

binding assays. Ligands were tested for apparent efficacy (agonist, antagonist, inverse 

agonist) using GTP shift 2-[125I]-iodomelatonin competition binding assays and for potency 

using forskolin-stimulated cAMP assays in CHO-hMT1 and CHO-hMT2 cells. Total 2-[125I]-

iodomelatonin binding in CHO-hMT1 and CHO-hMT2 cells treated with environmental 

compounds was measured to determine the ability to desensitize receptors. 

SPECIFIC AIM 3: To assess the ability of unique environmental melatonin receptor 

modulators to alter melatonin receptor-mediated processes in target tissues. 

Hypothesis: Environmental melatonin receptor ligand treatment will alter endogenous 

melatonin receptor signaling in the INS-1 pancreatic β-cell line. 

Approach: GTP-shift 2-[125I]-iodomelatonin competition binding and forskolin-stimulated 

insulin release assays were used to determine the efficacy of environmental melatonin 

receptor ligands at endogenous rat melatonin receptors of INS-1 pancreatic β-cells. 

Environmental melatonin receptor modulators with unique pharmacological profiles 

identified in this study have been (G. Glatfelter et al., 2019) and will be tested for the ability 

to alter circadian physiology in-vivo. Determination of harmful pharmacological 

characteristics for environmental melatonin receptor modulators could eventually influence 

the design of high-throughput toxicological screening platforms (Kavlock et al., 2009; 

Schmidt, 2009; Tice et al., 2013). Identification of environmental circadian disruptors will 

prompt regulatory bodies, such as the EPA, to implement new exposure regulatory 

guidelines. 
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1.3. Introduction 

The introduction is constructed to give a background on melatonin, melatonin receptors 

signaling, melatonin receptor expression, melatonin receptor-mediated physiological 

processes, associated pathology, and known melatonin receptor ligands. Furthermore, this 

section provides context for the role of GPCRs as targets of endocrine disrupting chemicals 

(EDCs) along with information on GTP-Shift, a method used throughout this study for 

determination ligand affinity and efficacy at melatonin receptors. 

1.3.1. Melatonin 

The neurohormone, melatonin (5-methoxy-N-acetyltryptamine) was discovered in 1958 by 

Aaron B. Lerner, a dermatologist, resulting from an attempt to isolate the product in bovine 

pineal abstract that was responsible for skin lightening effects when applied to frogs (Lerner 

et al. 1958). Found in species across the major domains of life, melatonin is an ancient 

molecule. It is likely that melatonin first emerged in unicellular organisms as a receptor-

independent antioxidant before it was repurposed as a neurohormone by more complex 

lifeforms (Tan et al., 2003). In mammals, serotonin is acetylated into N-acetylserotonin 

(NAS) by aralkylamine N-acetyltransferase (AA-NAT) (Weissbach et al., 1960) and NAS is 

methylated to produce melatonin by hydroxyindole-O-methyltransferase (HIOMT) (Axelrod 

& Weissbach, 1960). Controlled by the master clock, the suprachiasmatic nucleus (SCN), the 

primary site of melatonin synthesis is the pineal gland where production and secretion 

follow a circadian rhythm with high serum levels at night and low levels during the day. 

Notably, rhythmic secretion of melatonin at the onset of darkness is conserved amongst 

vertebrates irrespective of whether the animal is predominantly active in the night or day 
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(Claustrat et al., 2005). As times of peak melatonin levels tightly correlate with hours of 

darkness, concentration of the hormone in plasma is highly dependent on secretion since the 

half-life of melatonin is about 30 minutes (Cardinali et al., 1972; Waldhauser et al., 1984). 

Melatonin is an excellent candidate to reach a multitude of tissues as it is soluble in both 

lipids and water and can cross cell membranes by passive diffusion (Yu et al., 2016). Due to 

its rhythmic secretion being driven by the master circadian clock, melatonin serves as an 

internal synchronizer of circadian rhythms in target tissues (Dawson & Armstrong, 1996). 

Rhythmicity of visual, neuroendocrine (Arendt, 2000; Monti & Cardinali, 2000), 

reproductive (Sharkey et al., 2009), neuroimmune (Castrillon et al., 2000; Maestroni, 2001), 

metabolic (Peschke et al., 2013), and vascular (Cagnacci et al., 2000) physiological processes 

are all regulated by melatonin in target tissues. 

1.3.2. MT1 and MT2 Melatonin Receptors 

Specific binding of [3H]-melatonin to bovine brain membranes in 1979 was the first evidence 

of melatonin binding sites in mammals (Cardinali et al., 1979). Subsequently, observation of 

picomolar melatonin inhibiting Ca2+-dependent dopamine release from rabbit retina was the 

first validation of functional mammalian melatonin receptors (Dubocovich, 1983, 1985, 

1988b). These high-affinity melatonin receptors were determined to be GPCRs with the 

ability to inhibit adenylyl cyclase (White et al., 1987; Carlson et al., 1989; Laitinen & 

Saavedra, 1990; Morgan et al., 1990). Later, two 7-transmembrane melatonin receptor types, 

now referred to as MT1 and MT2, were cloned at separate chromosomal locations in humans 

(hMT1: 4q35.1; hMT2: 11q21–q22) (Reppert et al., 1994; Reppert et al., 1995). These 

receptors display distinct molecular structures (hMT1: 350 aa; hMT2: 362 aa) (Reppert et al., 
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1994; Reppert et al., 1995; Johansson et al., 2019; Stauch et al., 2019) and pharmacological 

profiles (Dubocovich et al., 1997; Audinot et al., 2003). Structural comparison of recently 

solved hMT1 and hMT2 x-ray crystal structures determined that the receptors share 68% 

sequence identity overall with all ligand-interacting residues conserved (Johansson et al., 

2019; Stauch et al., 2019). Slight differences in these receptors that likely play a role in 

conferring ligand selectivity include a 7% larger (50 Å3) orthosteric binding pocket for hMT2 

compared to hMT1 and differences in entry channels that allow ligands access to the binding 

sites. Specifically, Stauch et al. (2019) postulate that the lone entryway for hMT1 is a lateral 

access channel buried within the lipid bilayer while Johansson et al. (2019) detect two 

entries for hMT2 that include a conserved, albeit smaller, lipid membrane channel and a 

solvent-exposed extracellular membrane channel. 

Melatonin binding to monomeric or homomeric MT1 and MT2 receptors results in 

phosphorylation of pertussis toxin-sensitive Gαi proteins which then decouple from the 

receptor along with the Gβγ subunits (Reppert et al., 1994; Reppert et al., 1995; Nelson et al., 

2001; Hardeland, 2009; Chen et al., 2014; Y. Zhang et al., 2015; Benleulmi-Chaachoua et al., 

2016). GTP-bound Gαi2/3 inhibits adenylyl cyclase activity, cyclic AMP (cAMP) formation 

(Reppert et al., 1994; Witt-Enderby & Dubocovich, 1996; Brydon et al., 1999; Petit et al., 

1999), protein kinase A (PKA) phosphorylation, and phosphorylation of cellular 

transcription factor cAMP response element binding protein (CREB) (Witt-Enderby et al., 

1998). In addition to Gαi/cAMP/PKA/CREB signaling, activation of Gα protein subforms (i.e., 

Gαi2/3 Gαq/11) (Brydon et al., 1999; Baba et al., 2013) and Gβγ heterodimers (Nelson et al., 2001; 

Hardeland, 2009; Chen et al., 2014; Y. Zhang et al., 2015; Benleulmi-Chaachoua et al., 2016) 

has been detected in various cells or tissues to modulate phosphorylation of protein kinases 
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(i.e., PKC and ERK 1/2), activation of transcription factors, and regulation of potassium and 

calcium ion channels (i.e. Kir3 and Cav2.2) (McArthur et al., 1997; Hunt et al., 2001; van den 

Top et al., 2001; Hardeland, 2009; Dubocovich et al., 2010; Hablitz et al., 2015; Y. Zhang et 

al., 2015; Benleulmi-Chaachoua et al., 2016; Jockers et al., 2016; Cecon et al., 2018). However, 

signal transduction through distinct Gα protein variants is mostly dependent on cell type, the 

occurrence of homo- or heterodimerization, and availability of specific Gα subunits and their 

downstream interaction partners (Hardeland, 2009; Cecon et al., 2018). Further, 

desensitization or internalization of MT1 and MT2 receptors, a process which involves β-

arrestins (Gerdin, Masana, et al., 2003; Levoye et al., 2006; Bondi et al., 2008; Sethi et al., 

2008; Kamal et al., 2009; Dupre et al., 2018), is also dependent on cellular background 

(Audinot et al., 2003) and receptor state (quiescent or constitutive) (Gerdin, Masana, & 

Dubocovich, 2004; Gerdin, Masana, Rivera-Bermudez, et al., 2004; Kokkola et al., 2007). 

Considering how MT1 and MT2 receptors share many interaction partners (Benleulmi-

Chaachoua et al., 2016), differential regulation of receptor availability for ligand binding and 

activation is a major basis of divergent receptor activity (Gerdin, Masana, et al., 2003). 

Human MT1 and MT2 receptors are expressed in both brain and peripheral tissues. Dual 

expression of hMT1 and hMT2 is identified in cerebellum (Mazzucchelli et al., 1996; Al-Ghoul 

et al., 1998), hippocampus (Mazzucchelli et al., 1996; Savaskan et al., 2001; Savaskan et al., 

2005), SCN (Weaver & Reppert, 1996), cortex (Mazzucchelli et al., 1996; Brunner et al., 

2006), pineal gland (Brunner et al., 2006), retina (Reppert et al., 1995; Savaskan et al., 2001; 

Savaskan et al., 2002; Scher et al., 2002, 2003; Savaskan et al., 2007), adipose tissue (Brydon 

et al., 2001), fetal kidney (Drew et al., 1998), granulosa cells (Niles et al., 1999; Soares et al., 

2003), myometrium (Schlabritz-Loutsevitch et al., 2003; Sharkey et al., 2009), pancreatic α-, 
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β-, and δ-cells (Blodgett et al., 2015; Zibolka et al., 2018), and testis (Rossi et al., 2014). Also, 

hMT1 is expressed in thalamus (Mazzucchelli et al., 1996), coronary artery (Ekmekcioglu, 

Haslmayer, Philipp, Mehrabi, Glogar, Grimm, Leibetseder, et al., 2001; Ekmekcioglu, 

Haslmayer, Philipp, Mehrabi, Glogar, Grimm, Thalhammer, et al., 2001) and breast (Dillon et 

al., 2002), and hMT2 is expressed in placental tissues (Lanoix et al., 2006). Although, 

distribution of receptors in humans is determined by gene expression analyses (in situ 

hybridization, RT-PCR, RNA sequencing) which are unable to guarantee actual protein 

expression and by immunohistochemistry where verification of specific GPCR antibodies is 

challenging without knockout models, studies using specific labeling of receptors in animal 

models (or lack of labeling in knockouts) by radioligands such as 2-[125I]-iodomelatonin 

(Vakkuri et al., 1984; Vanecek et al., 1987) or recently by observing expression in “knock-in” 

MT1- and MT2-LacZ reporter mice (Klosen et al., 2019) can corroborate these results. 

Current knowledge of the physiological effects of melatonin activation of MT1 or MT2 

receptors has been determined by studies in cell lines, animal models, and even in human 

tissues (Dubocovich et al., 2010; Jockers et al., 2016; Karamitri & Jockers, 2019). Strategic 

use of respective non-selective and selective antagonists, such as luzindole and 4-P-PDOT 

(Dubocovich 1988, 1997, 1998), or MT1 and MT2 melatonin receptor knockout mice (C. Liu 

et al., 1997; Jin et al., 2003), determine whether melatonin receptors are responsible for 

mediating specific functions in native tissues. Melatonin receptors are most well-known for 

their role in regulating chronobiological activity in the SCN. Activation of SCN melatonin 

receptors at specific times of sensitivity by exogenous melatonin accelerates re-entrainment 

to advances in dark onset (Dubocovich et al. 2005) and phase-shifts overt circadian activity 

rhythms (C. Liu et al., 1997; Dubocovich et al., 1998; Hunt et al., 2001; Jin et al., 2003; 
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Dubocovich et al., 2005). Melatonin receptor activation has a role in modulating other CNS 

functions (Jockers et al., 2016) and regulating rhythmic metabolic functions (Karamitri & 

Jockers, 2019) such as glucose homeostasis and insulin sensitivity (Stumpf et al., 2008; 

Muhlbauer et al., 2009; Contreras-Alcantara et al., 2010; Owino et al., 2016). 

1.3.3. Pathology of melatonin secretion and receptor dysfunction 

Considering the broad scope of influences melatonin and melatonin receptors have in 

regulating metabolism, circadian rhythms, mood, immune system, and other vital biological 

functions, alterations or interruptions of these receptor pathways could contribute to 

disease (Claustrat et al., 2005; Dubocovich et al., 2010; Jockers et al., 2016). Claustrat et al. 

(2005) detail various examples of pathological consequences of abnormal melatonin 

secretion where resulting alterations heighten predisposition to disease, enhance the 

severity of symptoms or change the outcome of the initial disorder. Known consequences of 

disrupting melatonin secretion rhythms include ocular pathologies (Touitou et al., 1986; 

Czeisler et al., 1995; Lockley et al., 1998), neurological disorders (Portaluppi et al., 1994; 

Sheldon, 1998; Fiorina et al., 1999; De Leersnyder et al., 2001; Claustrat et al., 2004), 

psychiatric (Stehle et al., 1993; Zimmermann et al., 1993) and cardiovascular diseases 

(Holmes & Sugden, 1976; Brugger et al., 1995; Dominguez-Rodriguez et al., 2002), or 

increased cancer risk (Blask et al., 2005). Further, age-, neurodegenerative disease-, drug 

abuse-, or shift work-related dampening or misalignment of melatonin rhythms are often 

associated with impaired sleep (Zisapel, 2018), hypertension (Zisapel, 2018), and cancer 

(Witt-Enderby et al., 2006). 
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Expression of aberrant melatonin receptor genetic variants has also been associated with 

increased risk of disease, specifically type 2 diabetes (Bonnefond et al., 2012), obesity 

(Andersson et al., 2010), autism spectrum disorder (Chaste et al., 2010), attention-deficit 

hyperactivity disorder (Chaste et al., 2011), cancer (Su et al., 2017), and asthma and allergic 

rhinitis (Sarnowski et al., 2016). Functional defects characterized by these disease-linked 

melatonin receptor mutations include impaired cell surface expression, impaired melatonin 

binding, impaired Gαi protein activation, increased ligand-independent β-arrestin2 

recruitment, or reduced ERK1/2 activation (Chaste et al., 2010; Chaste et al., 2011; 

Bonnefond et al., 2012; Karamitri et al., 2018). Also, loss of mitochondrial MT1 melatonin 

receptors is associated with acceleration of neurodegenerative processes (X. Wang et al., 

2011). 

1.3.4. Melatonin receptor ligands 

Melatonin, considered as a dietary supplement in the U.S. and other countries, is frequently 

used by consumers to promote sleep and to lessen the symptoms of jet lag (Zlotos et al., 

2014). However, it possesses suboptimal pharmacokinetic characteristics, such as high first-

pass metabolism and fast elimination (T1/2 = 20−30 min), which limit greater efficacy for 

treatment the treatment purposes above and others (Claustrat et al., 2005). Drug discovery 

endeavors have targeted both MT1 and MT2 melatonin receptors for the treatment of 

circadian rhythm and mood disorders, insomnia, and cancer (J. Liu et al., 2016). 

Melatonin/Circadin® (insomnia) (Paulis et al., 2012), a slow-release melatonin, and three 

melatonin receptor non-selective agonist melatonin analogues, ramelteon/Rozerem® 

(insomnia) (Mini et al., 2007), agomelatine/Valdoxan® (also 5-HT2c antagonist; depression) 
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(de Bodinat et al., 2010), and tasimelteon/Hetlioz ® (non-24-h sleep-wake disorder) 

(Rajaratnam et al., 2009; Lavedan et al., 2015) are used clinically (J. Liu et al., 2016). 

Additional melatonin receptor non-selective agonists are 2-iodomelatonin, 6-chloro-2-

methylmelatonin, 6,7-di-chloromethylmelatonin, 6-chloromelatonin (57-fold higher affinity 

for MT2), 6-hydroxymelatonin, n-acetyltryptamine, and n-acetylserotonin (Dubocovich et al., 

1997; Browning et al., 2000; Audinot et al., 2003). 

Currently, there are no melatonin receptor antagonists approved for clinical use. The first 

and most widely used melatonin receptor antagonist used to study the role of membrane 

melatonin receptor activation is luzindole (Dubocovich, 1988a; Dubocovich et al., 1997; 

Dubocovich et al., 1998; Browning et al., 2000; Dubocovich et al., 2010). Luzindole is non-

selective with 15- to 25- fold higher affinity for MT2 compared to MT1. 

Development of MT1 or MT2 melatonin receptor type-selective agonists and antagonists may 

result in the delineation of the specific roles of each receptor and eventually clinical use of 

novel, more efficacious, therapeutic agents (J. Liu et al., 2016). Melatonin receptor type-

selective ligands may modulate activity differently than non-selective compounds since 

receptor localization is different between types (Klosen et al., 2019). Also, melatonin 

receptor oligomers (i.e., MT1/MT1, MT2/MT2, MT1/MT2, MT2/5-HT2c) (Ayoub et al., 2002; 

Ayoub et al., 2004; Baba et al., 2013; Kamal et al., 2015) display distinct signaling profiles 

compared to their monomers, and type-selective ligands may change receptor dimerization 

balance, providing a therapeutic advantage over non-selective ligands (J. Liu et al., 2016). A 

ligand is considered “melatonin receptor type-selective” if its affinity or potency is at least 

100-fold higher for either receptor when compared to the other (Dubocovich et al., 2010). 
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Several MT2 type-selective agonists and antagonists have been identified, while the 

discovery of MT1 type-selective ligands has been a challenge (Zlotos et al., 2014). UCM1014 

is the most potent MT2 type-selective full agonist reported to date as it displays picomolar 

binding affinity at hMT2 receptors (Ki = 0.001 nM) and over 10,000 times the potency in the 

[35S]GTPγS assay for hMT2 compared to hMT1 (Spadoni et al., 2015). Notable hMT2-selective 

partial agonists for the following studies include 5-methoxyluzindole (Ki MT1/MT2 = 130), 

GR 128107 (Ki MT1/MT2 = 113), and isoamyl agomelatine (Ki MT1/MT2 = 7200) (Dubocovich 

et al., 1997; Ettaoussi et al., 2012). 4-P-PDOT, an hMT2 receptor-selective competitive 

antagonist (Ki MT1/MT2 = 311), has been an invaluable tool for discrimination between MT1-

and MT2-mediated effects of melatonin (Dubocovich et al., 1997; Dubocovich et al., 1998). 

Conversely, no MT1-selective ligands have been useful for determination of specific receptor 

functions because the ligands previously found to display 100-fold binding selectivity for 

MT1 often do not retain selectivity when tested for potency in functional assays (Audinot et 

al., 2003; Descamps-Francois et al., 2003; Spadoni et al., 2011). Alternatively, Nonno et al. 

(2000) report on an hMT1 full agonist/ hMT2 antagonist, 5-HEAT, which is MT1-selective in 

functional assays but not in competition binding (Ki MT2/MT1 = 4.5). 

As described earlier, melatonin classically signals through MT1 and MT2 melatonin receptors 

coupled to Gαi/o and Gβγ proteins that inhibit the cAMP/PKA/CREB pathway and stimulate 

PKC/ERK1/2 respectively (Figure 1.2) (Cecon et al., 2018). Studies on ligand-dependent 

melatonin receptor recruitment of β-arrestins, which influence melatonin receptor 

internalization (Gerdin, Masana, et al., 2003; Levoye et al., 2006; Bondi et al., 2008; Sethi et 

al., 2008; Kamal et al., 2009; Dupre et al., 2018) and presumably have their own signaling 

cascades, are currently in early stages. For enhancement of therapeutic efficacy or reduction 
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of toxicity, in addition to leveraging receptor selectivity, a popular strategy for drug 

discovery platforms is to develop biased ligands, or ligands that preferentially modify one 

pathway more than others (Kenakin, 2019). Recently, Gbahou et al. (2017) described the 

first properly characterized melatonin receptor biased ligand, ICOA-9. ICOA-9, different from 

melatonin, displayed preferential pathway bias for Gαi/o/cAMP when compared to β-

arrestin2 and ERK signaling. Currently, the physiological effects on melatonin receptors in-

vivo of pathway-biased ligands are unknown. 

1.3.5. GPCRs targeted by environmental contaminants 

The influence of exposure to environmental endocrine disrupting chemicals (EDCs) on 

public health is a major focus of toxicological research. EDCs interrupt normal hormone 

activity, and on a daily basis, humans are exposed to EDCs found in air, water, food, dust, and 

personal care products. Various epidemiological and biological studies have established that 

man-made pollutants could provoke or worsen harmful effects to human health, including 

outcomes such as asthma and allergies, cancers, neurological disorders and metabolic 

syndromes such as diabetes and obesity (De Coster & van Larebeke, 2012). 

Presently, interference with hormones and their nuclear receptors is widely studied, 

however disruption of hormonal regulation of GPCRs remains insufficiently investigated. 

This is surprising given that GPCRs are the targets of approximately 40% of all modern 

therapeutics. GPCRs, including melatonin receptors, are likely targets of environmental 

chemicals given that their modulatory sites are presented at or near the extracellular 

membrane making them easily available for interaction with circulating compounds (Le 

Ferrec & Øvrevik, 2018). Considering the pleiotropic nature of GPCR responses (i.e. 
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divergent signaling pathways described above) to interaction with different types of ligands 

(see section 1.3.4.), the potential ways for EDCs to alter receptor-mediated pathophysiology 

(see section 1.3.3.) seem to be limitless. Although effects on health outcomes remain to be 

determined, examples of GPCRs potentially being directly targeted by EDCs (Le Ferrec & 

Øvrevik, 2018) include phthalate esters binding to CB1 cannabinoid receptors (Bisset et al., 

2011), bisphenol-A (BPA) antagonism of D3 dopamine receptor activation in mice (Mizuo et 

al., 2004), benzo(a)pyrene binding and activation of β2-adrenergic receptors (Mayati et al., 

2012), benzo(a)pyrene inhibition of β1-, β2-, and β3-adrenergic receptor-mediated adipose 

tissue lipolysis (Irigaray et al., 2006), diesel exhaust particle activation of PAR-2 receptor 

signaling (Li et al., 2011), p,p’-DDT positive allosteric modulation of FSH receptors (Munier 

et al., 2016), as well as carbaryl and carbofuran binding to MT1 and MT2 melatonin receptors 

(Popovska-Gorevski et al., 2017). 

With the well characterized roles of GPCRs in regulation of metabolic hormone secretion 

along with literature indicating that energetic metabolism and metabolic reprogramming 

play a role in cellular responses to EDCs (Blad et al., 2012; Heindel et al., 2017), Le Ferrec 

and Øvrevik (2018) suggest that initial evaluation of environmental pollutants effects on 

GPCRs should focus on metabolic outcomes. Accordingly, as the role of melatonin receptors 

in glucose homeostasis and metabolism is well-described (Peschke et al., 2013; Karamitri & 

Jockers, 2019), the following studies evaluate effects on insulin release from pancreatic β-

cells as model to assess the ability of unique environmental melatonin receptor modulators 

to alter melatonin receptor-mediated effects on targets tissues. 

1.3.6. EDC high-throughput screening initiatives 
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The Tox21 program in the United States (National Research Council, 2007; Collins et al., 

2008; Kavlock et al., 2009; Tice et al., 2013), a collaboration between the NIEHS/NTP, the 

EPA/NCCT, the NCGC and the FDA, uses in-vitro high-throughput screening techniques to 

recognize chemical structure–activity signatures that could act as predictors of in-vivo 

toxicity for environmental contaminants. To date over 10,000 environmental chemicals have 

been tested against a panel of over 100 combined nuclear receptor and stress response 

pathway assays (R. Huang et al., 2016). Currently researchers are analyzing these data to 

prognosticate the in-vivo hazards of chemicals. As this initiative is in its infancy, toxicologists 

acknowledge that there is no perfect model to predict toxicity in humans. Therefore, 

researchers hope that the addition of more in-silico predictive and in-vitro experimental 

models will improve chemical risk assessment (Choudhuri et al., 2018). At present, testing 

of environmental chemicals for their disruption of circadian activity is currently not being 

considered by Tox21 (Popovska-Gorevski et al., 2017). 

1.3.7. Simultaneous determination of affinity and apparent efficacy: GTP-shift 

Radioligand binding assays are frequently part of target-based screening programs for 

determining whether the compounds directly interact with target receptors (Noel & Monte 

2017). Evaluation of affinity and efficacy for ligands is key to decide on therapeutic or 

toxicological relevance. Although live-cell in-vitro assays such as measurement of inhibition 

of forskolin-stimulated cAMP and [35S]GTPγS assays are among the most common methods 

for determining melatonin receptor ligand efficacy, the following studies rely heavily on the 

less common GTP-shift method (Lefkowitz et al., 1976; Laitinen & Saavedra, 1990; Nonno et 

al., 1998; Noel et al., 2014; Popovska-Gorevski et al., 2017). For this assay, affinity of ligands 
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for 2-[125I]-iodomelatonin competition binding is determined for melatonin receptors with 

or without G protein inactivation by 100 μM GTP, 1 mM EDTA.Na2 and 150 mM NaCl. 

Apparent efficacy is then determined by measuring the magnitude of affinity shift between 

the control and inactive receptor states. Compounds are classified as agonists when affinity 

is decreased (rightward shift), antagonists with no affinity change, and inverse agonists 

when affinity is increased (leftward shift) with inactivation buffer (Noel et al., 2014) (Figure 

1.3). This method allows for simultaneous determination of affinity and efficacy making it 

optimal for smaller laboratories as it is inexpensive and rapid compared to [35S]GTPγS assays 

(Noel et al., 2014). Lastly, when dealing with low affinity compounds, comparing results from 

live-cell assays to GTP-shift, results of the former can be confounded by off-target effects 

while the use of 2-[125I]-iodomelatonin yields MT1 and MT2 receptor specific effects. 
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Figure 1.1. Synthesis of melatonin. 

AA-NAT = aralkylamine N-acetyltransferase (Weissbach et al., 1960); 

HIOMT = hydroxyindole-O-methyltransferase (Axelrod & Weissbach, 1960). 
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Figure 1.2. Common signaling pathways for MT1 and MT2 melatonin receptors. 

Melatonin activates two types of membrane GPCRs, MT1 and MT2, that trigger multiple 

signaling cascades mainly through Gαi and/or Gβγ proteins. Modified from Cecon et al. (2018). 

20 



 

 

       

         

             

             

           

            

           

      

  

Figure 1.3. MT1 and MT2 competition binding: GTP-Shift. 

Affinity of ligands for 2-[125I]-iodomelatonin competition binding is determined for 

melatonin receptors with or without G protein inactivation by 100 μM GTP, 1 mM EDTA.Na2 

and 150 mM NaCl. Apparent efficacy is then determined by measuring the magnitude of 

affinity shift between the control and inactive receptor states. Compounds are classified as 

agonists when affinity is decreased (rightward shift), antagonists with no affinity change, 

and inverse agonists when affinity is increased (leftward shift) with inactivation buffer 

(Nonno et al., 1998; Noel et al., 2014). 

21 



 

 

 

 

 

 

 

          
   

 

 

 

           

   

 

             

          

      

  

  

CHAPTER II - Carbamate Insecticides Modulate Human MT1 and MT2 

Melatonin Receptor Signaling 

Anthony J. Jones, Grant C. Glatfelter, Kaliana M. Veros, Rajendram V. Rajnarayanan, 

Margarita L. Dubocovich 

Data in this chapter was adapted from: Glatfelter GC*, Jones AJ*, Rajnarayanan RV, & Dubocovich ML. 

Carbamate Insecticides Target Mammalian Melatonin Receptors: Pharmacological Actions and Effect of 

Carbaryl on Circadian Activity Rhythms. In Preparation. 

*Co-first Author 

22 



 

  

      

         

           

           

             

          

           

         

         

            

         

           

         

          

        

        

        

        

            

         

           

2.1. Introduction 

Using the Chem2Risk integrated pharmacoinformatic-molecular docking approach, 

Popovska-Gorevski et al. (2017) identified carbaryl and carbofuran, two carbamate 

insecticides, as environmental, structural mimics of melatonin with the ability to inhibit 2-

[125I]-iodomelatonin binding to recombinant human (h) MT1 and MT2 melatonin receptors 

(Figure 2.1). This result was surprising as melatonin receptors have a remarkably small set 

of chemotypes for their interacting ligands (Stauch et al., 2019). Although carbaryl and 

carbofuran were discovered as inhibitors of 2-[125I]-iodomelatonin binding to hMT1 and 

hMT2 melatonin receptors through structural similarity comparison to melatonin and 

docking to in-silico melatonin receptor orthosteric sites (Popovska-Gorevski et al., 2017), 

low affinity relative to melatonin and the discriminatory reputation of the receptors cast 

doubt onto whether these two environmental pollutants actually could competitively 

interact with the melatonin binding sites at physiologically relevant concentrations. In 

addition to carbaryl and carbofuran, other carbamate insecticides were recognized in-silico 

by structural similarity clustering (Figure 2.2) and molecular docking (Figure 2.3) as 

potential melatonin receptor modulators (Popovska-Gorevski et al., 2017). In structural 

similarity clustering, insecticides, fenobucarb and bendiocarb, and insect growth regulator, 

fenoxycarb, along with carbaryl and carbofuran clustered together (Cluster 1, Figure 2.2) 

and closer to melatonin than the insecticides aldicarb, methomyl, and oxamyl (Cluster 2, 

Figure 2.2). Further, Surflex docking scores (designed to predict binding affinity expressed 

as pKi) of five top ligand-hMT2 receptor complexes for Cluster 1-carbamate insecticides 

predicted binding to hMT2 in the nanomolar range (Figure 2.3G-L) whereas the 
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corresponding scores for the ligand-hMT1 complexes were considerably lower (Figure 2A-

F). 

Carbamate insecticides are acutely toxic to insects, and to a much lesser extent, vertebrates, 

attributable to their reversible inhibition of acetylcholinesterase (AChE) at neuronal 

synapses and neuromuscular junctions (Casida, 1963; Moser et al., 2015; Casida & Bryant, 

2017). These insecticides are used in agriculture and at home leading to occupational contact 

and environmental exposures through foods, soil, turfgrass, and water (Kenna, 2000; Clark-

Reyna et al., 2016). Carbamate insecticides have been linked to increased incidence of 

metabolic disorders (Saldana et al., 2007; Montgomery et al., 2008; Juntarawijit & 

Juntarawijit, 2018), decreased fertility (Whorton et al., 1979; Wyrobek et al., 1981; Meeker 

et al., 2004), sleep apnea (Baumert et al., 2018), neuropsychiatric disorders (S. Patel & 

Sangeeta, 2019), renal (Lebov et al., 2015) and respiratory (Slager et al., 2010; O. Patel et al., 

2018) disease, peripheral neuropathies (Manyilizu & Mdegela, 2015), immunotoxicity 

(Meyer et al., 2017), cancer (Zheng et al., 2001; Mahajan et al., 2007; Slager et al., 2010), 

genotoxicity (Xia et al., 2005), and skin, eye, respiratory, digestive, abdominal and 

neuromuscular complications (Ali et al., 2015). While some of these conditions are likely 

caused by AChE inhibition, the mechanisms of toxicity remain unclear. Remarkably, 

circadian rhythm disruption in non-Hodgkin lymphoma (Lahti et al., 2008), fertility 

(Kennaway et al., 2012), and sleep apnea (Butler et al., 2015) as well as melatonin receptor 

dysfunction in cancer (Witt-Enderby et al., 2006), metabolism (Andersson et al., 2010; 

Bonnefond et al., 2012; Liao et al., 2012; Bonnefond et al., 2016; Bonnefond & Froguel, 2017), 

sleep apnea (Zirlik et al., 2013; Reutrakul et al., 2017) and respiratory disease (Sarnowski et 

al., 2016) are known to directly influence pathophysiology of above-mentioned 
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consequences of carbamate exposure. Therefore, considering the findings by Popovska-

Gorevski et al., (2017) it is conceivable that by disruption of melatonin receptor-mediated 

physiological processes, carbamate insecticides can have secondary means of toxicity on top 

of inhibition of AChE. 

Determination of the activity of environmental pollutants on the two melatonin-target G 

protein-coupled receptors (GPCRs), MT1 and MT2, can be complex given that GPCRs do not 

operate in a simple two-state (on/off) model. Ligands binding to multiple melatonin receptor 

configurations can enable diverse signaling outcomes (Salon et al., 2011). Orthosteric 

ligands, those that bind to the same site of MT1 or MT2 receptors as melatonin, can be 

classified as full or partial agonists that activate signaling at different intensities; antagonists 

that block receptor signaling; inverse agonists that block agonist signaling and decrease 

receptor constitutive activity; or biased agonists that activate only some but not all signaling 

pathways (Le Ferrec & Øvrevik, 2018). Increased circadian disruption-related disease 

incidence (Schroeder & Colwell, 2013) is linked to both decreased (Sulkava et al., 2017; 

Sulkava et al., 2018) and increased (Tuomi et al., 2016) melatonin receptor signaling. 

Dysfunctional melatonin receptor signaling is associated with increased risk for illnesses 

such as attention-deficit hyperactivity disorder (Chaste et al., 2011), cancer (Blask et al., 

2005; Witt-Enderby et al., 2006; Su et al., 2017), metabolic (Andersson et al., 2010; 

Bonnefond et al., 2012), respiratory (Sarnowski et al., 2016), ocular (Touitou et al., 1986; 

Czeisler et al., 1995; Lockley et al., 1998) disorders, and sleep apnea (Zirlik et al., 2013; 

Reutrakul et al., 2017). Among these conditions, the relationship between melatonin 

receptors and type 2 diabetes (T2D) (Jockers et al., 2016). This relationship is evident as 

insulin release is reduced due to enhanced melatonin receptor-mediated Gαi cAMP-pathway 
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signaling in pancreatic islets in several models. Attenuation of insulin release can lead to 

excess blood glucose and increased risk of T2D (Tuomi et al., 2016). Hence, evaluation of 

melatonin receptor-mediated cAMP signal transduction efficacy and potency for 

environmental chemicals is needed. 

Aside from inhibition of cAMP, another functional outcome of ligand binding to MT2 and a 

lesser degree MT1 melatonin receptors is receptor desensitization/internalization (Gerdin, 

Masana, et al., 2003; Guillaume et al., 2008). Desensitization plays a critical role in balancing 

MT1 and MT2 periods of receptor sensitivity to endogenous and exogenous melatonin 

(Gerdin, Masana, Rivera-Bermudez, et al., 2004). Internalization of these receptors is likely 

modulated by β-arrestin recruitment (Bondi et al., 2008; Sethi et al., 2008; Kamal et al., 2009; 

Dupre et al., 2018). Gbahou et al. (2017) described the first example of a pathway biased 

melatonin receptor ligand, ICOA-9, which prefers Gαi/cAMP inhibitory signaling over β-

arrestin2 and ERK1/2 pathways in transiently transfected HEK293-hMT1 cells. Since ligand-

dependent effects on cAMP and β-arrestin2 (and likely desensitization) are not mutually 

exclusive, determination of the effect of carbamate insecticides on receptor desensitization 

is also essential. 

Further, GPCR modulation is not limited to activity caused by orthosteric ligand binding, but 

also includes allosteric interactions or modulation of the receptor through alternative 

binding sites. Allosteric binding of endogenous ligands, such as peptides (Broadhead et al., 

2011), amino acids (Agnati et al., 2006), and autoantibodies (Wallukat & Schimke, 2014) 

have been implicated in disruption of GPCR signaling. It is likely that all GPCRs possess 

allosteric binding pockets. Although modulation of function by interaction with extracellular 
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allosteric pockets on melatonin receptors has not yet been resolved, allosteric 

environmental pollutants could alter melatonin receptor signaling resulting in disease 

states, similar to those caused by endogenous allosteric modulators (van der Westhuizen et 

al., 2015). 

Currently, it is unknown which pharmacological properties (i.e., efficacy, melatonin receptor 

type-selectivity, orthosteric/allosteric binding mechanism, pathway bias) of environmental 

melatonin receptor ligands have the most significant influence on the disruption of circadian 

processes (Le Ferrec & Øvrevik, 2018; Karamitri & Jockers, 2019). For this reason, we aim to 

identify a diverse set of melatonin-receptor specific environmental toxins that display 

different signaling profiles with a goal to connect the profiles to in-vivo responses and 

disease outcomes. Based on molecular docking simulations and similar interactions 

(Popovska-Gorevski et al., 2017) we hypothesized that carbamate insecticides most 

structurally similar to melatonin would display similar binding affinities and signaling 

profiles to either selective MT2 antagonist UCM454 (Rivara et al., 2005) or the selective MT2 

partial agonist acylaminoethyl tetralin (Pala et al., 2013). Alternatively, based on their low 

affinity relative to melatonin in-vitro, we hypothesized that carbamate insecticides were 

hMT1 melatonin receptor allosteric modulators. In this study, we determined hMT1 and hMT2 

2-[125I]-iodomelatonin binding affinity, orthosteric or allosteric binding mechanisms, and 

signaling profiles for several carbamate insecticides in-vitro. 
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2.2. Materials and Methods 

2.2.1. Drug Dilutions 

For binding experiments, 13 mM stock solutions of melatonin (Sigma-Aldrich, St. Louis, MO, 

USA) and luzindole (Tocris, Minneapolis, MN, USA) and 130 mM stock solutions of aldicarb, 

bendiocarb, carbaryl, and fenobucarb (Sigma-Aldrich) were dissolved in 100% ethanol 

followed by dilution at a 1:10 ratio in 50% ethanol/50% Tris-HCl buffer (50 mM, 10mM 

MgCl2, pH 7.4 at 25 °C). 130 mM and 13 mM fenoxycarb (Sigma-Aldrich) solutions were 

prepared in 100% ethanol and diluted 1:10 in 50% ethanol/50% Tris-HCl buffer. 130 mM 

stock solutions of methomyl and oxamyl (Sigma-Aldrich) were prepared using water. Tris-

HCl buffer was used for all further dilutions. 

For cAMP experiments, forskolin (Sigma-Aldrich) 5 mM stock solution was dissolved in 50% 

DMSO/50% ethanol then dissolved in phosphate buffered saline pH 7.4 (PBS) to 20 μM. 1.3 

mM stock solution of melatonin and 13 mM stocks of luzindole, carbaryl, fenobucarb, 

bendiocarb, and carbofuran in ethanol were diluted 1:10 in 50% ethanol /50% PBS with or 

without forskolin. Except for the final 1:3 dilution of 3x reagents into PBS, all subsequent 

dilutions were performed in PBS with or without forskolin. Final vehicle concentration was 

brought to 5.8% ethanol and 2% DMSO for all treatments. 

For desensitization experiments, 13 mM melatonin and 4-P-PDOT (Tocris) and 130 mM 

carbaryl stock solutions were prepared in ethanol. Stock solutions were diluted 1:13 in 50% 

ethanol/50% Ham’s F12 media supplemented with 1% HEPES, and 1% penicillin (10,000 

IU/mL)/streptomycin (10,000 μg/mL) (SFM, serum-free media). Further 1:10 dilutions 

were prepared in SFM. 
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2.2.2. Cell Culture 

CHO cells stably expressing recombinant FLAG-tagged human MT1 or MT2 melatonin 

receptors (CHO-hMT1 and CHO-hMT2) were derived as described previously (Gerdin, 

Masana, et al., 2003). CHO cells were incubated at 37 °C in 5% CO2 and cultured in growth 

media which consists of Ham’s F12 media, 10% fetal bovine serum, 1% HEPES, and 1% 

penicillin (10,000 IU/mL)/streptomycin (10,000 μg/mL) (growth media); at as described 

previously (Popovska-Gorevski et al., 2017). Cells were subcultured at about 80-90% 

confluence. Cells were collected as described by Gerdin, Masana, et al. (2003). Briefly, cells 

were washed with PBS, lifted in potassium phosphate buffer (10 mM) containing 1 mM EDTA 

and 0.25 M sucrose (pH 7.4), and pelleted by centrifugation (1700 x g, 5 min) at 4 °C. 

Potassium phosphate buffer was then discarded, and pellets were kept at -80 °C for later use. 

Cell culture materials were obtained from VWR International (Pittsburgh, PA, USA). 

2.2.3. Preparation of Membrane Suspensions for 2-[125I]-Iodomelatonin Binding Studies 

Guanosine 5’-triphosphate sodium salt hydrate (GTP) was purchased from Sigma-Aldrich. 

CHO-hMT1 and CHO-hMT2 cell lysate pellets were suspended, homogenized, and washed 

twice by centrifugation (17,400 x g, 15 min) in active conformation buffer (50 mM Tris-HCl, 

10 mM MgCl2, pH 7.4 at 25 °C) or in resting conformation buffer (50 mM Tris-HCl, 10 mM 

MgCl2, 100 μM GTP, 1 mM EDTA.Na2, 150 mM NaCl, pH 7.4 at 25 °C). 

2.2.4. 2-[125I]-Iodomelatonin Saturation Binding Assays 

2-[125I]-iodomelatonin (SA: 2,200 Ci, 81.4TBq/mmol) was obtained from Perkin Elmer 

(Shelton, CT, USA). CHO-hMT1 or CHO-hMT2 cell membrane suspensions (6.5 and 15 μg 
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protein/assay, respectively) in active or resting conformation buffer were incubated with 2-

[125I]-iodomelatonin at various concentrations (1 to 3100 pM) in the absence and presence 

of melatonin (1 μM) and 25 °C for 1 hour. Incubation was terminated by vacuum filtration 

through glass microfiber filters pre-soaked in 0.5% polyethyleneimine. Filters were then 

washed twice, and counts per minute (cpm) were measured by a gamma-counter. 

2.2.5. 2-[125I]-Iodomelatonin Association-Dissociation Binding Assays 

2-[125I]-iodomelatonin (100 pM) binding to CHO-hMT1 or CHO-hMT2 cell membrane 

suspensions [9 ± 1 and 14 ± 1 μg protein/assay (± SEM), respectively] were incubated at 25 

°C for up to 5 hours with or without challenge by 10 μM melatonin after 2 hours. At various 

time points, before and after melatonin challenge, incubation was terminated by vacuum 

filtration through glass microfiber filters pre-soaked in 0.5% polyethyleneimine. Filters were 

then washed twice, and cpm were measured by a gamma-counter. 

2.2.6. 2-[125I]-Iodomelatonin Competition Binding Assays: GTP-Shift 

Competition binding studies for selected compounds were conducted as previously 

described (Popovska-Gorevski et al., 2017) in active or resting conformation buffer. Briefly, 

CHO-hMT1 (9 ± 1 μg protein/assay) or CHO-hMT2 (14 ± 1 μg protein/assay) cell membrane 

homogenates were incubated with 2-[125I]-iodomelatonin (75 ± 4 pM) without and with 

carbamate insecticides (10 nM to 10 mM) or vehicle at 25 °C for 1 hour. Final concentrations 

of ethanol in assays for concentrations of 1 mM or 0.1 mM did not exceed 4%. Incubation 

was terminated by vacuum filtration through glass microfiber filters pre-soaked in 0.5% 
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polyethyleneimine (PEI). Filters were then washed twice and cpm were measured by a 

gamma-counter. 

2.2.7. 2-[125I]-Iodomelatonin Allosteric Titration Binding Assays 

CHO-hMT1 (9 ± 1 μg protein/assay) or CHO-hMT2 (14 ± 1 μg protein/assay) cell membrane 

homogenates were used for equilibrium binding assays done in active conformation buffer 

with titrated 2-[125I]-iodomelatonin concentrations (50-1400 pM) in the absence and 

presence of melatonin, luzindole, or carbaryl (10 pM to 1 mM) at 25 °C for 1 hour. Further 2-

[125I]-iodomelatonin titration competition binding assays with luzindole and carbaryl at 

CHO-hMT1 membranes were conducted in resting buffer to prevent high-affinity 2-[125I]-

iodomelatonin binding to the G protein-coupled form of the receptor. Incubation was 

terminated by vacuum filtration through glass microfiber filters pre-soaked in 0.5% PEI. 

Filters were then washed twice and cpm were measured by a gamma-counter. 

2.2.8. 2-[125I]-Iodomelatonin Allosteric Dissociation Binding Assays 

2-[125I]-iodomelatonin (100 pM) binding to CHO-hMT1 or CHO-hMT2 cell membrane 

suspensions [9 ± 1 and 14 ± 1 μg protein/assay (± SEM), respectively] was allowed to reach 

equilibrium in resting buffer at 25 °C (1 h for CHO-hMT1; 1.5 h for CHO-hMT2) then 10 μM 

melatonin was used to initiate dissociation in the absence or presence of vehicle, luzindole, 

or carbamate insecticide (100 μM). At multiple time points (1-40 min), incubation was 

terminated by vacuum filtration through glass microfiber filters pre-soaked in 0.5% PEI. 

Filters were then washed twice and cpm were measured by a gamma-counter. 
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2.2.9. Forskolin-Stimulated cAMP Assays 

CHO-hMT1 and CHO-hMT2 cells were plated at a concentration of 10,000 cells per well onto 

tissue culture treated, clear-bottomed 96-well plates (Eurofins, Luxembourg). Cells were 

sustained in culture for 43 h in growth media and then for 5 h in serum-media (Ham’s F12 

media supplemented with 1% HEPES and 1% penicillin/streptomycin). 20 μM forskolin 

stimulated cAMP formation in the presence of vehicle, 10 pM – 1 μM melatonin, 1 nM – 10 

μM luzindole, 10 pM – 100 μM carbaryl, 10 μM fenobucarb, 10 μM bendiocarb, or 10 μM 

carbofuran in PBS. The concentration of cAMP in each well was measured after 30 min with 

the HitHunter® cAMP Assay for Small Molecules (Eurofins) according to the manufacturer’s 

protocol. Additionally, a SynergyTM Neo HTS Multi-Mode Microplate Reader (BioTek 

Instruments) was used to measure luminescence of each well. 

2.2.10. Desensitization 2-[125I]-Iodomelatonin Binding Assays 

CHO-hMT1 and CHO-hMT2 cells were seeded in growth media at a density of 250,000 cells 

per plate onto 10 cm tissue culture plates and maintained in culture for 3 days in 5% CO2 at 

37 °C. On the fourth day, cells were washed with warm PBS and then treated with control, 

melatonin (10 nM), 4-P-PDOT (1 μM), or carbaryl (100 nM – 100 μM) in SFM for 1 hour in 

5% CO2 at 37 °C. Cells were washed for 5 minutes with ice-cold PBS, lifted in potassium 

phosphate buffer (10 mM) containing 1mM EDTA and 0.25M sucrose (pH 7.4), and pelleted 

by centrifugation (4,000 rpm, 5 min) at 4 °C. Potassium phosphate buffer was then discarded, 

and pellets were kept at -80 °C for later use. 

Cell membrane suspensions from treated CHO-hMT1 or CHO-hMT2 in active conformation 

buffer were incubated with 2-[125I]-iodomelatonin (100 pM) in the absence and presence of 
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melatonin (1 μM) and 25 °C for 1 hour. Incubation was terminated by vacuum filtration 

through glass microfiber filters pre-soaked in 0.5% polyethyleneimine. Filters were then 

washed twice, and cpm were measured by a gamma-counter. 

2.2.11. Data Analysis and Statistics 

Commercial software (GraphPad Prism 7 or 8TM) and appropriate equations (Cheng & 

Prusoff, 1973; Lazareno & Birdsall, 1995) were utilized to determine KD, Bmax, Kon, Koff, Ki, KB, 

and α values. 2-[125I]-iodomelatonin KD values determined by saturation binding assays used 

in calculations are respective to specific receptors and conformation in buffer (hMT1 active: 

116 pM; hMT1 resting: 280 pM; hMT2 active: 119 pM; hMT2 resting: 215 pM). pKi(Control) and 

pKi(GTP) significant differences were resolved by paired t-tests (alpha = 0.05). The differences 

in pKi values (ΔpKi) for individual compounds obtained in resting buffer and active buffer 

(pKi(Control)-pKi(GTP) = ΔpKi) were normalized by melatonin ΔpKi (CHO-hMT1: 1.19; CHO-hMT2: 

0.41) to determine apparent efficacy at melatonin receptors. Apparent efficacy is indicated 

by changes in affinity or lack thereof between active and resting buffers (Lefkowitz et al. 

1976) therefore ligands were accordingly categorized as agonists (ΔpKi % MLT > 20 %), 

antagonists (ΔpKi % MLT < 20 %, > -20 %), or inverse agonists (ΔpKi % MLT < -20 %) (Nonno 

et al., 1998). Three-parameter nonlinear regression models were used to fit averaged 

biological replicates to dose-response curves. Ligands were characterized in cAMP assays as 

full agonists (Emax %MLT > 90%), partial agonists (Emax %MLT < 90%, > 20%), and 

antagonists (Emax %MLT < 20%). Percent inhibition values for treatments were compared to 

vehicle using a one-way ANOVA (alpha = 0.05) with Dunnett’s post-test (alpha = 0.05). 

Desensitization data were analyzed using values from 3 to 4 independent experiments 
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performed in triplicate. Percentage of control specific binding values are compared to 

melatonin using a one-way ANOVA (alpha = 0.05) with Dunnett’s post-test (alpha = 0.05). 

2.3. Results 

2.3.1. 2-[125I]-Iodomelatonin Binding Characterization: GTP-Shift 

Saturation and kinetic binding assays were used to establish the binding characteristics and 

pharmacology of 2-[125I]-iodomelatonin binding to CHO-hMT1 and CHO-hMT2 membranes in 

active versus resting conformation buffer. For CHO-hMT1 in active buffer, the total number 

of binding sites determined (Bmax) was 1150 ± 40 fmol/mg protein, and the dissociation 

constant (KD) was 116 ± 15 pM. In resting buffer, CHO-hMT1 Bmax was increased to 1690 ± 

80 fmol/mg protein and 2-[125I]-iodomelatonin binding affinity decreased with a KD value of 

280 ± 48 pM (hMT1 KD Resting/Active = 2.4; Figure 2.4A). For CHO-hMT2 in active buffer, 

Bmax was 352 ± 19 fmol/mg protein, and 2-[125I]-iodomelatonin KD was 119 ± 28 pM. Similar 

to CHO-hMT1, CHO-hMT2 Bmax was increased to 536 ± 32 fmol/mg protein and 2-[125I]-

iodomelatonin binding affinity decreased with a KD value of 215 ± 50 pM (hMT2 KD 

Resting/Active = 1.8; Active KD hMT1/hMT2 = 0.97; Resting KD hMT1/hMT2 = 0.77; Figure 

2.4B). 

2-[125I]-For CHO-hMT1 preparations in active and resting buffer, association with 

iodomelatonin occurred at a near identical rate (hMT1 active Kon = 5.7 x 108 M-1 min-1, resting 

Kon = 1.7 x 108 M-1 min-1, Figure 2.5A) while dissociation of radioligand was faster in resting 

buffer (hMT1 active Koff = 0.038 min-1, resting Koff = 0.081 min-1, Figure 2.5A). For CHO-hMT2 

2-[125I]-preparations in active and resting buffer, both association and dissociation of 
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iodomelatonin were slower in active buffer (hMT2 active Kon = 2.3 x 107 M-1 min-1, Koff = 0.013 

min-1; hMT2 resting Kon = 5.9 x 107 M-1 min-1, Koff = 0.041 min-1, Figure 2.5B). When comparing 

hMT1 and hMT2 2-[125I]-iodomelatonin kinetic binding parameters, hMT2-radioligand 

interactions were slower in all homologous conditions (Figure 2.5). 

2.3.2. 2-[125I]-Iodomelatonin Competition Binding Affinity of Carbamate Insecticides for hMT1 

and hMT2 Melatonin Receptors 

Competition for 2-[125I]-iodomelatonin binding (75 pM) to CHO-hMT1 and CHO-hMT2 cell 

membranes was used to assess affinities for carbaryl, carbofuran, fenobucarb, fenoxycarb, 

bendiocarb, aldicarb, methomyl, and oxamyl (For structures see Figure 2.2A) at melatonin 

receptors. The eight carbamates tested competed for 2-[125I]-iodomelatonin binding at hMT1 

(Ki range = 3.34–1070 μM; Figure 2.6A&B; Table 2.1) and hMT2 (Ki range = 0.163–438 μM; 

Figure 2.6C&D; Table 2.1). Table 2.1 displays Ki values (affinity constants) for the eight 

compounds tested. 55-, 26-, 20-, 18-, 14-, 2.6-, 2.4- and 1.1-fold binding selectivity for hMT2 

receptors compared to hMT1 is shown respectively for aldicarb, carbofuran, carbaryl, 

fenobucarb, bendiocarb, oxamyl, methomyl, and fenoxycarb (Table 2.1). hMT1 rank order of 

carbamate insecticide binding affinities is carbaryl > fenobucarb > fenoxycarb > bendiocarb 

> carbofuran > oxamyl > aldicarb > methomyl and at hMT2 rank order is carbaryl > 

fenobucarb > bendiocarb > carbofuran > aldicarb > fenoxycarb > oxamyl > methomyl (Figure 

2.6; Table 2.1). 
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2.3.3. 2-[125I]-Iodomelatonin Binding Inhibition Mechanism(s) for Carbamate Insecticides 

Next, we assessed whether the 2-[125I]-iodomelatonin binding inhibition mechanisms of 

carbamate insecticides at the hMT1 and hMT2 melatonin receptors was either orthosteric or 

allosteric. For CHO-hMT1 and CHO-hMT2 membranes, maximal fractional inhibition (MFI) of 

radioligand binding at five different 2-[125I]-iodomelatonin concentrations (30-1400 pM) 

was determined for melatonin, luzindole and carbaryl. Melatonin (hMT1 KB = 0.220 nM, 

Figure 2.7A; hMT2 KB = 0.124 nM, Figure 2.7B; KB hMT1/hMT2 = 1.8) completely inhibited 

binding of saturating concentrations of radioligand to both hMT1 and hMT2 receptors, 

verifying that both 2-[125I]-iodomelatonin and melatonin bind to the same site. Similarly, 

complete inhibition of greater than 1000 pM 2-[125I]-iodomelatonin binding at hMT2 was 

seen with luzindole (hMT1 KB = 387 nM, Figure 2.7C; hMT2 KB = 13.8 nM, Figure 2.7D; KB 

hMT1/hMT2 = 28) and carbaryl (hMT1 KB = 3790 nM, Figure 2.7F; hMT2 KB = 453 nM, Figure 

2.7G; KB hMT1/hMT2 = 8.4), suggesting that binding occurs at the orthosteric site. 

Unexpectedly, when examining luzindole (α = 0.037, Figure 2.7C) and carbaryl (α = 0.017, 

2-[125I]-Figure 2.7F) at hMT1, MFI decreased with increasing concentrations of 

iodomelatonin. Additional titration tests for luzindole and carbaryl binding to CHO-hMT1 

membranes were conducted in resting buffer to minimize confounding effects associated 

with G protein coupling because 2-[125I]-iodomelatonin is an agonist radioligand. Luzindole 

(MT1 resting KB = 62.6 nM, Figure 2.7E; hMT1 KB Resting/Active = 0.16) and carbaryl (MT1 

resting KB = 4400 nM, Figure 2.7H; hMT1 KB Resting/Active = 1.2) fully inhibited over 1000 

pM 2-[125I]-iodomelatonin binding at hMT1 in resting buffer, which suggests orthosteric 

binding for the two ligands. 
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Subsequently, we assessed the ability of the similar-structured cluster 1-carbamate 

insecticides to change the dissociation rate (3x T1/2) of 2-[125I]-iodomelatonin bound in 

resting buffer from hMT1 and hMT2 (Dissociation t1/2 hMT1 resting = 13 min, hMT2 resting = 

24 min, Figure 2.5). Here, the dissociation rate of 100 pM 2-[125I]-iodomelatonin initiated by 

10 μM melatonin challenge at both hMT1 and hMT2 was not altered by 100 μM luzindole, 

carbaryl, fenobucarb, bendiocarb, or bendiocarb (Figure 2.8), corroborating orthosteric 

binding. 

2.3.4. Apparent Efficacy in 2-[125I]-Iodomelatonin GTP Shift Assays for Carbamate Insecticides 

Apparent efficacy of carbamate insecticides at hMT1 and hMT2 receptors was determined by 

measuring shifts between 2-[125I]-iodomelatonin competition binding affinities derived at 

receptors in G protein-coupled and -decoupled states. In this paradigm, with G protein 

decoupling, for agonists, affinity decreases or resulting in rightward curve shift, for 

antagonists, affinity does not change, and for inverse agonists, affinity increases yielding a 

leftward curve shift (Nonno et al., 1998; Noel et al., 2014). For the reference full-agonist, 

melatonin, addition of GTP and Na+ to membrane incubation buffer decreased affinity 

(rightward shift) for both hMT1 and hMT2 receptors (hMT1 KiGTP/Kicontrol = 7.9; hMT2 

KiGTP/Kicontrol = 2.3; Figure 2.9A&E). At hMT1, binding affinity in resting versus active buffer 

did not significantly change (no shift) for carbaryl, fenobucarb, bendiocarb or carbofuran 

suggesting antagonist efficacy [Magnitude of shift < 20% MLT; Figure 2.9C&D; Figure 

2.10A&C, Table 2.2; (Popovska-Gorevski et al., 2017)]. Carbamate affinities are decreased 

(rightward shift) at hMT2 similar to agonists [Magnitude of shift > 20% MLT; Figure 2.9G&H; 

Figure 2.10B&D, Table 2.2; (Popovska-Gorevski et al., 2017)]. 
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2.3.5. Efficacy and Potency of Carbamate Insecticides for Forskolin-Stimulated cAMP 

Accumulation in CHO-hMT1 and CHO-hMT2 Cells 

Cluster 1-carbamate insecticides were tested for the ability to inhibit forskolin-stimulated 

cAMP in CHO-hMT1 and CHO-hMT2 cells. With over 10,000 times potency for hMT2 compared 

to hMT1, carbaryl performed as a partial agonist at hMT2 (pIC50 = 10.0 ± 0.4 M; Imax = 67% 

melatonin effect; Figure 2.11B) and possibly at hMT1 (pIC50 = 5.8 ± 0.3 M; Imax = 55% 

melatonin effect; Figure 2.11A). Cluster 1-carbamate insecticides, fenobucarb, bendiocarb, 

and carbofuran assessed at 10 μM, performed as agonists at hMT2 (inhibition = 72%, 47%, 

54% respectively) but had no significant effect on hMT1 (Figure 2.11C&D). 

2.3.6. Effects of Carbamate Insecticides on CHO-hMT1 and CHO-hMT2 Melatonin Receptor 

Desensitization 

The ability of carbamate insecticides to desensitize recombinant hMT1 and hMT2 receptors 

was assessed in CHO-hMT1 and CHO-hMT2 cells. Treatment with neither melatonin, MT2-

selective ligand 4-P-PDOT, nor carbaryl at any concentration significantly altered 2-[125I]-

iodomelatonin specific binding to hMT1 (Figure 2.12A). At hMT2, treatment with full agonist 

melatonin and 4-P-PDOT (recombinant system hMT2 partial agonist/antagonist) decreased 

2-[125I]-iodomelatonin specific binding while carbaryl (hMT2-cAMP pathway partial agonist) 

did not (Figure 2.12B). 
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2.4. Discussion 

In this investigation, we established that carbamate insecticides, principally aromatic 

methylcarbamates that share structural resemblance to melatonin, competitively bind to 

recombinant human MT1 and MT2 melatonin receptors. In-vitro data confirmed in-silico 

projections and provides examples of aromatic methylcarbamates, particularly carbaryl, of 

having the ability to bind to hMT1 and hMT2 melatonin receptor orthosteric sites and activate 

hMT2 melatonin receptor signaling without triggering receptor desensitization. The 

picomolar potency of carbaryl for activation of the inhibitory hMT2/Gαi/cAMP pathway is 

particularly concerning for human health. Implications regarding pharmacological profiling 

of carbamate insecticides are discussed in relation to novel melatonin receptor actions and 

toxicological outcomes in melatonin receptor target tissues. 

The utility of the Chem2Risk knowledge-based in-silico pipeline for rapid discovery of 

environmental melatonin receptor modulators is demonstrated by these data. Chemical 

similarity clustering identified the group of Cluster 1-carbamate insecticides that all possess 

pharmacophore features of an aromatic ring system and a carbonyl moiety, similar to 

melatonin, while cluster 2-carbamates did not compete for binding likely because they 

lacked an aromatic feature. The lack of melatonin receptor affinity for cluster 2-carbamates 

suggests that carbaryl and other cluster 1-carbamates inhibit radioligand binding due to its 

similar structure to melatonin and not because carbamates are a novel chemotype. 

Further, as both competitive orthosteric ligands and negative allosteric modulators can 

inhibit radioligand binding, an effective strategy to differentiate the binding mechanism of 

orthosteric and allosteric ligands is to run saturation binding isotherms in-vitro with 
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increasing concentrations of radioligand, preferably an antagonist, and competitors to 

determine MFI. While inhibition of orthosteric ligand binding is not saturable, allosteric 

modulators saturate their binding sites, where the MFI of radioligand decreases with 

increasing concentrations of radioligand (Lazareno & Birdsall, 1995; Kenakin, 2009c). Also, 

the ability of a ligand to alter the dissociation rate of an orthosteric radioligand is a strong 

indication of an allosteric interaction (Lazareno, 2004). With the exception of fenoxycarb, 

that was left out of subsequent experiments due to poor solubility and excessive vehicle 

concentrations, together, saturation and kinetic binding studies verified that cluster 1-

carbamates inhibited 2-[125I]-iodomelatonin binding not through negative cooperativity 

with a separate carbamate-preferring low-affinity site, but by interaction with hMT1 and 

hMT2 receptor orthosteric sites as predicted by the homology models. 

Also, docking scores generated by initial simulations with homology models of hMT1 and 

hMT2 receptors correlated well with cluster 1-carbamate affinities determined in-vitro. 

However, the melatonin receptor homology models initially used were built from a human 

β2 adrenergic receptor X-ray crystal structure template with putative binding pockets for 

hMT1 (inclusive of residues H195, S110 and S112) and for hMT2 (inclusive of residues N175, 

H208, N268 and Y298) constructed by mutagenesis data (Conway et al., 1997; Conway et al., 

2001; Gerdin, Mseeh, et al., 2003; Kokkola et al., 2003; Mazna et al., 2004; Mazna et al., 2005; 

Popovska-Gorevski et al., 2017). Since then, both hMT1 and hMT2 x-ray crystal structures 

have been released (Johansson et al., 2019; Stauch et al., 2019). Comparative molecular 

docking of top carbamate, carbaryl, with the recently reported crystal structures reveals 

considerable overlap of binding pocket residues (Figure 2.1). For cluster 1-carbamate 

insecticides, homology model simulations predicted preference for hMT2 interactions 
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compared to hMT1 due to ring stacking interactions with H208 and partial occupancy of the 

hydrophobic cavity formed by the residues V124, I125, P212, I213 and F260, similar to 

reported ligand binding modes of MT2 antagonist UCM454 (Rivara et al., 2005) or the 

selective MT2 partial agonist acylaminoethyl tetralin (Pala et al., 2013). In-vitro 

measurements of binding affinity and potency for inhibition of cAMP support the predicted 

preference for hMT2 receptors. 

With respect to apparent efficacy, GTP-shift competition binding and forskolin-stimulated 

cAMP release assays, data for fenobucarb, bendiocarb, and carbofuran are in agreeance. For 

hMT1, the lack of affinity shift in resting buffer along with no significant activity in altering 

forskolin-stimulated cAMP at 10 μM suggest that these compounds are likely antagonists. 

Carbaryl fits under these criteria as well; however dose-response data and curve-fitting 

analysis for cAMP, which includes a point with 100 μM carbaryl treatment, indicates that 

carbaryl is an hMT1 partial agonist with low micromolar potency. At concentrations above 1 

μM, carbaryl begins to interact with other targets in mammalian tissues. Known targets with 

activity below 10 μM include AChE (Kis & IC50s > 1 μM) (Tox21; Linhares et al., 2013; Wille 

et al., 2013), pregnane X receptor (EC50 = 3.2 μM) (Tox21), aryl hydrocarbon receptor (EC50 

= 5.3 μM) (Tox21), and 5HT2B receptors (Ki = 5.2 μM; (Besnard et al., 2012), therefore, the 

carbaryl-induced decreases in forskolin-stimulated cAMP in CHO-hMT1 cells at 

concentration above 1 μM could be off-target effects. Antagonism by luzindole can possibly 

verify a receptor-specific effect however high vehicle concentrations with luzindole and 

carbaryl preparation may distort results. Also, the carbaryl cAMP hMT1 three-parameter 

curve-fit is poor (Hill slope constrained to 1, r2 = 0.46), likely because an event more complex 

than just activation of hMT1 is occurring (Goutelle et al., 2008). Conversely, GTP-shift results 
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may be skewed in-vitro as sometimes partial agonists can present as antagonists depending 

on receptor density and G protein stoichiometry (Kenakin, 2009b). 

Apparent efficacy for cluster 1-carbamate at hMT2 G protein coupled-dependent pathways 

is clearer. All GTP-shift and cAMP inhibition results indicate agonism as carbaryl, 

fenobucarb, bendiocarb, and carbofuran have magnitudes of affinity shift greater than 

melatonin, and they inhibit cAMP greater than 40% of melatonin’s effect. Also, surprisingly 

carbaryl, as a partial agonist, displayed equal potency to melatonin and over 10,000-fold 

selectivity for hMT2 compared to hMT1. Carbaryl displayed a profile comparable to the 

similarly-naphthalenic hMT2 receptor-selective partial agonist, isoamyl agomelatine 

([35S]GTPγS hMT1 EC50 = 272 nM, Emax = 49%; hMT2 EC50 = 0.31 nM, Emax = 68%) (Ettaoussi 

et al., 2012), however there is currently no data for this ligand on how it influences MT2-

regulated physiological processes in-vivo. Additionally, there are not many in-vivo studies 

with MT2-selective ligands, however 4-P-PDOT, CIFEA, and IIK7, were used to explore the 

role of the MT2 receptor in regulation of chronobiological behaviors (Dubocovich et al., 1998; 

Koike et al., 2011) and sleep architecture (Fisher & Sugden, 2009; Ochoa-Sanchez et al., 

2011). Given that there are uncertainties on whether doses used, truly differentially interact 

with MT1 and MT2 receptors (Jockers et al., 2016) further in-vivo characterization of MT2 

ligand physiological effects is required to predict pathophysiology of these environmental 

chemicals. As modulation of system- and context-biased GPCRs by pathway-biased ligands 

(Kenakin & Christopoulos, 2013) is complex, delineation of receptor activity using type-

selective ligands often inherently delivers complex results. Where this approach can 

sometimes fall short, studies using genetic manipulations of MT1 and MT2 receptors have 

elucidated some functions of MT2 receptors. Known functions of MT2 receptor activation of 
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Gαi proteins through inhibition of CREB phosphorylation include alterations in clock gene 

expression in the suprachiasmatic nucleus (Jin et al., 2003), synaptic plasticity in the 

hippocampus (L. M. Wang et al., 2005), and insulin release from the pancreas (Muhlbauer et 

al., 2011; Tuomi et al., 2016). Inhibition of cAMP production through hMT2 activation by 

cluster 1-carbamates, especially for potent agonist carbaryl, implicates exposure to aromatic 

methylcarbamate insecticides, even at picomolar levels, for having the ability to disrupt 

these MT2-mediated regulatory processes. 

Interestingly, when testing carbaryl for the ability to reduce specific 2-[125I]-iodomelatonin 

binding in membranes from CHO-hMT2 cells pretreated in-situ, carbaryl had no effect. This 

result is different from full agonist melatonin or partial agonist/antagonist 4-P-PDOT that 

were shown to internalize receptors with pretreatment (Gerdin, Masana, et al., 2003). 

Although this is a crude measurement of receptor desensitization, it is possible that this 

novel pharmacological property can give carbaryl greater efficacy than melatonin for in-vivo 

processes mediated by MT2 receptors. Further receptor localization and β-arrestin signaling 

studies are needed to verify whether carbaryl modulates MT2 melatonin receptor G protein-

mediated signals without triggering desensitization pathways. 

2.5. Conclusions 

This study examined pharmacological interactions between carbamate insecticides with 

melatonin receptors in order to gain insight on the potential impact of exposure and 

subsequent modulation of MT1 and MT2 in melatonin target tissues. It is conceivable, given 

the picomolar potency of carbaryl, that exposure to aromatic methylcarbamates can 
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contribute to disease pathology due to inappropriate activation of MT2 melatonin receptor 

Gαi/cAMP pathways. Also, we have laid the groundwork for an environmental melatonin 

receptor ligand screening in-silico to in-vivo pipeline. In-silico predictions to find 

environmental pollutants similar in structure to melatonin that bind to the orthosteric sites 

of melatonin receptors were verified in-vitro. Also, in-vitro pharmacological determination 

of efficacy led to the possible discovery of a new group of ligands that modulate melatonin 

receptors differently than melatonin. This discovery has implications for predicting in-vivo 

responses to other environmental ligands with similar pharmacological profiles and for drug 

discovery. 
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Competition for 2-[125I]-Iodomelatonin Binding 
Ligand Human MT1 n Human MT2 n Ratio 

Ki (µM) Ki (µM) Ki hMT1 / Ki hMT2 

Carbaryl 3.34 ± 0.60 6 0.163 ± 0.022 6 20 

Fenobucarb 10.1 ± 1.0 6 0.552 ± 0.057 6 18 

Fenoxycarb 30.6 ± 3.1 8 29.2 ± 3.2 5 1.1 

Bendiocarb 42.3 ± 2.6 5 3.04 ± 0.27 6 14 

Carbofuran 94.4 ± 5.8 3 3.59 ± 0.59 3 26 

Oxamyl 277 ± 77 3 108 ± 24 3 2.6 

Aldicarb 539 ± 107 3 9.74 ± 0.55 3 55 

Methomyl 1070 ± 320 3 438 ± 103 3 2.4 

Table 2.1. 2-[125I]-iodomelatonin competition binding with carbamate insecticides at 
hMT1 or hMT2 melatonin receptors. 

2-[125I]-iodomelatonin (75 pM) competition binding with 8 commonly used carbamate 

insecticides to CHO cell membranes stably expressing hMT1 or hMT2 melatonin receptors. 

Affinity constants (Ki) are the mean ± SEM of 3-8 independent determinations. hMT1/hMT2 

affinity ratios indicate fold difference for each carbamate insecticide between hMT1 and 

hMT2 melatonin receptors. Melatonin affinities for hMT1 and hMT2 receptors are 

respectively 0.16 + 0.04 nM (n = 5) and 0.23 + 0.02 nM (n = 5; Ki(hMT1)/Ki(hMT2) = 0.7). 
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2-[125I]-Iodomelatonin Binding 

Human MT1 Human MT2 
Ligand 

Ki (µM) 

Control GTP 

ΔpKi(Ctrl-GTP) 

(% MLT) 
n 

Ki (µM) 

Control GTP 

ΔpKi(Ctrl-GTP) 

(% MLT) 
n 

Carbaryl 6.7 ± 1.6† 4.8 ± 0.5† 
-0.01 ± 0.07ns 

(-8.7 ± 6.0%) 5 0.11 ± 0.02† 0.72 ± 0.11† 
0.82 ± 0.04*** 

(200 ± 10%) 
5 

Carbofuran 150 ± 30† 130 ± 20† 
-0.07 ± 0.09ns 

(-6.5 ± 7.6%) 5 2.5 ± 0.5† 22 ± 5† 
0.93 ± 0.08*** 

(230 ± 20%) 
5 

Fenobucarb 12 ± 3 19 ± 1 
0.20 ± 0.06ns 

(17 ± 5%) 3 0.60 ± 0.11 4.2 ± 0.5 
0.86 ± 0.04** 

(210 ± 10%) 
3 

Bendiocarb 39 ± 4 54 ± 7 
0.13 ± 0.08ns 

(11 ± 7%) 
3 2.6 ± 0.5 16 ± 0. 

0.81 ± 0.08** 

(190 ± 20) 
3 

Table 2.2. 2-[125I]-iodomelatonin competition binding to hMT1 and hMT2 without and 

with G protein inactivation for aromatic methylcarbamate insecticides. 

2-[125I]-iodomelatonin (75 pM) competition binding in the absence (active buffer) and 

presence (resting buffer) of 100 μM GTP, 1 mM EDTA.Na2 and 150 mM NaCl for carbamate 

insecticides was determined at 25°C for 1 hour. Ki values are the mean ± SEM of 3-5 

independent experiments. † Indicates data acquired from Popovska-Gorevski et al. (2017) 

([2-[125I]-Iodomelatonin] = 300 pM). Differences between pKis obtained in active and resting 

buffer were analyzed using paired t tests (nsP > 0.05; **P < 0.01; ***P < 0.001; hMT1 – carbaryl: 

F1, 4 = 1.453; fenobucarb: F1, 2 = 3.318; bendiocarb: F1, 2 = 1.648; carbofuran: F1, 4 = 0.8544; 

hMT2 – carbaryl: F1, 4 = 23.03; fenobucarb: F1, 2 = 21.71; bendiocarb: F1, 2 = 10.29; carbofuran: 

F1, 4 = 11.69). GTP/Control Ki ratios (pKi(Control)-pKi(GTP) = ΔpKi) for melatonin at hMT1 and 

hMT2 respectively are 19 + 6 nM*** (F1, 4 = 9.167; ΔpKi = 1.19; n = 5) and 2.8 ± 0.5 nM** (F1, 4 

= 5.544; ΔpKi = 0.41; n = 5). Agonist and inverse agonist apparent efficacy are indicated by 

respective decreases (positive ΔpKi; % MLT > 20 %) or increases (negative ΔpKi; % MLT < -

20 %) of affinity in resting buffer, while antagonist apparent efficacy is indicated by no 

change (ΔpKi = 0; % MLT < 20 %, > -20 %). 
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Figure 2.1. Molecular docking of carbaryl with human MT1 and MT2 melatonin 
receptor models derived from X-ray crystal structures. 

MT1 (A; rendered in green; PDB ID: 6ME2) (Stauch et al., 2019) and MT2 (B; blue; PDB ID: 

6ME9) (Johansson et al., 2019) melatonin receptors in complex with ramelteon (yellow) with 

top 5 docked poses of carbaryl (cyan). Carbaryl bound to the putative MT1-melatonin binding 

pocket like the cognate ligand ramelteon, however at the MT2-melatonin binding pocket, 

carbaryl and ramelteon displayed dissimilar interactions. 
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Figure 2.2. Chemical clustering of melatonin and carbamate insecticides. 

(A) Chemical structures of melatonin and carbamates. (B) The aromatic methylcarbamate 

insecticides carbaryl, carbofuran, bendiocarb, fenoxycarb, and fenobucarb (Cluster 1) group 

together and are more structurally similar to melatonin compared to Cluster 2-carbamate, 

aldicarb, oxamyl, and methomyl. S2D and S3D are respective normalized Tanimoto Indices of 

chemical similarity in 2 and 3 dimensions. 
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Figure 2.3. Melatonin and carbamate insecticides docking to human MT1 and MT2 

melatonin receptor homology models. 

5 best binding poses of (A,G) melatonin (rendered in blue), (B,H) carbaryl (grey); (C,I) 

bendiocarb (yellow); (D,J) fenoxycarb (green), (E,K) fenobucarb (magenta) and (F,L) 

carbofuran (orange) in complex with hMT1 (A-F) and hMT2 (G-L) melatonin receptor 

homology models. Cluster 1-carbamate insecticides (B-F, G-L) docked into putative 

melatonin binding pockets similar to the cognate ligand melatonin (A, G) for both receptors. 

Ranked surflex docking scores are: hMT1: melatonin: 11 ± 0.9 > fenobucarb: 6.8 ± 0.2 > 

carbaryl: 6.3 ± 0.7 > bendiocarb: 5.1 ± 0.5 > carbofuran: 4.7 ± 0.4 > fenoxycarb: 4.2 ± 0.5; 

hMT2: melatonin: 11 ± 0.6 > carbaryl: 8.7 ± 0.5 > fenobucarb: 8.2 ± 0.7 > bendiocarb: 8.1 ± 

0.4 > carbofuran: 7.9 ± 0.2 > fenoxycarb: 7.2 ± 0.6. 
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Figure 2.4. Saturation analysis 

of 2-[125I]-iodomelatonin 

binding to hMT1 and hMT2 

melatonin receptors without 

and with G protein 

inactivation. 

Membranes from CHO cells 

stably expressing hMT1 (A) or 

hMT2 (B) melatonin receptors 

were incubated with various 

2-[125I]-concentrations of 

iodomelatonin (1-3200 pM) for 1 

hr at 25°C in active (control; 50 

mM Tris-HCl, 10 mM MgCl2) and 

resting (GTP; + 100 μM GTP, 1 

mM EDTA.Na2, 150 mM NaCl) 

buffer. Mean ± SEM of specific (total – nonspecific) binding values from independent 

experiments are shown. hMT1 active Bmax = 1150 ± 40 fmol/mg protein, KD = 116 ± 15 pM; 

hMT1 resting Bmax = 1690 ± 80 fmol/mg protein, KD = 280 ± 48 pM; hMT2 active Bmax = 352 ± 

19 fmol/mg protein, KD = 119 ± 28 pM; hMT2 resting Bmax = 536 ± 32 fmol/mg protein, KD = 

215 ± 50 pM. 
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Figure 2.5. Kinetic analysis of 2-[125I]-iodomelatonin binding to hMT1 and hMT2 

melatonin receptors without and with G protein inactivation. 

Time-courses of association and dissociation of 2-[125I]-iodomelatonin (100 pM) binding to 

CHO-hMT1 (A) or CHO-hMT2 (B) membranes, in active (A; 50 mM Tris-HCl, 10 mM MgCl2) 

and resting (R; + 100 μM GTP, 1 mM EDTA.Na2, 150 mM NaCl) buffer. Dissociation is initiated 

by challenge with 10 μM melatonin. The ordinates represent 2-[125I]-iodomelatonin binding 

expressed as percent binding at equilibrium (Beq) and the abscissa represents the time after 

addition of 2-[125I]-iodomelatonin to membranes. hMT1 active Beq = 131 fmol/mg, Kon = 5.7 

x 108 M-1 min-1, Koff = 0.038 min-1; hMT1 resting Beq = 92.7 fmol/mg, Kon = 1.7 x 108 M-1 min-1, 

Koff = 0.081 min-1; hMT2 active Beq = 105 fmol/mg, Kon = 2.3 x 107 M-1 min-1, Koff = 0.013 min-

1; hMT2 resting Beq = 67.6 fmol/mg, Kon = 5.9 x 107 M-1 min-1, Koff = 0.041 min-1. 
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Figure 2.6. Carbamate insecticides inhibit 2-[125I]-iodomelatonin binding to hMT1 

and hMT2 melatonin receptors. 

Competition of carbamate insecticides (A&C: carbaryl-, fenoxycarb-, carbofuran-▲; 

B&D: fenobucarb-, bendiocarb-, and aldicarb-) for 2-[125I]-iodomelatonin (75 pM) 

binding to membranes from CHO cells stably expressing hMT1 (A,B) or hMT2 (C,D) melatonin 

receptors. Values are expressed as percent total binding in the absence of competitor (). 

Symbols presented are the mean ± SEM from three to eight independent determinations. 
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Figure 2.7. Carbaryl competes with 2-[125I]-iodomelatonin via orthosteric binding. 
Competition of melatonin (A&B; 10 pM – 1 μM), luzindole (C-E; 1 nM-100 μM), or carbaryl 
(F-H; 10 nM - 1 mM) for 2-[125I]-iodomelatonin binding to recombinant hMT1 (A,C,E,F,H) or 
hMT2 (B,D,G) melatonin receptors. Competitors and membranes were incubated with 2-
[125I]-iodomelatonin ( = 30 pM,  = 100 pM, ▼ = 300 pM,  = 600 pM,  = 1000 pM, ▲ = 
1400) in active (50 mM Tris-HCl, 10 mM MgCl2; A-D) and resting buffer (+ 100 μM GTP, 1 
mM EDTA.Na2, 150 mM NaCl; E,H) (cooperativity factors: α<0.01, orthosteric; α≥0.01, 
allosteric). Symbols presented are the mean ± SEM from three independent determinations. 
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Figure 2.8. Cluster 1-carbamate insecticides likely compete with 2-[125I]-
iodomelatonin via an orthosteric binding mechanism. 

Binding in resting buffer (50 mM Tris-HCl, 10 mM MgCl2, 100 μM GTP, 1 mM EDTA.Na2, 150 

mM NaCl) between equilibrated 2-[125I]-iodomelatonin (100 pM) and CHO-hMT1 (A&B) or 

CHO-hMT2 (A&C) membranes is challenged by 10 μM melatonin in the absence or the 

presence of 100 μM luzindole (LUZ), carbaryl (CBRL), fenobucarb (FNBC), bendiocarb 

(BNDC), or carbofuran (CBFN). (A) Symbols represent data from 3 independent 

determinations performed in duplicate expressed as percent total 2-[125I]-iodomelatonin 

binding at times after challenge by melatonin and test compound. (B&C) Dissociation rates 

(Koff) of 2-[125I]-iodomelatonin in the presence of test ligands are compared to vehicle using 

a one-way ANOVA with Dunnett's post-test (p > 0.05). 
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Figure 2.9. Melatonin, luzindole, fenobucarb and bendiocarb GTP-shift 2-[125I]-

iodomelatonin binding curves. 

Competition of melatonin (A&E), luzindole (B&F), fenobucarb (C&G), and bendiocarb (D&H) 

for 2-[125I]-iodomelatonin (75 pM) binding recombinant hMT1 ( for control,  for GTP, A-

D) or hMT2 ( for control,  for GTP, E-F) melatonin receptors in active (control; 50 mM 

Tris-HCl, 10 mM MgCl2) and resting (GTP; + 100 μM GTP, 1 mM EDTA.Na2, 150 mM NaCl) 

buffer. Values are expressed as percent total binding in the absence of competitor. Symbols 

presented are the mean ± SEM from independent determinations. Significant differences 

between in Control and GTP Ki values were determined by ratio paired t tests (**P < 0.01; 

***P < 0.001). 
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Figure 2.10. GTP-shift 2-[125I]-iodomelatonin competition binding indicates 
carbamate insecticides exhibit antagonist apparent efficacy at hMT1 melatonin 
receptors and agonist apparent efficacy at hMT2. 

Melatonin (MLT), luzindole (LUZ), carbaryl† (CBRL), fenobucarb (FNBC), bendiocarb 

(BNDC), and carbofuran† (CBFN) competed for 2-[125I]-iodomelatonin (75 pM) binding to 

recombinant hMT1 (A,C) or hMT2 (B,D) melatonin receptors without and with G protein 

inactivation (+ 100 μM GTP, 1 mM EDTA.Na2, 150 mM NaCl). † Indicates data acquired from 

Popovska-Gorevski et al. (2017) ([2-[125I]-Iodomelatonin] = 300 pM). (A,B) Binding affinity 

without (solid bars) and with (dotted bars) G protein inactivation is expressed as pKi. Points 

shown are pKi of individual experiments. Connections between points show values that were 

run with the same tissue simultaneously. Significant differences between in Control and GTP 

Ki values were determined by paired t tests (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 

0.0001). (C, D) Bars represent the difference in pKi (pKicontrol – pKiGTP = ΔpKi) induced by G 

protein decoupling, normalized to full agonist, melatonin. Compounds are categorized as 

agonists (> 20%), antagonists (between 20% and -20%; dashed lines), or inverse agonists (< 

-20%). Significant affinity changes by G protein decoupling above 20% or below -20% were 

resolved by one sample t tests (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). 

58 



 

 
     

   
            

               
                

          
         
             

             
                      

               
                

                 
           

-11 -9 -7 -5

50

75

100

Log [Ligand] (M)



A. hMT1 Receptor

IC50c
A

M
P

 A
c
c
u

m
u

la
ti

o
n

(%
 F

S
K

 S
ti

m
u

la
ti

o
n

)
Luzindole

Carbaryl

Melatonin

-11 -9 -7 -5

50

75

100

Log [Ligand] (M)



B. hMT2 Receptor

IC50

Luzindole

Carbaryl

Melatonin

V
M

LT
LU

Z

C
B
R
L

FN
B
C

B
N
D
C

C
B
FN

0

50

100

C. hMT1 Receptor

**

**p<0.005

c
A

M
P

 A
c
c
u

m
u

la
ti

o
n

(%
 F

S
K

 S
ti

m
u

la
ti

o
n

)

V
M

LT
LU

Z

C
B
R
L

FN
B
C

B
N
D
C

C
B
FN

0

50

100

D. hMT2 Receptor

****

**

*

**

*

***p<0.0005

Figure 2.11. Carbamate insecticides inhibit forskolin stimulated-cAMP formation in 
cells expressing recombinant human melatonin receptors. 
CHO-hMT1 (A,C) or CHO-hMT2 (B,D) cells are incubated with 20 μM forskolin for 30 min in 
addition to vehicle, melatonin (A&B: 10 pM – 1 μM; C&D: MLT 1 μM), luzindole (A&B: 1 nM 
– 10 μM; C&D: LUZ 10 μM), carbaryl (A&B: 10 pM – 10 μM; C&D: CBRL 10 μM), fenobucarb 
(FNBC 10 μM), bendiocarb (BNDC 10 μM), or carbofuran (CBFN 10 μM). The ordinates 
represent cAMP accumulation shown as the percentage of control-treated forskolin-
stimulated samples. Values are mean ± SEM of five independent determinations done in 
triplicate. (A&B) pIC50 means ± SEM are plotted on the x-axis for each receptor (MT1 MLT: 
9.3 ± 0.2; MT1 CBRL: 5.8 ± 0.3; MT2 MLT: 9.7 ± 0.2; MT2 LUZ: 7.3 ± 0.3; MT2 CBRL: 10.0 ± 
0.4). Emax (% MLT) means ± SEM are: MT1 MLT: 100 ± 10; MT1 LUZ: 20 ± 13; MT1 CBRL: 
45 ± 10; MT2 MLT: 100 ± 7; MT2 LUZ: 63 ± 7; MT2 CBRL: 67 ± 7. (C&D) Percent inhibition 
bars are compared to vehicle using a one-way ANOVA (C: p > 0.005; D: p > 0.0005) with 
Dunnett’s post-test (*P < 0.05; **P < 0.005; ***P < 0.0005). 
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Figure 2.12. Carbaryl does not desensitize melatonin receptors. 

CHO cell lines stably expressing FLAG-tagged human MT1 (A) or MT2 (B) receptors were 

treated with melatonin (10 nM), 4-P-PDOT (1 μM), or carbaryl (100 nM – 100 μM), washed 

twice on ice and harvested. Specific 2-[125I]-iodomelatonin (100 pM) binding defined with 1 

μM melatonin was determined and values are expressed as % of control. Values are means 

± SEM of independent experiments performed in triplicate. In-situ treatment values are 

compared to control using a one-way ANOVA (A: P > 0.05; B: P = 0.0039) with Dunnett’s 

post-test; (*P < 0.05). 
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CHAPTER III - Phthalate Diesters Exhibit Affinity for Mammalian 
MT1 and MT2 Melatonin Receptors 

Anthony J. Jones, Grant C. Glatfelter, Margarita L. Dubocovich, Rajendram V. Rajnarayanan 

Data in this chapter was adapted from: Jones AJ*, Glatfelter GC*, Dubocovich ML, & Rajnarayanan RV. 

Phthalate Diesters Exhibit Affinity for Mammalian MT1 and MT2 Melatonin Receptors. In Preparation. 

*Co-first Author 
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3.1. Introduction 

Exposure to human-made chemicals is a significant risk-factor linked to the rise in 

prevalence of diseases, including neurological disorders, cancers, asthma and allergies, and 

metabolic syndromes such as diabetes and obesity (De Coster & van Larebeke, 2012). Le 

Ferrec and Øvrevik (2018) suggest that exposure to these compounds can unfavorably alter 

G protein-coupled receptor-mediated processes responsible for proper physiological 

function. Recently, (Popovska-Gorevski et al., 2017) used an integrated 

pharmacoinformatics-molecular docking approach to identify environmental, structural 

mimics of melatonin that target melatonin G protein-coupled receptors (GPCRs) and 

possibly disrupt rhythmic processes in target tissues such as the master circadian clock SCN 

or peripheral tissues responsible for metabolic homeostasis. Indeed, this investigation, that 

compared melatonin to about 130,000 environmental pollutant structures from the 

Chem2Risk database, determined that carbamate insecticides, carbaryl and carbofuran, 

clustered closely to melatonin in in-silico structural similarity filtering and that these 

environmental pollutants can bind to melatonin receptors. 

Interestingly, the environmentally ubiquitous phthalate diesters (PDEs) also cluster closely 

to melatonin due to similar structural features (Figure 3.1). Carbaryl and carbofuran were 

chosen for further testing because they displayed high docking scores for in-silico MT2 

receptor theoretical models and because they had no other known off-target interactions 

besides their pesticidal activities as acetylcholinesterase inhibitors. Docking of PDEs into 

models derived by newly solved MT1 (Stauch et al., 2019) and MT2 (Johansson et al., 2019) 

melatonin receptor crystal structures produced scores that were comparable to the 
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carbamates (Table 3.1, Figures 3.2, 3.3 & 3.4). Considering that human exposure levels for 

certain PDEs are significantly higher than the previously tested carbamate insecticides, the 

similar docking scores suggest that PDEs should be tested for ability to target melatonin 

receptors in-vitro as well. 

Phthalate Diesters (PDEs) are frequently used solvents and plasticizers that humans are 

exposed to by consumption through food and drink, inhalation of dust in ambient air, and 

absorption through skin contact with consumer products (Y. Wang et al., 2019). PDEs are a 

diverse group phthalic acid esters that have two, either alkyl or ringed, substituents of varied 

length (Figure 3.5; Table 1). In general, high molecular weight (HMW) PDEs are used to give 

flexibility and durability to polyvinylchloride (PVC) plastics, while low molecular weight 

(LMW) PDEs are used as stabilizers in industrial applications and solvents in personal 

hygiene products (Y. Wang et al., 2019). Once these lipophilic PDEs are ingested, they can be 

glucuronidized (characteristic for HMW PDEs) (ATSDR, 2002; Genuis et al., 2012) or 

metabolized into more hydrophilic phthalate monoesters (PMEs) that are better excreted 

(Frederiksen et al., 2007). Numerous epidemiological reports have implicated exposure to 

specific PDEs as risk factors in the development of metabolic (Stahlhut et al., 2007; James-

Todd et al., 2012; Teitelbaum et al., 2012; Dirtu et al., 2013; Trasande et al., 2013; Sun et al., 

2014), reproductive (Duty et al., 2003; Silva et al., 2005; Swan et al., 2005; Hauser et al., 2006; 

Marsee et al., 2006; Hauser et al., 2007; P. C. Huang et al., 2007; Mu et al., 2015), and 

developmental disorders (Kim et al., 2009), as well as cancer (Konduracka et al., 2014), 

allergy and asthma (Beko et al., 2013). However, the molecular targets for these ubiquitous 

chemicals are unclear (Benjamin et al., 2017). 
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In the present study, we intended to evaluate whether several commonly used PDEs and 

their metabolites can bind to human melatonin receptors in-vitro. To do this, we assessed 

affinity, selectivity, and apparent efficacy of a diverse set of phthalate esters (PAEs) for CHO 

cell membranes that express recombinant human (h) MT1 and MT2 melatonin receptors. 

Next, to see if phthalate affinity is conserved across species we compare data from human 

receptors to affinity data obtained at endogenous C3H/HeN wild-type mouse melatonin 

receptors in brain slices (G. C. Glatfelter et al., 2017). Further, we analyze the resulting 

structure-activity relationship data to understand differences between MT1 and MT2 ligand 

binding. 

3.2. Materials and Methods 

3.2.1. Drug Dilutions 

Melatonin (Sigma-Aldrich) and luzindole (Tocris) 13 mM stock solutions were dissolved in 

ethanol and subsequently diluted 1:10 in 50% ethanol/50% Tris-HCl buffer (50 mM, 10mM 

MgCl2, pH 7.4 at 25 °C). 130 mM stock solutions of PDEs and PMEs and further 13 mM stock 

solutions of DPP, DEHP, DINP (Sigma-Aldrich), and DNOP (TCI Chemicals, Portland, OR, USA) 

were dissolved in DMSO. BBzP, DBP, DCP, DPRP, MBzP, MEHP (Sigma-Aldrich), and DHP (TCI 

Chemicals) 130 mM stock solutions and DPP, DEHP, DNOP, and DINP 13 mM stock solutions 

were diluted next 1:10 in ethanol and subsequently diluted 1:10 in 50% ethanol/50% Tris-

HCl buffer. All further dilutions were done in Tris-HCl buffer. 
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3.2.2. Cell Culture 

CHO-hMT1 and CHO-hMT2 cells were grown and harvested as described above (section 

2.2.3). 

3.2.3. 2-[125I]-Iodomelatonin Competition Binding Studies 

CHO-hMT1 and CHO-hMT2 cell lysate pellets were suspended, homogenized, and washed 

twice by centrifugation (17,400 x g, 15 min) in active conformation buffer (50 mM Tris-HCl, 

10 mM MgCl2, pH 7.4 at 25 °C) or in resting conformation buffer (50 mM Tris-HCl, 10 mM 

MgCl2, 100 μM GTP, 1 mM EDTA.Na2, 150 mM NaCl, pH 7.4 at 25 °C). CHO-hMT1 (9 ± 1 μg 

protein/assay) or CHO-hMT2 (14 ± 1 μg protein/assay) cell membrane homogenates were 

incubated with 2-[125I]-iodomelatonin (75 ± 4 pM, Perkin Elmer, SA: 2,200 Ci, 

81.4TBq/mmol) without and with PAEs (10 nM to 10 mM) at 25 °C for 1 hour. Incubation 

was terminated by vacuum filtration through 0.5% PEI pre-soaked glass microfiber filters. 

Filters were then washed twice and cpm were measured by a gamma-counter. 

3.2.4. Data Analysis 

pKi values were derived using commercial software (GraphPad PRISMTM 7 or 8) according to 

the Cheng-Prusoff equation (Cheng & Prusoff, 1973). Results were expressed as pKi = -

log(IC50/(1 + [L]/KD)) where KD is the affinity constant of 2-[125I]-iodomelatonin determined 

by saturation binding with CHO-hMT1 (Control KD = 116 pM; Resting KD = 280 pM) and CHO-

hMT2 (Control KD = 119 pM; Resting KD = 215 pM) membrane preparations and where [L] is 

the concentration of radioligand used in the assay. The differences in pKi values (ΔpKi) for 

individual compounds obtained in resting buffer and active buffer (pKi(Control)-pKi(GTP) = ΔpKi) 
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were normalized by melatonin ΔpKi (CHO-hMT1: 1.19; CHO-hMT2: 0.41) to determine 

apparent efficacy at melatonin receptors. Ligands were characterized based on affinity shifts 

or lack thereof (Nonno et al., 1998; Noel et al., 2014) as agonists (ΔpKi % MLT > 20%), 

antagonists (ΔpKi % MLT < 20, > -20% %ratio = 1), or inverse agonists (ΔpKi % MLT < -20%) 

accordingly (Nonno et al., 1998). 

3.3. Results 

3.3.1. Phthalate esters structure-activity relationships for binding to hMT1 and hMT2 melatonin 

receptors 

A variety of phthalates consisting of three monoesters and eleven diesters were tested in 2-

[125I]-iodomelatonin competition binding assays to evaluate whether phthalate esters can 

influence ligand binding to recombinant hMT1 and hMT2 melatonin receptors. High 

molecular weight (HMW: > 390 kDa) PDEs (DEHP, DNOP, and DINP) and monoesters (MBP, 

MBzP, and MEHP) did not inhibit binding to either receptor at concentrations independent 

of the influence of vehicle (Figure 3.6; Table 3.2). Except DHP binding to hMT1 (82% maximal 

inhibition) and hMT2 (89% maximal inhibition), phthalate esters with reported affinity 

constants completely inhibited (> 90%) 75 pM 2-[125I]-iodomelatonin binding in a dose-

dependent manner. Low molecular weight (LMW: <335 kDa) PDEs with aromatic 

substituents, BBzP and DPP, exhibited the highest affinities toward both hMT1 (BBzP Ki: 3.7 

μM; DPP Ki: 4.4 μM) and hMT2 (BBzP Ki: 1.1 μM; DPP Ki: 0.55 μM) receptors (Figure 3.6; Table 

3.2). LMW PDEs with alkyl substituents (DEP, DMP, DPrP, DBP, DHP, and DCP) competed for 
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binding to hMT1 receptors with Ki values between 12 and 56 μM while Ki values for hMT2 

receptors showed a narrower range of 3 to 12 μM (Figure 3.6; Table 3.2). 

To understand the differences in interactions between the hMT1 and hMT2 receptors with 

phthalate diesters, a novel melatonin receptor ligand chemotype, correlation analysis 

involving physiochemical properties derived by H. Zhang et al. (2015) was performed. This 

analysis revealed strong positive relationships between hMT1 affinity for LMW phthalate 

dialkyl esters with molecular weight (r2 = 0.91, P = 0.0032, n = 6; Figure 3.7A), log P (r2 = 

0.89, P = 0.0049, n = 6; Figure 3.7B), and molecular volume (r2 = 0.88, P = 0.0055, n = 6; Figure 

4.7C). In contrast, there were no correlations between hMT2 affinity for LMW phthalate 

dialkyl esters and the aforementioned physiochemical characteristics (Figure 3.7A-C). Also, 

there were no correlations between hMT1 or hMT2 affinity with length of side chain (Figure 

3.7D). 

3.3.2. LMW phthalate diesters apparent efficacy as determined in 2-[125I]-Iodomelatonin GTP 

Shift Assays 

2-[125I]-iodomelatonin competition binding GTP-shift assays were used to determine 

intrinsic activity for select LMW PDEs at hMT1 and hMT2 melatonin receptors. GTP and Na+ 

ions decouple G proteins from receptors in GPCR competitive binding assays, causing 

decreased affinity for agonists, no change for antagonists, and increased affinity for inverse 

agonists (Figure 1.3). G protein inactivation did not affect the binding affinity (no shift) of 

DPP, BBzP, and DEP and significantly increased the binding affinity (leftward shift) of DBP 

for hMT1 melatonin receptors which indicates antagonist efficacy for LMW PDEs at quiescent 

hMT1 receptors and additional inverse agonist activity for DBP at constitutively active 
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receptors (Figure 3.8 A-D). For hMT2 receptors, incubation with GTP suggests antagonist 

efficacy for DPP, BBzP, and DBP due to no affinity shift (Figure 3.8 E,F,&H) and agonist 

efficacy for DEP because of decreased affinity (rightward shift), similar to melatonin (Figure 

3.8 G). 

3.4. Discussion 

This study integrated pharmacoinformatic screening of the Chem2Risk database with in-

silico melatonin receptor docking and in-vitro 2-[125I]-iodomelatonin competition binding to 

recombinant human and endogenous mouse brain melatonin receptors to identify and 

determine apparent efficacy of environmental melatonin receptor ligands. As a result, we 

demonstrated that LMW phthalate diesters (DMP, DEP, DPrP, DBP, DCP, DHP, BBzP, and 

DPP) bind to mammalian melatonin receptors and that they likely exhibit signaling profiles 

distinct from melatonin. Considering prevalence of use, PEs with particular public health 

concern include BBzP (Ki hMT1 = 3.3 μM; Ki hMT2 = 1.1 μM; Ki Mouse SCN = 2.0 μM; Ki Mouse 

PVNT = 1.0 μM), DBP (Ki Mouse SCN = 0.72 μM; Ki Mouse PVNT = 0.87 μM) and DEP (Ki hMT2 

= 3.3 μM) (Table 3.2) (G. C. Glatfelter et al., 2017). The range of affinities reported for these 

PDEs is comparable to the potent MT2-selective environmental partial agonist, carbaryl (Ki 

hMT1 = 3.3 μM; Ki hMT2 = 0.16 μM; Ki Mouse SCN = 3.5 μM; Ki Mouse PVNT = 4.7 μM) (G. C. 

Glatfelter et al., 2017; Popovska-Gorevski et al., 2017). 

Among phthalates assessed to determine intrinsic efficacy at hMT1 and hMT2 receptors, 

defined by the presence or absence of a shift in affinity between G protein-coupled and -

decoupled receptor states (GTP-Shift) (Nonno et al., 1998), DEP was the only phthalate to 
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display agonist apparent efficacy for a particular melatonin receptor, expressly the hMT2. 

Given the vital role of melatonin activation of MT2 receptors in relaying time-of-day 

information to the central nervous system and peripheral tissues for regulation of rhythmic 

homeostatic processes (Dubocovich et al., 2010), further investigation of DEP MT2 agonist-

potency and exposure levels in tissues expressing MT2 is warranted. Reported levels of 

human exposure to phthalates vary globally across populations. However, metabolites of 

DEP, along with DEHP and DBP, are generally the most abundant identified in urine from 

biomonitoring studies (Y. Wang et al., 2019). In the U.S., median daily exposure for the 

general population was calculated to be between 5.4 and 12.3 μg/kg/day (95th percentile 

~100 μg/kg/day) for DEP (David, 2000; Kohn et al., 2000; Calafat & McKee, 2006; Wittassek 

et al., 2011). Predominant sources of exposure are personal care products, such as fragrances 

and cosmetics, and pill coatings (Wormuth et al., 2006). 

In humans, periods of sensitivity exist for melatonin receptor modulation of circadian 

rhythm phase by exogenous melatonin and other melatonin receptor agonists (Lewy et al., 

1992). One of these periods of melatonin receptor sensitivity typically coincides with dawn. 

Interestingly, in a study by (Koch et al., 2013), when measured at different times of day, 

concentration of DEP metabolites in urine rose sharply for some individuals, daily after 

showers at dawn which correspond with exposure to DEP from shower gels and colognes. 

Also, a Norwegian study observed rhythmic variations of metabolites in urine for DEP and 

DBP that were associated with morning personal care product use (Sakhi et al., 2017). 

Although the affinity of DEP for MT2 receptors is several orders of magnitude less than the 

affinity of melatonin, it is plausible that use of personal care products with high amounts DEP 

can activate melatonin receptors at inappropriate times of the day. Together, with agonist 
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apparent efficacy at MT2 and pseudo-rhythmic exposure for humans, among PEs, DEP is 

likely the best candidate for testing effects of acute exposure on melatonin receptor-

mediated processes in-vivo. 

Conversely, MT1 receptor inverse agonists/MT2 receptor antagonists, BBzP and DBP are 

likely the best candidates for testing for effects on chronic exposure, due to unpredictable 

timing of non-dietary exposures (Koch et al., 2013) and inhibition of 2-[125I]-iodomelatonin 

binding in C3H/HeN wild-type mouse brain slices containing key areas for circadian rhythm 

regulation, the SCN and PVNT (G. C. Glatfelter et al., 2017). BBzP and DBP are both used for 

increasing flexibility, softness, and malleability in polymeric products such as bags, toys, 

plastic tubing, and gloves (Wormuth et al., 2006). In the U.S., median daily exposure for BBzP 

in the general population was determined to be between 0.4 and 0.9 μg/kg/day (95th 

percentile 1.9–4.0 μg/kg/day) and for DBP the range of median daily exposure was between 

0.7 and 1.6 μg/kg/day (95th percentile 2.6–7.2 μg/kg/day) (David, 2000; Kohn et al., 2000; 

Calafat & McKee, 2006; Wittassek et al., 2011). Min et al. (2014) determined that daily 

exposure to BBzP by oral gavage in mice induces oxidative damage in brain, impairs learning 

and memory, and attenuates neurotransmission and CREB phosphorylation. Induction of 

oxidative damage in the brain suggests BBzP can cross the blood-brain barrier and alteration 

of cAMP/protein kinase A (PKA)/CREB signaling suggests that it directly or indirectly acts 

on GPCRs. 

Successful determination of affinity for 8 different compounds with similar composition 

allowed us to analyze the structure-activity relationships (SARs) between phthalate esters 

and MT1 and MT2 melatonin receptors. The SARs are consistent with the determinants of 
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MT1-/MT2-type selectivity described by Johansson et al. (2019) and Stauch et al. (2019) 

suggest that ligand access to the melatonin binding site of MT1 receptors is only accessible 

through a lateral access channel buried in the lipid membrane while Johansson et al. (2019) 

identify two entries for MT2 that include an analogous lipid membrane channel and a 

solvent-exposed extracellular membrane channel. Accordingly, for LMW PDEs with alkyl 

substituents, MT1 affinity decreases with decreased hydrophobicity (Log P) while for MT2 

affinity is relatively the same across the group. This may be because the more polar DMP and 

DEP are less likely to access the binding sites through the lateral membrane channels of MT1 

and MT2 receptors whereas for MT2 receptors they can access the pocket through the 

extracellular channel. These data highlight the importance of considering ligand entry with 

MT1 receptor docking simulations. 

Analysis of the SARs for a relatively large group of phthalate esters also allows us to evaluate 

use, in the context of high-throughput screening, of the new crystal structure derived in-silico 

models. For the eight LMW PDEs where solubility was not an issue, for both receptors, fold 

difference between docking score and 2-[125I]-iodomelatonin binding affinity exceeded 100 

in 1 of 16 instances and 10 in 4 of 16 cases. Of note, crystal structures of MT1 and MT2 

receptors were captured while the receptors were in inactive, “low agonist affinity” states 

(Johansson et al., 2019; Stauch et al., 2019). When comparing 2-[125I]-iodomelatonin binding 

affinities (Ki) determined in control and inactive conformation buffers with docking scores, 

in all 8 instances, inactive state Ki values were the same or closer to docking scores. Also, 

2-[125I]-docking to previous homology models (Popovska-Gorevski et al., 2017) and 

iodomelatonin binding assays with only control buffer determined that the PDE metabolites, 

PMEs, do not bind to melatonin receptors. However, interestingly when docked into crystal 
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structure/inactive state melatonin receptor models, PMEs display scores comparable to 

PDEs. This suggests that further 2-[125I]-iodomelatonin binding assays for PMEs in inactive 

conformation buffer are warranted since they may be inverse agonists that bind better to G 

protein-decoupled receptors. 

In addition to testing affinity of PMEs in inactive conformation buffer, docking scores also 

suggest HMW PDEs should be tested as well. The low solubility of HMW PDEs only allows for 

the determination of affinity when values are smaller than 25 μM. Docking scores indicate 

inactive conformation affinities for HMW PDEs DEHP, DNOP, and DINP may be close to 500 

nM. In addition, since it is among the three most ubiquitous PDEs, affinity for all three DEHP 

isomers should be tested individually, as when tested for interaction with progesterone 

receptors, only the RR isomer bound (Sheikh, 2016). Although docking simulations predict 

binding to melatonin orthosteric sites and PDEs completely inhibit binding characteristically 

of competitive ligands, other future studies include determination of binding site and 

potency at different melatonin receptor pathways as phthalates are thought to be allosteric 

modulators of CB1 GPCRs (Bisset et al., 2011). These studies would allow for the optimal 

design of in-vivo studies to determine whether phthalate exposure modulates melatonin-

receptor mediated processes. 

3.5. Conclusions 

These studies reiterate the importance of studying melatonin xeno-pharmacology, first 

described by Popovska-Gorevski et al. (2017). It is alarming that members of such a large 

class of pervasive environmental pollutants, individually or together may have a pathological 
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impact on melatonin receptor regulated homeostatic functions, as there is considerable 

overlap between diseases linked to exposure of PAEs and those associated with aberrant 

melatonin receptor function and circadian disruption (Table 5.1). Assessment of human-

made compounds for their disruption of circadian activities needs to be considered by the 

Tox21 program (National Research Council, 2007; Kavlock et al., 2009; Tice et al., 2013) and 

also in epidemiological studies, determination of time-of-exposure for chemicals, similar to 

Koch et al. (2013) or Sakhi et al. (2017), can enhance such an effort. Further, prevention of 

non-communicable diseases will benefit from recent advances in pharmacoinformatic 

technology, as they will help pinpoint potential environmental melatonin receptor-targeting 

circadian disruptors. 
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Physiochemical Properties SYBYL Surflex Docking 

M.W. 
Log_P* 

L Vm 
Human 

MT1 

Human 

MT2 

Score 

Ratio 

Phthalate g/mol Å* Å3* Score Score MT1/MT2 

1. Dimethyl (DMP) 194 1.64 3.69 235 4.6 4.7 1.2 

2. Diethyl (DEP) 222 2.70 4.74 2.82 4.8 4.9 1.2 

3. Dipropyl (DPrP) 250 3.76 5.90 325 5.0 5.2 1.7 

4. Dibutyl (DBP) 278 4.83 6.63 376 5.5 5.5 1.0 

5. Dicyclohexyl (DCP) 330 5.76 6.46 406 7.3 7.0 0.4 

6. Dihexyl (DHP) 335 6.95 5.60 468 5.9 6.0 1.2 

7. Butylbenzyl (BBzP) 312 5.00 6.78 400 6.4 6.6 1.7 

8. Diphenyl (DPP) 318 4.41 6.35 380 7.4 7.6 1.4 

9. Di(2-ethylhexyl) 
(DEHP) 

391 8.71 7.41 522 6.0 6.4 2.3 

10. Di-n-octyl 
phthalate (DnOP) 

391 9.08 11.9 576 5.7 6.2 2.8 

11. Diisononyl (DiNP) 419 9.77 12.2 614 6.4 6.3 0.8 

Table 3.1. Physiochemical properties and docking scores of phthalate diesters for 
human MT1 and MT2 melatonin receptor models derived from X-ray crystal 
structures. 

*Log P, L (length of side chain, Å), and Vm (molecular volume, Å3) values are drawn from H. 

Zhang et al. (2015). MT1 (PDB ID: 6ME2) and MT2 (PDB ID: 6ME9) melatonin receptors 

crystalized in complex with ramelteon. Surflex docking scores are predicted values for 

binding affinity expressed as pKi. 
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2-[125I]-Iodomelatonin Competition Binding 

Human MT1 Human MT2 Ki Ratio Mouse SCN Mouse PVNT 

Ligand pKi (n) pKi (n) MT1/MT2 pKi 
*(n) pKi 

* (n) 

1. DMP 
4.21 ± 0.09 

(3) 
5.22 ± 0.04 

(3) 
10 - -

2. DEP 
4.32 ± 0.07 

(11) 
5.48 ± 0.05 

(10) 
14 

5.05 ± 0.14 
(3) 

4.94 ± 0.13 
(3) 

3. DPrP 
4.25 ± 0.15 

(3) 
5.36 ± 0.06 

(3) 
13 - -

4. DBP 
4.66 ± 0.06 

(10) 
5.18 ± 0.04 

(10) 
3.3 

6.14 ± 0.11 
(3) 

6.07 ± 0.07 
(3) 

5. DCP 
4.92 ± 0.05 

(7) 
4.99 ± 0.04 

(7) 
1.2 - -

6. DHP 
5.03 ± 0.08 

(6) 

5.71 ± 0.08 

(7) 
4.8 - -

7. BBzP 
5.48 ± 0.04 

(9) 
5.97 ± 0.04 

(9) 
3.0 

5.70 ± 0.15 
(3) 

5.98 ± 0.08 
(3) 

8. DPP 
5.50 ± 0.06 

(9) 
6.29 ± 0.03 

(8) 
6.1 

6.01 ± 0.19 
(3) 

6.06 ± 0.08 
(3) 

9. DEHP < 4.5 (4)& < 4.5 (4)& N.D. < 4.0 (3) < 4.0 (3) 

10. DnOP < 4.5 (3)& < 4.5 (2)& N.D. - -

11. DiNP < 4.5 (4)& < 4.5 (4)& N.D. - -

12. MBP < 4.0 (3) < 4.0 (3) N.D. - -

13. MBzP < 4.0 (3) < 4.0 (3) N.D. < 4.0 (3) < 4.0 (3) 

14. MEHP < 4.0 (3) < 4.0 (3) N.D. - -

Table 3.2. Affinity of phthalate esters for binding to melatonin receptors. 

Competition of phthalate esters for 2-[125I]-iodomelatonin [75 pM] binding to CHO cell 

membranes stably expressing either recombinant hMT1 or hMT2 and C3H mouse brain slice 

SCN and PVNT melatonin receptors. Binding was performed at 25 °C for 1 hour. pKi values 

were calculated from IC50 values obtained from competition curves using the Cheng-Prusoff 

equation (Cheng & Prusoff, 1973). pKi values are expressed as the mean ± SEM of 

independent experiments. Ki ratios represent fold difference (Ki(hMT1)/Ki(hMT2)) in affinity of 

each phthalate ester for 2-[125I]-iodomelatonin binding to hMT1 and hMT2 melatonin 

receptors. &Denotes binding inhibition values were indistinguishable from vehicle. *Denotes 

values were obtained from G. C. Glatfelter et al. (2017). 
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Figure 3.1. Melatonin and phthalate diester molecular features. 

Melatonin (MLT) Phthalate diesters: diethyl phthalate (DEP); dibutyl phthalate (DBP); 

butylbenzyl phthalate (BBzP). Aromatic (AR) = rendered purple; Hydrogen donor (HD) = 

blue; Hydrogen acceptor (HA) = orange; Hydrophobic (HYD) = green. 
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Figure 3.2. Molecular docking of butylbenzyl phthalate with human MT1 and MT2 

melatonin receptor models derived from X-ray crystal structures. 

A. MT1 (tan; PDB ID: 6ME2) and B. MT2 (cyan; PDB ID: 6ME9) melatonin receptors crystalized 

in complex with ramelteon (not shown) with top docked pose of BBzP (light blue). 
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Figure 3.3. Docking interactions of LMW PDEs with hMT1 receptor models (6ME2). 
Top docking poses of ramelteon (A), DEP (B), DBP (C), and BBzP (D). Residues shown are 

within 5 Å of prospective compounds. Reference ligands (i.e., ramelteon) interact with MT1 

mainly by strong aromatic stacking with Phe179 and auxiliary hydrogen bonds with Asn162 

and Gln181 (Stauch et al., 2019). 
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Figure 3.4. Docking interactions of LMW PDEs with hMT2 receptor models (6ME9). 
Top docking poses of ramelteon (A), DEP (B), DBP (C), and BBzP (D). Residues shown are 
within 5 Å of prospective compounds. Reference ligands (i.e., ramelteon) interact with MT1 

mainly by strong aromatic stacking with Phe192 and auxiliary hydrogen bonds with Asn175 
and possibly Gln194 and/or Asn268 (Johansson et al., 2019). 
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Figure 3.5. Structures of phthalate esters. 

Phthalate diesters: dimethyl phthalate (DMP); diethyl phthalate (DEP); dipropyl phthalate 

(DPRP); dibutyl phthalate (DBP); dicyclohexyl phthalate (DCP); dihexyl phthalate (DHP); 

butylbenzyl phthalate (BBzP); diphenyl phthalate (DPP); di(2-ethylhexyl) phthalate (DEHP); 

di-n-octyl phthalate (DNOP); diisononyl phthalate (DINP). Phthalate monoesters: monobutyl 

phthalate (MBP); monobenzyl phthalate (MBzP); mono(2-ethylhexyl) phthalate (MEHP). 

Melatonin and luzindole structures are shown for comparison. 
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Figure 3.6. Phthalate esters 
inhibit 2-[125I]-
iodomelatonin binding to 
hMT1 and hMT2 melatonin 
receptors. 

Competition of phthalate 

esters [A&B: diphenyl 

phthalate (8, ), dihexyl 

phthalate (6, ), dibutyl 

phthalate (4, ▲), di-n-octyl 

phthalate (10, ▼), and 

monobutyl phthalate (12, ); 

(C&D) butylbenzyl phthalate 

(7, ), dipropyl phthalate (3, 

), dicyclohexyl phthalate (5, 

▲), diisononyl phthalate (11, 

▼), and monobenzyl 

phthalate (13, ); (E&F) 

diethyl phthalate (2, ), 

dimethyl phthalate (1, ), 

di(2-ethylhexyl) phthalate (9, 

▲), and mono(2-ethylhexyl) 

phthalate (14, )] for 2-[125I]-

iodomelatonin (75-100 pM) 

binding to membranes from 

CHO cells stably expressing hMT1 (A,C, E) or hMT2 (B, D, F) melatonin receptors. Values are 

expressed as percent total binding in the absence of competitor (). Symbols presented are 

the mean ± SEM from two to eleven independent determinations. Corresponding pKi values 

are shown in Table 3.1. 
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Figure 3.7. Correlation analysis between affinity (pKi) of low molecular weight 

phthalates at human melatonin receptors and molecular weight (A), log P (B), 

molecular volume (C), and length of side chain (D). 

pKi values are taken from Table 3.1. Log P, molecular volume (Å3), and length of side chain 

(Å) values are drawn from Zhang et al. 2015. Squares ( - significant correlation, ) 

represent hMT1 values. Circles represent () hMT2 values. 
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Figure 3.8. Low molecular weight phthalate diesters compete for 2-[125I]-

iodomelatonin binding to hMT1 and hMT2 melatonin receptors without (control) and 

with (GTP) G protein inactivation. 

Membranes from CHO cells stably expressing hMT1 ( for control,  for GTP, A-D,&I) or 

hMT2 ( for control,  for GTP, E-H,&J) melatonin receptors in control (50 mM Tris-HCl, 10 

mM MgCl2) or GTP (50 mM Tris-HCl, 10 mM MgCl2, 100 μM GTP, 1 mM EDTA.Na2, 150 mM 

NaCl) buffer were incubated with 2-[125I]-iodomelatonin (75 pM) in the absence and the 

presence of various concentrations of melatonin (MLT, I&J, see Figure 2.9 A&E), luzindole 
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(LUZ, I&J, see Figure 2.9 B&F), DPP (A,E,I,&J), BBzP (B,F,I,&J), DEP (C,G,I,&J), or DBP (D,H,I&J). 

(A-H) The ordinate represents 2-[125I]-iodomelatonin binding expressed as percent total 

binding. Significant differences in Ki between incubation with control and GTP buffer were 

determined by ratio paired t tests (***P < 0.001, ****P < 0.0001). Points shown are the mean 

± SEM from independent experiments. (I&J) The ordinate represents the difference in pKi 

(pKicontrol – pKiGTP = ΔpKi) produced by G protein inactivation normalized to full agonist, 

melatonin (hMT1 ΔpKi = 1.19, hMT2 ΔpKi = 0.41, see figure 2 A&E ). Ligands are classified as 

agonists (>20%), antagonists (between 20% and -20%; dashed lines), or inverse agonists (<-

20%). Significant affinity changes by GTP above 20% or below -20% were determined by 

one sample t tests (*P < 0.05; **P < 0.01). 
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CHAPTER IV - Pharmacological Characterization of Melatonin 
Receptors in INS-1E Cells 

Anthony J. Jones, Rajendram V. Rajnarayanan, Lucy D. Mastrandrea, Margarita L. 

Dubocovich 

Data in this chapter was adapted from: Jones AJ, Mastrandrea LD, Rajnarayanan RV, & Dubocovich ML. 

Pharmacological Characterization of Melatonin Receptors in INS-1E Cells. In Preparation. 
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4.1. Introduction 

There is a growing concern that environmental pollutant action on endocrine targets has a 

role in the pathophysiology of metabolic disorders such as obesity and diabetes. However, 

few toxicological studies have considered G protein-coupled receptors (GPCRs), significant 

contributors to regulation of energy metabolism homeostasis, as targets of endocrine 

disruption (Heindel et al., 2017; Le Ferrec & Øvrevik, 2018). Concerning this, MT1 and MT2 

melatonin GPCRs are apparent candidates for testing as targets for disruption by 

environmental chemicals. These two 7-transmembrane receptor targets of the “hormone of 

darkness,” melatonin, which are expressed in both the central nervous system and in 

peripheral tissues and have a role in synchronizing rhythmic metabolic processes such as 

insulin and leptin release (Peschke & Peschke, 1998; Dubocovich et al., 2010; Challet, 2015). 

Interestingly, using an integrated pharmacoinformatics-molecular docking-in-vitro 

competition binding approach, Popovska-Gorevski et al. (2017) have identified the 

ubiquitous carbamate insecticides, carbaryl and carbofuran, as structural mimics of 

melatonin that can bind to MT1 and MT2 melatonin receptors. Recently, (Juntarawijit & 

Juntarawijit, 2018) determined that exposure to carbaryl was significantly associated with 

an increased incidence of diabetes among a group of 1,887 farmers in Thailand. This study 

analyzed exposure data for 35 commonly used pesticides, 12 of which, including carbaryl, 

were acetylcholinesterase (AChE) inhibitors. Out of the 12 AChE inhibitors, only exposure to 

carbaryl and mevinphos, an organophosphate insecticide, were associated with diabetes 

occurrence, possibly suggesting a mechanism of toxicity separate from AChE inhibition that 

could involve disruption of melatonin receptor activity. For further evaluation of whether 

carbamate insecticides or other environmental compounds with affinity for melatonin 
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receptors genuinely can disrupt melatonin receptor-mediated rhythmic processes, such as 

glucose homeostasis, in target tissues, pathophysiologically relevant in-vitro models are 

required. 

Although there are some discrepancies between investigations, the role of pancreatic 

melatonin receptors in control and dysregulation of glucose homeostasis has been studied 

in depth in-vitro and in rodents and humans (Peschke et al., 2013; Karamitri & Jockers, 

2019). Several studies indicate that agonist activation of melatonin receptors inhibits 

glucose- and forskolin-stimulated insulin release from rat islets and clonal pancreatic β-cells 

by inhibition of cAMP formation and protein kinase A (PKA) activity (Peschke & Peschke, 

1998; Peschke et al., 2000; Kemp et al., 2002; Peschke et al., 2002; Picinato et al., 2002; 

Peschke et al., 2006). The rat insulinoma INS-1 cell line (Asfari et al., 1992), generally 

accepted as a pancreatic β-cell model (Skelin et al., 2010), has relatively high insulin content, 

is glucose-sensitive, and has been found to express both rat (r) MT1 and MT2 mRNA 

transcripts (Muhlbauer & Peschke, 2007). Therefore, INS-1 cells may be a suitable model for 

testing of whether environmental melatonin receptor ligands can alter melatonin receptor-

mediated pathophysiology. 

Molecular and immunocytochemical studies have indicated the presence of both MT1 and 

MT2 melatonin receptors in human (h) pancreatic islets, with 3- to 4-times higher mRNA 

expression levels of MT1 transcripts compared to the MT2 in healthy islets (Ramracheya et 

al., 2008). Moreover, genome-wide association studies (Bonnefond et al., 2012) and 

subsequent experimental investigations (Bonnefond et al., 2016; Tuomi et al., 2016; 

Bonnefond & Froguel, 2017; Karamitri et al., 2018; Johansson et al., 2019) have elucidated a 
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key role for MT2 melatonin receptors and specific single nucleotide polymorphisms in its 

encoding gene, MTNR1B, in cases of increased type 2 diabetes (T2D) risk (Karamitri & 

Jockers, 2019). Considering the significant role of hMT2 in glucose homeostasis, for 

predictive value, a pancreatic β-cell model for proper endocrine disruptor testing should 

express MT2 melatonin receptors. Though INS-1 cells possess both rMT1 and rMT2 mRNA 

transcripts, before this study, it has been unclear which type melatonin receptor proteins are 

expressed. (Muhlbauer & Peschke, 2007) found rMT2 mRNA levels to be 86-fold lower than 

for rMT1, a marked difference in MT1/MT2 ratio when compared to human mRNAs. 

Here we pharmacologically characterize INS-1E (a subclone of INS-1 that retains a 

differentiated β-cell phenotype for more passages than its parental line) (Merglen et al., 

2004) rat melatonin receptors using 2-[125I]-iodomelatonin saturation binding, competition 

binding with non-selective and MT2 type-selective reference ligands, and GTP-shift assays 

(Laitinen & Saavedra, 1990; Nonno et al., 1998). Due to the overwhelming proportion in 

rMT1 versus rMT2 mRNA expression in INS-1 cells (Muhlbauer & Peschke, 2007), it is 

expected that pharmacological characterization of melatonin receptor protein expression 

will indicate only the presence of rMT1 melatonin receptors. For comparison, Audinot et al. 

(2008) determined the structure-activity relationship (SAR) for reference ligands at 

recombinant rMT1 receptors to be 2-iodomelatonin > melatonin > 6-chloromelatonin >> 4-

P-PDOT = luzindole and for rMT2 receptors to be 2-iodomelatonin > melatonin > 6-

chloromelatonin > luzindole > 4-P-PDOT. Also, because affinities and functionality of 

reference ligands are similar for human and rat corresponding types (Audinot et al., 2008), 

likely, affinities and efficacy of reference ligands for INS-1E rat melatonin receptors will 

correlate with hMT1 affinities and efficacy. Subsequently, we determine the efficacy of 
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environmental melatonin receptor ligand, carbaryl, at INS-1E melatonin receptors using 

GTP-shift 2-[125I]-iodomelatonin competition binding and insulin release assays. 

4.2. Materials and Methods 

4.2.1. Reagents and Ligands 

Products for cell culture were obtained from VWR International (Pittsburgh, PA, USA). 2-

[125I]-iodomelatonin (SA: 2,200 Ci, 81.4TBq/mmol) was purchased from Perkin Elmer 

(Shelton, CT, USA). RPMI 1640 culture media was from Thermo Fisher Scientific (Gibco, 

Grand Island, NY, USA). Heat-inactivated fetal bovine serum (HI-FBS) was from Atlanta 

Biologicals, Inc. (Norcross, GA, USA). INS-1E cells (Merglen et al., 2004) were a gift from Dr. 

Claes Wollheim (Lund University Diabetes Centre, LU, Sweden). Melatonin, carbaryl, 

guanosine 5’-triphosphate sodium salt hydrate (GTP) and forskolin were purchased from 

Sigma (St. Louis, MO, USA). 5-Methoxyluzindole was from Nelson Research (Irvine, CA, USA). 

6,7-Di-chloromethylmelatonin, 6-chloromelatonin, and N-acetyltryptamine, were from Eli 

Lilly (Indianapolis, IN, USA). 6-Chloro-2-methylmelatonin was from Research Biochemical 

Inc. (Natick, MA, USA), as part of the Chemical Synthesis Program of the National Institute of 

Health (Contract 278–90–0007). GR 128107 was provided by Dr R. Hagan (Glaxo, Stevenage, 

U.K.). 2-Iodomelatonin, luzindole, and 4-P-PDOT were purchased from Tocris (Minneapolis, 

MN, USA). All other chemicals were reagent grade. 
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4.2.2. Cell Culture 

INS-1E cells were cultured in RPMI 1640 medium, containing 2 mM L-glutamine, 1 mM 

sodium pyruvate, 50 µM β-mercaptoethanol, 10 mM HEPES, 100 units/mL penicillin, 100 

µg/mL streptomycin, 5% fetal calf serum and 11.2 mM glucose, and incubated at 37 °C and 

under 5% CO2. 

4.2.3. Drug Dilutions 

For binding experiments, all competitor ligands (melatonin, 2-iodomelatonin, 6-chloro-2-

methylmelatonin, 6,7-di-chloromethylmelatonin, 6-chloromelatonin, 5-methoxyluzindole, 

6-hydroxymelatonin, n-acetyltryptamine, n-acetylserotonin, GR 128107, 4-P-PDOT, and 

luzindole) were prepared as 13 mM stock solutions in ethanol, except for carbaryl which was 

dissolved as 130 mM in ethanol. 13 mM stock solutions of luzindole, 5-methoxyluzindole, 

and 4-P-PDOT and 130 mM carbaryl were subsequently diluted 1/10 in in 50% ethanol/50% 

Tris-HCl buffer (50 mM, 10mM MgCl2, pH 7.4 at 25 °C). All subsequent 1/10 dilutions were 

performed in Tris-HCl buffer. For insulin release experiments 13 mM melatonin and carbaryl 

were diluted 1/13 to 1 mM in RPMI 1640 medium, containing 2 mM L-glutamine, 1 mM 

sodium pyruvate, 50 µM β-mercaptoethanol, 10 mM HEPES, 100 units/mL penicillin, 100 

µg/mL streptomycin, 3 mM glucose. Further 1/10 dilutions were prepared in RPMI 1640 3 

mM glucose medium. The final ethanol vehicle concentration for treatment was 0.08%. 

4.2.4 Cell Harvesting and Membrane Preparation 

Cells harvesting was adapted to INS-1E cells based on the protocol from Gerdin, Masana, et 

al. (2003). At 80% confluence, cells were washed with PBS (potassium phosphate buffer, 10 
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mM, pH 7.4), detached with PBS containing 0.25 M sucrose and 1 mM EDTA, and pelleted by 

centrifugation (1700 x g, 5 min). Pellets were stored at -80 °C until use. Cell pellets were 

suspended and homogenized in control Tris-HCl buffer (50 mM Tris-HCl, 10 mM MgCl2; pH 

7.4 at 25 °C) and washed twice by centrifugation (17,000 x g, 15 min) in control or inactive 

conformation buffer (50 mM Tris-HCl, 10 mM MgCl2, 100 μM GTP, 1 mM EDTA.Na2, 150 mM 

NaCl, pH 7.4 at 25 °C) as described (Popovska-Gorevski et al., 2017). 

4.2.5. 2-[125I]-Iodomelatonin Saturation Binding Assay 

Membrane suspensions (34 ± 6 μg protein/assay) in Tris-HCl 50 mM 10 mM MgCl2 buffer 

were incubated with 2-[125I]-iodomelatonin at various concentrations (2.5 to 1200 pM) in 

the absence and presence of melatonin (100 nM) and 25 °C for 1 hour. Incubation was 

terminated by vacuum filtration through glass microfiber filters, pre-soaked in 0.5% 

polyethyleneimine, which were subsequently washed twice and counted in a γ-counter. 

4.2.6. 2-[125I]-Iodomelatonin Competition Binding Assay 

Membrane suspensions (42 ± 2 μg protein/assay) in Tris-HCl 50 mM 10 mM MgCl2 buffer 

was incubated with 2-[125I]-iodomelatonin (300 pM) in the absence and presence of 

competitor and at 25 °C for 1 hour. Competitors for 2-[125I]-iodomelatonin binding were 

melatonin (10 pM to 100 nM), 2-iodomelatonin (100 fM to 100 nM), 6-chloro-2-

methylmelatonin (100 fM to 100 nM), 6,7-di-chloromethylmelatonin (1 pM to 1 μM), 6-

chloromelatonin (10 pM to 10 μM), 5-methoxyluzindole (10 pM to 10 μM), 6-

hydroxymelatonin (10 pM to 10 μM), n-acetyltryptamine (10 pM to 10 μM), n-

acetylserotonin (10 pM to 100 μM), GR 128107 (10 pM to 10 μM), 4-P-PDOT (1 nM to 100 
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μM), luzindole (10 nM to 1 mM), and carbaryl (10 nM to 10 mM) were determined. Melatonin, 

luzindole, and carbaryl were also tested in the presence of 100 μM GTP, 1 mM EDTA.Na2 and 

150 mM NaCl (inactive conformation buffer). Incubation was terminated by vacuum 

filtration through glass microfiber filters pre-soaked in 0.5% polyethyleneimine, which were 

subsequently washed twice and counted in a γ-counter. 

4.2.7. Forskolin-Stimulated Insulin Release Assay 

Cells were seeded in 24 well tissue culture plates at 1 x 105 cells/well. They were allowed to 

grow in 11.2 mM glucose growth media for six days at 37 °C and under 5% CO2 until they 

reached about 80% confluence. One day before an insulin release experiment was to be 

performed, the glucose concentration in the media was reduced to 5 mM. Glucose 

concentration in the media was reduced to 3 mM for two hours before treatment. Cells were 

pre-treated with 3 mM glucose media without (control) or with melatonin (10 µM), carbaryl 

(10 µM), or vehicle (0.08 % EtOH) for 1 hour. For media collection, the 24-well plate was 

placed on top of a sponge in a 37 °C water bath. Cells were washed once in their respective 

treatment media. 3 mM glucose media with respective treatment media was added and 

collected after 3 and 9 minutes to determine basal insulin release. Subsequently, treatment 

media containing 5 µM forskolin was added and collected after 3 minutes then treatment 

media without forskolin was then added and collected after 9 minutes. After collection, 

samples were centrifuged to sediment any floating cells. An aliquot of the supernatant 

fraction was removed and saved at -80 °C. Insulin concentration was measured by a rat 

insulin radioimmunoassay (EMD Millipore) as previously described (Hasan et al., 2012). 
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4.2.8. Data Analysis and Statistics 

Individual Ki values were calculated using commercial software (GraphPad PRISMTM 8.0) 

according to the Cheng-Prusoff equation (Cheng & Prusoff, 1973). Results were expressed as 

pKi = -log (IC50/(1 + [L]/KD)) where [L] is the concentration of 2-[125I]-iodomelatonin used 

in the assay and where KD is the dissociation constant of 2-[125I]-iodomelatonin determined 

when characterizing the INS-1E membrane preparation 2-[125I]-Iodomelatonin binding sites 

(KD = 52.1 pM). Significant differences between Ki(Control) and Ki(Inactive) were 

determined by ratio paired t tests (alpha = 0.05). Preference for one-site and two-site 

nonlinear regression curve fits was determined by extra sum-of-squares F test that selects 

the simpler one-site model unless P < 0.05. Percentage of forskolin-stimulated insulin release 

inhibition values are compared to vehicle using a one-way ANOVA (alpha = 0.05) with 

Dunnett’s post-test (alpha = 0.05). 

4.3. Results 

4.3.1. 2-[125I]-Iodomelatonin Saturation Binding at INS-1E melatonin receptors 

Saturation binding assays were used to establish the binding characteristics and 

pharmacology of 2-[125I]-iodomelatonin binding to INS-1E cell membranes. Comparison of 

fit between one-site and two-site non-linear regression models determined that 2-[125I]-

iodomelatonin binding to INS-1E cell membranes better fits the simpler monophasic model 

(n = 8, P > 0.05, F2,69 = 0.7357, Figure 4.1). The total number of binding sites determined 

(Bmax) was 9.7 ± 1.2 fmol/mg protein, and the dissociation constant (KD) was 52.1 ± 6.0 pM 

(Figure 4.1). The monophasic competition curve along with the picomolar affinity for 2-
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[125I]-iodomelatonin binding suggests that the radioligand binds to a single high-affinity 

state of either or both rMT1 and rMT2 melatonin receptors. 

4.3.2. Pharmacological profiling of INS-1E membrane receptor 2-[125I]-iodomelatonin site(s) 

2-[125I]-iodomelatonin competition binding affinities (Ki) of thirteen human melatonin 

receptor ligands known to have diverse subtype selectivity and efficacies (Table 4.1, Figure 

4.2) (Dubocovich et al. 1997, Beresford et al. 1998, Legros et al. 2013, Popovska-Gorevski et 

al. 2017) were determined for rat melatonin receptors expressed on INS-1E cell membranes 

in order to identify which melatonin receptor type(s) is/are expressed. A one-site curve fit 

was the preferred model when compared to a two-site fit for all compounds tested giving 

single Ki values for each compound that ranked as 6-chloro-2-methylmelatonin (n = 3, P > 

0.05, F2,19 = 2.082) > 2-iodomelatonin (n = 3, P > 0.05, F2,19 = 2.945) > melatonin (n = 9, P > 

0.05, F2,50 = 2.077) > 6-chloromelatonin (n = 3, P > 0.05, F3,18 = 0.9678) > 6,7-di-

chloromethylmelatonin (n = 3, P > 0.05, F2,17 = 1.305) > 6-hydroxymelatonin (n = 3, P > 0.05, 

F2,19 = 0.8042) > GR 128107 (n = 5, P > 0.05, F2,36 = 1.939) > 5-methoxyluzindole (n = 3, P > 

0.05, F2,19 = 2.632) > n-acetyltryptamine (n = 2, P > 0.05, F2,11 = 0.1764) > n-acetylserotonin 

(n = 5, P > 0.05, F2,36 = 3.021) > 4-P-PDOT (n = 3, P > 0.05, F2,17 = 0.6787) > luzindole (n = 4, 

P > 0.05, F2,24 = 1.962) > carbaryl (n = 4, P > 0.05, F2,20 = 0.4394) (Table 4.1, Figure 4.3). When 

INS-1E pKi values were compared to recombinant human (Beresford et al., 1998; Legros et 

al., 2014; Popovska-Gorevski et al., 2017) and rat (Audinot et al., 2008) MT1 and MT2 

receptors expressed in CHO cells, there were significant correlations to pKi values of hMT1 

(n = 7, slope = 1.03, r2 = 0.98, P < 0.0001), hMT2 (n = 7, slope = 0.55, r2 = 0.62, P = 0.035), and 

rMT1 (n = 5, slope = 0.82, r2 = 0.90, P < 0.015) receptors (Figure 4.4). In addition, when 
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comparing the differences between INS-1E and recombinant receptor pKi values for 

individual compounds, average differences were lesser for hMT1 (0.27) vs hMT2 (1.03) and 

for rMT1 (0.58) vs rMT2 (0.96) (Table 4.1, Figure 4.5). 

4.3.3. Verification of G protein-mediated functional activity at 2-[125I]-Iodomelatonin site 

Competition binding affinity in control and inactive conformation buffer (100 μM GTP, 1 mM 

EDTA.Na2 and 150 mM NaCl) of melatonin (rMT1 and rMT2 agonist) and luzindole (rMT1 and 

rMT2 antagonist) (Audinot et al. 2008), were determined to verify sensitivity to G protein-

decoupling for INS-1E melatonin receptors. Equilibration in inactive conformation buffer 

significantly decreased the binding affinity of melatonin for the INS-1E melatonin receptors 

(Ki Control = 0.088 ± 0.017 nM, Ki Inactive = 0.513 ± 0.196 nM, Inactive/Control Ki ratio = 6.1 

± 2.1, P = 0.0124, n = 4) while it had no effect on the binding of negative control, luzindole (Ki 

Control = 1210 ± 460 nM, Ki GTP = 990 ± 291 nM, Inactive/Control Ki ratio = 0.82, P = 0.6320, 

n = 6, Figure 4.6). Similar to antagonist luzindole, incubation in inactive conformation buffer 

had no significant effect on the binding affinity of carbaryl (Ki Control = 3300 ± 789 nM, Ki 

GTP = 5040 ± 190 nM, Inactive/Control Ki ratio = 2.0, P = 0.16, n = 6, Figure 4.6). 

4.3.4. Effect of carbaryl on forskolin-stimulated insulin release from INS-1E cells 

The ability of carbaryl to inhibit forskolin-stimulated insulin release, a process known to be 

regulated by rMT1 and rMT2 melatonin receptor activation (Kemp et al., 2002), was assessed 

in INS-1E cells. Carbaryl at 10 μM inhibited forskolin-stimulated insulin release from the 

clonal pancreatic β-cell line by 25% (96% melatonin effect) as determined by 

radioimmunoassay (Figure 4.7). 
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4.4. Discussion 

High-throughput prediction of whether environmental melatonin receptor ligands can 

disrupt vital melatonin receptor-mediated physiological processes requires an in-vitro 

model with assay endpoints that are translatable to in-vivo effects. Considering the 

importance of the hMT2 in regulating insulin levels in humans, a pancreatic β-cell model used 

for endocrine disruptor screening should express MT2 melatonin receptors. While the 

versatile rat INS-1E insulinoma cell line, the most widely used pancreatic β-cell model (Green 

et al., 2018), is amenable to various insulin release and reporter assays for screening, its 

melatonin receptor expression profile is unclear. Verification of which melatonin receptors 

INS-1E cells express, rMT1 alone or both rMT1 and rMT2, will determine whether INS-1E cells 

are an appropriate screening model for environmental melatonin receptor modulators. In 

conjunction, the 2-[125I]-iodomelatonin saturation, competition, and GTP-shift binding data 

presented here that characterized endogenous melatonin receptor expression, suggest that 

the vast majority of INS-1E cells 2-[125I]-iodomelatonin binding sites are rMT1 melatonin 

receptors. Also, taken together, inconsistent outcomes in GTP-shift binding and forskolin-

stimulated insulin release paradigms do not conclusively resolve whether carbaryl can 

modulate melatonin receptor signaling in INS-1E cells. 

2-[125I]-iodomelatonin saturation binding with INS-1E cell membranes yielded a 2-[125I]-

iodomelatonin affinity constant (KD) that was compatible with 2-[125I]-iodomelatonin KD 

values for rMT1 recombinantly expressed in CHO Cells (42 ± 6 pM) (Audinot et al., 2008) and 

endogenous melatonin receptors, likely to be only rMT1 (C. Liu et al., 1997; Poirel et al., 

2002), in rat brain slices (43-52.8 pM) (Weaver et al., 1989; Laitinen & Saavedra, 1990). Also, 
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the INS-1E KD value was appreciably lower than the recombinant CHO-rMT2 value (130 ± 32 

pM) (Audinot et al., 2008). Surprisingly for another widely used INS-1 subclone, the 

genetically modified INS-1 832/13 (Hohmeier et al., 2000), the 2-[125I]-iodomelatonin KD 

value was slightly lower (17 ± 2.5 pM) and the receptor density (Bmax) was 3.4-fold higher 

(33 ± 2.7 fmol/mg protein) (Nishiyama & Hirai, 2015). While it is common for receptor 

density to vary across cell lines and tissues, 2-[125I]-iodomelatonin KD rMT1 values across 

systems should remain the same. When comparing pIC50 values for melatonin inhibition of 

2-[125I]-iodomelatonin binding to rat pancreas sections ([2-[125I]-iodomelatonin] = 120 pM) 

(Peschke et al., 2000), INS-1E cells ([2-[125I]-iodomelatonin] = 300 pM), and INS-1 832/13 

([2-[125I]-iodomelatonin] = 50 pM), the pIC50 values for pancreas slices and INS-IE 

membranes were both 9.4 while the INS-1 832/13 value is 9.8. pH of incubation buffer is the 

most apparent distinction when comparing INS-1 832/13 preparations (Nishiyama & Hirai, 

2015) (pH = 7.5-7.7) to INS-1E, CHO-rMT1 (Audinot et al., 2008), and rat brain and pancreas 

slice preparations (Weaver et al., 1989; Laitinen & Saavedra, 1990; Peschke et al., 2000) (pH 

= 7.4). 

Pharmacological profiling and correlation analyses of INS-1E 2-[125I]-iodomelatonin pKi 

values (Beresford et al., 1998; Legros et al., 2014; Popovska-Gorevski et al., 2017) agree with 

saturation binding and RT-PCR data (Muhlbauer & Peschke, 2007) that suggest INS-1E 

melatonin binding sites are mainly rMT1 receptors. However, rMT2 expression still cannot 

be ruled out. For hMT2-selective compounds GR 128107 (Ki COS-7 hMT1/Ki COS-7 hMT2 = 

113) and 5-methoxyluzindole (Ki COS-7 hMT1/Ki COS-7 hMT2 = 130) (Dubocovich et al., 

1997) and surprisingly for luzindole (Ki CHO-rMT1/Ki CHO-rMT2 = 0.87; Ki COS-7 hMT1/Ki 

COS-7 hMT2 = 15.5) (Dubocovich et al., 1997; Audinot et al., 2008), at lower concentrations 
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there is evidence of 2-[125I]-iodomelatonin binding inhibition (~7%) that come before 

inhibition of rMT1 binding begins. To better resolve a potential inhibition of rMT2 2-[125I]-

iodomelatonin binding, further experiments that increase the range and number of 

concentrations tested around a potential higher affinity site for these selective compounds 

are required. Also, as highly hMT2-selective compound, 4-P-PDOT (Ki CHO-rMT1/Ki CHO-

rMT2 = 9.5; Ki CHO-hMT1/Ki CHO-hMT2 = 126) (Audinot et al., 2003; Audinot et al., 2008), 

has reduced affinity for and no selectivity between recombinant rat melatonin receptors, 

determinants or receptor selectivity are likely different between humans and rats. 

Additional INS-1E binding experiments with known rMT1-selective compound, S 26284 (Ki 

CHO-rMT1/Ki CHO-rMT2 = 0.12), and known rMT2-selective compounds, S 23950 (Ki CHO-

rMT1/Ki CHO-rMT2 = 68) and S 24601 (Ki CHO-rMT1/Ki CHO-rMT2 = 84) could conclusively 

refute or resolve INS-1E rMT2 receptor expression (Audinot et al., 2008) as they should 

produce biphasic curves if a sufficient amount of rMT2 is present. 

Characterization of INS-1E rMT1 melatonin receptor expression indicates that constitutive 

activity is low. Endogenous receptor levels of rat melatonin receptors are low compared to 

recombinant receptors expressed in CHO cells (see figure 2.4) (Audinot et al., 2008) and 

there is no inverse agonist activity for luzindole for INS-1E rMT1 receptors in GTP-shift 

competition binding when luzindole has shown inverse activity for hMT1 receptors (see 

figure 2.9 B). With the lack of constitutive activity in mind, it is common for a ligand with 

partial agonist efficacy in a membrane assay like GTP-shift to display a full agonist response 

in a functional assay with a readout far downstream from GPCR activation (Kenakin, 2009a). 

Currently, apparent efficacy in GTP-shift competition binding of carbaryl is unclear since the 

change in affinity is not significant like an antagonist and the magnitude of shift for carbaryl, 
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relative to full agonist, melatonin, is 24% more consistent with a partial agonist (see chapter 

2 for GTP-shift thresholds). Although, whether inhibition of insulin release by carbaryl was 

mediated by melatonin receptors was not determined, a 96% effect relative to melatonin 

may result from partial agonist activity at INS-1E melatonin receptors. Nonetheless, it is 

essential to report the effect of carbaryl on pancreatic β-cell insulin release since it has been 

shown to be associated with diabetes risk (Juntarawijit & Juntarawijit, 2018). Further 

experiments with coincubation with luzindole and assessment of carbaryl potency are 

essential for clarification of the inhibitory mechanism. 

Overall, although INS-1E cells serve as a model to study basic pancreatic β-cell functions, 

when screening for environmental melatonin receptor modulators that can affect glucose 

homeostasis in humans, challenges arise, particularly in translation between species, for the 

use of this clonal rat β-cell model. Issues that can impair predictive value include species 

differences in times of activity and insulin (rodent - nocturnal vs human - diurnal), effect of 

melatonin receptor activation on insulin release (rodent - inhibitory vs human - stimulatory) 

(Kemp et al., 2002; Peschke et al., 2002; Picinato et al., 2002; Ramracheya et al., 2008), 

melatonin receptor expression levels (Muhlbauer & Peschke, 2007; Ramracheya et al., 2008), 

and melatonin receptor determinants of type specificity and affinity for ligands (eg. 4-P-

PDOT affinity for human and rat receptors) (Audinot et al., 2008). Recent development 

(Ravassard et al., 2011) and thorough evaluation (Tsonkova et al., 2018) of the commercially 

available, human-derived EndoC-βH1 pancreatic β-cell line may prove to be useful in 

melatonin-receptor mediated toxicity screens. Once melatonin receptor expression is 

characterized in the human β-cell line, they can be used for melatonin receptor modulator 
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screening in acute and chronic exposure paradigms similar to those developed by Hectors et 

al. (2013). 

4.5. Conclusions 

This study demonstrated for the first time that carbaryl affects insulin release in INS-1E cells. 

Characterization of this popular pancreatic β-cell model indicates that the effects of 

melatonin receptor modulators tested in INS-1E cells may not be directly translatable to 

humans since there are confounding species differences (Audinot et al., 2008; Karamitri & 

Jockers, 2019)and there is little evidence of rMT2 expression. However, our data support the 

study by (Juntarawijit & Juntarawijit, 2018) that indicates carbaryl exposure increases 

diabetes risk. Current technological advances such as the development of clonal human 

pancreatic β-cell lines may improve melatonin receptor modulator screening efforts 

(Ravassard et al., 2011; Tsonkova et al., 2018). In addition to assessing suitability of this 

2-[125I]-model for screening, relevant information is added to the field including rMT1 

iodomelatonin binding Ki values for 8 new ligands and regarding differences in melatonin 

receptors in INS-1E (2-[125I]-iodomelatonin KD is equivalent to recombinant rMT1 and mouse 

brain receptors) compared to INS-1 832/13 (higher 2-[125I]-iodomelatonin receptor density 

than INS-1E). 
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2-[125I]-Iodomelatonin Binding 
Melatonin 

Receptor 
INS-1E CHO-hMT1 CHO-hMT2 CHO-rMT1 CHO-rMT2 

Ligands pKi ± SEM n pKi pKi pKi pKi 

(-pKi INS-1) (-pKi INS-1) (-pKi INS-1) (-pKi INS-1) 

6-Chloro-2-
10.4 ± 0.1 3 - - - -

methylmelatonin 

2-Iodomelatonin 10.3 ± 0.1 3 10.9* (0.6) 10.5* (0.2) 10.6& (0.3) 10.0& (-0.3) 

Melatonin 10.2 ± 0.1 9 10.1* (-0.1) 9.7* (-0.5) 9.4& (-0.6) 9.1& (-1.1) 

6-Chloromelatonin 10.1 ± 0.1 3 - - 8.9& (-1.2) 8.2& (-1.9) 

6,7-Di-chloro-2-
9.7 ± 0.1 3 - - - -

methylmelatonin 

6-Hydroxymelatonin 9.2 ± 0.1 3 9.3* (0.1) 8.8* (-0.4) - -

GR 128107 8.9 ± 0.1 5 - - - -

5-Methoxyluzindole 8.3 ± 0.1 3 - - - -

N-Acetyltryptamine 7.8 ± 0.1 2 - - - -

N-Acetylserotonin 7.4 ± 0.1 5 7.1* (-0.3) 6.8* (-0.6) - -

4-P-PDOT 6.7 ± 0.1 3 6.9† (0.2) 9.0† (2.3) 6.5& (-0.2) 6.5& (-0.4) 

Luzindole 6.1 ± 0.1 4 6.6* (0.5) 7.8* (1.7) 6.5& (0.4) 7.4& (1.3) 

Carbaryl 5.7 ± 0.1 4 5.6‡ (-0.1) 7.2‡ (1.5) - -

Avg. Difference of Abs. Values: 0.27 1.03 0.58 0.96 

Table 4.1. Binding affinities at rat INS-1E melatonin receptors and comparison with 

data obtained at recombinant hMT1, hMT2, rMT1, and rMT2 receptors expressed in CHO 

cells. 

Competition of reference compounds for 2-[125I]-iodomelatonin binding to INS-1E cell 

membranes or CHO cell membranes stably expressing either recombinant hMT1, hMT2, rMT1, 

or rMT2 melatonin receptors. INS-1E pKi (-log Ki) values were calculated from IC50 values 

obtained from competition curves (see Figure 4.3) using the Cheng-Prusoff equation (1973). 

pKi values are the mean ± SEM of independent experiments. Values in parenthesis represent 

the difference (pKi(CHO [h/r]MT[1/2]) - pKi(INS-1)) in affinity in log units for each reference 

compound binding to membrane receptors of either respective cell line. Absolute values of 

pKi differences were averaged for comparison. Symbols denote values are derived from 

*Beresford et al. (1998), †Legros et al. (2014), ‡Popovska-Gorevski et al. (2017) or &Audinot 

et al. (2008). 
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Figure 4.1. Saturation analysis of 2-[125I]-iodomelatonin binding to INS-1E melatonin 

receptors. 

Membranes were incubated with various concentrations of 2-[125I]-iodomelatonin (1-1200 

pM) for 1 hr at 25°C. Nonspecific binding () was measured in the presence of 1 µM 

melatonin. Specific binding (▲) is defined as total binding (■) minus nonspecific binding. 

Values shown are the means ± SEM from 8 individual experiments. The total number of 

binding sites determined (Bmax) was 9.7 ± 1.2 fmol/mg protein, and the dissociation constant 

(Kd) was 52.1 ± 6.0 pM. 
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Figure 4.2. Structures of reference compounds tested. 
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Figure 4.3. Competition for 2-[125I]-iodomelatonin binding to rat INS-1E cell 
membrane melatonin receptors. 

The ordinate represents 2-[125I]-iodomelatonin binding expressed as percent total binding. 
INS-1E cell lysates were incubated with 2-[125I]-iodomelatonin (300 pM) in the absence (◯) 
and the presence of various concentrations of ligands: A. 2-Iodomelatonin (2-I-MLT, dark 
blue), melatonin (MLT, dark red), 6-hydroxymelatonin (6-OH-MLT, purple); B. 6-Chloro-2-
methylmelatonin (6-Cl-2CH3-MLT, light blue), 6-chloromelatonin (6-Cl-MLT, light green), 
6,7-di-chloro-2-methylmelatonin (6,7-Cl-MLT, orange), N-Acetylserotonin (NAS, teal); C. 
GR128107 (red), 5-methoxyluzindole (blue), N-Acetyltryptamine (NAT, gold), 4-P-PDOT 
(pink), luzindole (LUZ, dark green), and carbaryl (CBRL, gray). Symbols represent full 
agonist (), partial agonist (▲), and antagonist (■) apparent efficacy at hMT1 (Dubocovich 
et al. 1997, Popovska-Gorevski et al. 2017). Values are mean ± SEM of at least three 
independent determinations. 
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Figure 4.4. Correlation analysis of reference ligand binding affinities determined at 

INS-1E melatonin receptors vs. recombinant hMT1 (A), hMT2 (B), rMT1 (C), and rMT2 

(D) receptors. 

pKi values are derived from Table 4.1 (Beresford et al. 1998, Audinot et al. 2008, Legros et 

al. 2014, Popovska-Gorevski et al. 2017). 
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A. 

B. 

Figure 4.5. Pharmacological profile visual comparison of rat INS-1E melatonin 
receptors vs. recombinant human (A) and rat (B) melatonin receptors. 
Values represent origin (INS-1E = 0, purple ▲) and the difference in affinity (pKi(CHO 

[h/r]MT[1/2]) - pKi(INS-1), Table 1, hMT1 = blue , hMT2 = red ■, rMT1 = orange , rMT2 = green 
■) in log units for each reference compound binding to membrane receptors of either 
respective cell line. Positive (outer) values indicate a higher relative affinity for recombinant 
receptors and negative (inner) values represent lower relative affinity for recombinant 
receptors. 
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Figure 4.6. Melatonin, luzindole, and carbaryl compete for 2-[125I]-iodomelatonin 

binding to rat INS-1E cell membrane melatonin receptors without (control) and with 

(inactive) G protein inactivation. 

The ordinate represents 2-[125I]-iodomelatonin binding expressed as percent total binding. 

INS-1E cell lysates in control (50 mM Tris-HCl, 10 mM MgCl2) or inactive (50 mM Tris-HCl, 

10 mM MgCl2, 100 μM GTP, 1 mM EDTA.Na2, 150 mM NaCl) buffer were incubated with 2-

[125I]-iodomelatonin (300 pM) in the absence () and the presence of various 

concentrations of melatonin (A,  for control,  for inactive), luzindole (B, ▼ for control, 

for inactive) or carbaryl (C,  for control,  for inactive). Points shown are from 

representative experiments independently repeated four to six times. Significant differences 

in Ki between control and inactive buffers were determined by ratio paired t tests (*p < 0.05). 
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Figure 4.7. Pre-incubation with melatonin or carbaryl inhibits forskolin-stimulated 

insulin release. 

INS-1E cells were pretreated with 3 mM glucose media without (control) or with vehicle, 10 

μM melatonin, or 10 μM carbaryl and then basal and forskolin-stimulated (5 μM) insulin 

levels in supernatant media before and after 12 minutes of stimulation is measured by rat 

insulin radioimmunoassay. The amount of forskolin-stimulated insulin release is calculated 

by subtracting basal values before 5 μM forskolin treatment from after. The ordinates 

represent insulin release expressed as the percentage of forskolin-stimulated insulin release 

from control treated wells. Forskolin-stimulated insulin release values are compared to 

vehicle using a one-way ANOVA (n = 4, P = 0.003) with Dunnett’s post-test (MLT **P = 0.003; 

CBRL **P = 0.005). 
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5.1. General Discussion 

Integrated pharmacoinformatics and competition binding studies led to the implication of 

carbamate insecticides, fenobucarb and bendiocarb, and eight low molecular weight 

phthalate diesters, diethyl phthalate, butylbenzyl phthalate, and dibutyl phthalate as 

environmental melatonin receptor modulators. Saturation and kinetic 2-[125I]-

iodomelatonin binding studies verified that carbamate insecticides were orthosteric ligands 

for both MT1 and MT2 receptor types. Determination of intrinsic efficacy in GTP-shift assays 

indicate differences in hMT1 and hMT2 receptor activation for carbamate insecticides and 

phthalate diesters compared to melatonin. Specifically, carbaryl, fenobucarb, bendiocarb, 

carbofuran, and DEP identified as hMT1 antagonists and hMT2 agonists while BBzP and DBP 

were determined to be antagonists at both receptors. Determination of efficacy in live cells 

using the more sensitive forskolin-stimulated cAMP assay revealed weak activity for two of 

the four carbamate insecticides at hMT1 (inhibition at 10 µM = 3.7-41% MLT) and stronger 

activity at hMT2 (inhibition at 10 µM = 40-61%). Unexpectedly considering its nanomolar 

affinity, carbaryl displayed picomolar potency for activation of hMT2, equal to the effect of 

melatonin. Lastly, INS-1E pancreatic β-cell melatonin receptors were characterized to 

confirm the expression of mainly rat MT1 receptors, and carbaryl was shown to inhibit 

forskolin-stimulated insulin release in these rMT1 expressing cells. 

As described above, the first aim, to identify environmental melatonin receptor modulators 

using integrated pharmacoinformatics and competition binding was successful, as low 

2-[125I]-molecular weight (LMW) phthalate diesters (PDEs) were shown to displace 

iodomelatonin binding at low micromolar levels. However, we were unable to determine 
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affinity for the ubiquitous high molecular weight PDEs due to poor solubility in competition 

binding assays. In fact, poor water solubility also halted determination of affinity for many 

other potential environmental melatonin receptors, including 13 tested pyrethroid 

insecticides where some were implicated by in-silico modeling to be melatonin receptor 

type-selective. With this problem in mind, in situations where resources and time are 

limited, additional criteria to exclude insoluble compounds relative to docking scores from 

in-vitro screening should be considered. For example, to keep poorly soluble compounds 

with high affinity, the highest docking score from either receptor can be subtracted from log 

P to predict whether an effect will be seen at lower concentrations before an effect of vehicle 

is significant. Given that our in-silico models have accurately projected affinity within 1.5 log 

units in most cases, perhaps compounds with “Log P – Docking Score” values greater than 2 

can be excluded. As water solubility is likely more of an issue in some assays compared to 

others, this threshold value can be adjusted. 

In addition to streamlining criteria for in-vitro testing, with the recent release of hMT1 and 

hMT2 x-ray crystal structures (Johansson et al., 2019; Stauch et al., 2019), in-silico screening 

for environmental melatonin receptor compounds should improve in many ways. First, 

possible misconceptions about certain critical residues were changed, i.e., His195 for MT1 

and His208 for MT2 thought to be ligand-binding residues (Farce et al., 2008) were instead 

modulators of ligand entry channels. Correct alignment of the ligand binding pocket should 

certainly yield more accurate docking results. Also, as all ligand-binding residues in 

melatonin binding pockets are conserved between MT1 and MT2 receptors, it has been 

difficult to find type-selective ligands. Stauch et al. (2019) and Johansson et al. (2019) 

characterize in combination with mutagenesis studies structural determinants of type-
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selectivity which include differential routes of ligand entry and slight differences in binding 

pocket size. Similar to leveraging the allosteric vestibule in M2 acetylcholine receptors (Bock 

et al., 2012), Johansson et al. (2019) postulate that selective allosteric binding may occur in 

the single membrane-buried ligand entry channel for MT1 or extracellular and membrane 

channels for MT2. Targeted docking screens using Chem2Risk compounds for these channels 

may result in the discovery of type-selective environmental chemicals. Coincidentally, the 2-

[125I]-iodomelatonin competition binding investigation with phthalate esters also allowed us 

to observe an interesting structure-activity relationship for 6 dialkyl LMW phthalate diesters 

in which for hMT1, affinity decreases with decreased hydrophobicity (Log P), while for hMT2, 

affinity is the same for the entire group, consistent with findings by Stauch et al. (2019) and 

Johansson et al. (2019) determinants of MT1-/MT2-type selectivity. 

On the other hand, conclusions by Stauch et al. (2019) and Johansson et al. (2019) regarding 

receptor specificity may be premature without active state crystal structures. Their 

structural findings regarding similarities between MT1 and MT2 receptors were consistent 

with Legros et al. (2014) in that molecular pharmacology was the same for the two receptors 

in the resting state. Also, we observed while characterizing G protein-uncoupled receptors 

for GTP-shift and kinetic assays that 2-[125I]-iodomelatonin binding kinetics were very 

similar between MT1 and MT2 in their resting states as well (Inactive MT1/MT2 Kon = 3, 

Inactive MT1/MT2 Koff = 2). However, Stauch et al. (2019) and Johansson et al. (2019) 

conducted mutagenesis binding studies in control conditions and not resting state 

conditions to explain phenomena observed in crystal structures captured in G protein 

decoupled states. Legros et al. (2014) found different pharmacological profiles for MT1 and 

MT2 receptors in G protein-coupled states and also, we observed deviating association rates 
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for G protein-coupled melatonin receptors (Active MT1/MT2 Kon = 25, Active MT1/MT2 Koff = 

3). Past mutagenesis studies (Conway et al., 1997; Gerdin, Mseeh, et al., 2003; Kokkola et al., 

2003) regarding the importance of His195 for MT1 and His208 for MT2 in ligand binding sites 

should not be disregarded until the active state x-ray crystal structures are solved. Based on 

these dissenting data, there may be additional avenues to achieve receptor selectivity for 

ligands other than those alluded to in the crystal structure manuscripts as binding pockets 

may be slightly different. 

Also, interestingly, using crystal structure derived models, docking scores at both receptors 

for phthalate diesters were closer to binding affinities obtained in resting buffer in 

comparison to those in control buffer. This is likely because the melatonin receptor crystal 

structures were derived for receptors fixed in the G protein-uncoupled resting state 

(Johansson et al., 2019; Stauch et al., 2019). Furthermore, in a drug discovery collaboration 

with another lab using these structures, we discovered novel chemotype melatonin receptor 

type-preferring inverse agonists (Stein et al., in review). In this study, where selectivity of an 

in-silico MT1-selective compound is evaluated in-vitro through binding and functional assays 

at different pathways, selectivity for MT1 is the greatest (> 75-fold times higher affinity) 

when comparing 2-[125I]-iodomelatonin binding affinities of resting state MT1 and MT2. 

Using this novel chemotype inverse agonist, among others, as a seed molecule for chemical 

similarity clustering of Chem2Risk structures, even more, environmental melatonin receptor 

modulators can be discovered. 

For some GPCRs, x-ray crystal structures have been derived for inactive, G protein-active, 

and even β-arrestin-active states. Soon we may be able to predict the efficacy of ligands in-
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silico based on modeling GPCR conformational change between receptor states (Ichikawa et 

al., 2016). Currently, for melatonin receptors, only crystal structures for inactive states 

(Johansson et al., 2019; Stauch et al., 2019) are available, so it is difficult to predict the 

efficacy of ligands with novel scaffolds. Also, to date, there are no known small molecules 

known to bind directly and modulate melatonin receptors allosteric sites. For the second aim 

of these studies, we sought to determine the pharmacological properties of environmental 

melatonin modulators at MT1 and MT2 melatonin receptors in-vitro. For representative 

ligand carbaryl, we assessed MT1 and MT2 intrinsic efficacy and potency with functional 

readouts at four different levels along melatonin stimulus-response pathways. Also, in our 

most consistent and melatonin receptor-specific functional paradigm, GTP-shift, we 

determined the intrinsic efficacy of select PDEs. 

GTP-shift, a membrane assay akin to [35S]GTPγS assays, directly measured G protein 

activation (Nonno et al., 1998; Kenakin, 2009a; Noel et al., 2014) by environmental 

pollutants of recombinant human and endogenous rat melatonin receptors. Similar to Nonno 

et al. (1998), we were able to semi-quantitively determine intrinsic efficacy of compounds 

based on the magnitudes of affinity shift caused by G protein inactivation relative to shifts 

observed in melatonin affinity. However, instead of comparing affinity ratios in the linear 

scale as Nonno et al. (1998) do, we chose to calculate percent shifts using differences in pKi 

as log scale is more appropriate for statistical analysis of ratios (GraphPad Prism Statistics 

Guide). For example, an agonist with a resting/control affinity ratio of 10 and an inverse 

agonist with a ratio of 0.1 have the same 1-log unit magnitude of shift but different distances 

from no shift (ratio = 1) when compared in linear scale. GTP-shift proved to be a valuable 

tool for comparison of recombinant hMT1 and INS-1 rat melatonin receptors as the shifts 
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were expectedly similar for melatonin and carbaryl, as the endogenous pancreatic β-cell line 

receptors are likely rMT1 (Muhlbauer & Peschke, 2007). Also, carbaryl and diethyl phthalate 

(DEP) both exhibited MT1 antagonist/MT2 agonist profiles, so in future in-vitro and in-vivo 

studies, DEP should be tested in similar paradigms as carbaryl was. 

As membrane assays, GTP-shift assays are highly reproducible since they are not subject to 

signal amplification (Kenakin, 2009a) and because cytotoxicity or off-target effects (2-[125I]-

iodomelatonin is highly specific for MT1 and MT2) are not a factor, however, they cannot 

determine potency. Therefore, carbaryl, our highest affinity environmental compound, was 

tested for the ability to inhibit forskolin-stimulated cAMP in a dose-dependent manner in 

CHO-hMT1 and CHO-hMT2 cells. This yielded the most surprising result of these studies as 

carbaryl displayed picomolar potency for hMT2 receptors as a partial agonist. Toxicological 

implications of this result will be discussed in a later section. cAMP inhibition data for hMT1 

receptors are unclear due to possible off-target or cytotoxic effects. For this assay, co-

incubation with a hMT1 antagonist like luzindole would help to determine if this effect is 

genuinely melatonin receptor-mediated. 

We also utilized a second assay with carbaryl treatment of CHO-hMT1 and CHO-hMT2 cells 

to obtain preliminary data measuring efficacy for receptor desensitization. In our 

desensitization paradigm, hMT2 2-[125I]-iodomelatonin specific binding is reduced with 

melatonin pretreatment as shown by Gerdin, Masana, et al. (2003) while carbaryl does not 

2-[125I]-reduce binding. It is possible that in our assay, melatonin desensitization to 

iodomelatonin binding may simply be due to melatonin still being present in receptors; 

however, Gerdin, Masana, et al. (2003) observe internalization measured by fluorescence in 
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the same scheme. Regardless of whether or not residual ligands are washed from receptors 

in the desensitization assay, carbaryl still has no decreasing effect indicating that it does not 

trigger internalization. For MT1 and MT2 receptors, β-arrestin2 recruitment is a common 

signaling event for internalization (Gerdin et al. 2003, Bondi et al. 2008) that may result in 

signaling cascade independent of G protein activity (Gerdin, Masana, et al., 2003; Levoye et 

al., 2006; Bondi et al., 2008; Sethi et al., 2008; Kamal et al., 2009; Dupre et al., 2018). 

In addition to measuring efficacy, our pharmacological profiling included determination of 

binding mechanism. Initial experiments with 2-[125I]-iodomelatonin saturation binding in 

the presence of luzindole or carbaryl falsely indicated that these two compounds were 

allosteric modulators. 2-[125I]-iodomelatonin is an agonist, and for some antagonists, there 

are high-affinity receptor conformations that are inaccessible for antagonists to compete 

(Lazareno 2006). Therefore, in later saturation and kinetic studies, resting buffer was used 

to eliminate 2-[125I]-iodomelatonin high-affinity binding sites. For kinetic studies, the non-

existence of known small molecule melatonin receptor allosteric modulators also make 

interpretations difficult as there is no positive control to compare, however when comparing 

Koff for G protein-coupled and uncoupled states, apparent differences induced by G protein 

allosteric modulation of receptors are evident. Although phthalate diesters are thought to be 

allosteric modulators of close relative, fellow GPCR α-group of rhodopsin receptors member 

(Fredriksson et al., 2003), CB1 cannabinoid receptors (Bisset et al. 2011), they were not 

tested in our saturation and kinetic allosteric modulator assays. However, molecular docking 

simulations and over 85% inhibition of 100 pM 2-[125I]-iodomelatonin binding for most 

ligands with determined Ki values support orthosteric mechanisms. 
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Lastly, for the third aim, to assess the ability of unique environmental melatonin receptor 

modulators to alter melatonin receptor-mediated processes in target tissues, we 

characterized rat melatonin receptors of INS-1E cells and demonstrated the ability of 

carbaryl to inhibit forskolin-stimulated insulin release. This is an example of an end-organ 

response assay. End-organ response assays are often highly amplified since they are far 

downstream in the signaling pathway, and therefore, this makes them the most sensitive to 

agonist activation (Kenakin 2009a). Similar to inhibitory activity for cAMP, further 

experiments with melatonin receptor antagonists are needed to determine whether this 

decrease in insulin release is melatonin receptor-mediated. 

5.2. Toxicological Implications 

Picomolar potency for carbaryl activation of hMT2 receptors indicates potential toxicological 

relevance as levels in the blood after exposure likely do not have to be overwhelmingly high 

to observe a physiological response. Further, potency of carbaryl translates to in-vivo studies 

as carbaryl administered intraperitoneally crosses the blood-brain barrier to phase shift 

circadian wheel-running activity in mice (ED50 = 0.019 mg/kg) (G. Glatfelter et al., 2019), at 

doses equivalent to exogenous melatonin (ED50 = 0.024 mg/kg) (Dubocovich et al. 1998). 

Together these data suggest that carbaryl doses may activate MT2 receptors in both the 

central nervous system and peripheral tissues. 

Carbaryl does not persist in blood or accumulate in tissues as it is rapidly metabolized into 

the easily excreted 1-naphthol as a glucuronide or sulfate ester (Shealy et al., 1997). Past 

measurements indicate daily dietary intake of carbaryl in humans range from 0.02 to 0.12 
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μg/kg body weight/day (Duggan et al., 1983; Gartrell et al., 1985a, 1985b, 1986a, 1986b). 

Occupational inhalation of carbaryl in air can reach as high as 310 mg/day in industrial 

settings with air concentrations that range from 0.23 to 31 mg/cu m (HSDB, NLM). 

Considering the carbaryl ED50 in mice (G. Glatfelter et al., 2019) for modulating a melatonin 

receptor-mediated response, activation of MT2 melatonin receptors in carbaryl may occur in 

people exposed to carbaryl through work. Associated incidences of disorders or diseases 

that overlap between melatonergic system or circadian disruption and carbaryl exposure 

are listed in Table 5.1. Also, although we have no melatonin receptor potency data for 

regarding LMW PDEs, general population exposure levels are much higher than for carbaryl 

therefore coincidental disorders or diseases linked to the melatonergic system or circadian 

disruption, and LMW PDE exposure is also listed (Table 5.1). Together, carbamate insecticide 

and phthalate diester activities at melatonin receptors should warrant additional screening 

studies. 

Presently, Tox21 researchers are looking for additional in-silico predictive and in-vitro 

experimental models to improve chemical risk assessments (Choudhuri et al. 2018). We 

propose that as human cell line models from tissues known to express melatonin receptors, 

such as EndoC-βH1 pancreatic β-cells (Ravassard et al., 2011), become available, they should 

be tested for melatonin receptor expression and then considered for reporter assay or end-

organ response high-throughput screening. Downstream signaling is sensitive to activation 

of weak partial agonists and can be more easily detected (Kenakin 2009a). Our INS-1E 

results suggest the translation of rodent cell line model results are not optimal due to 

confounding species differences (Audinot et al. 2008, Karamitri & Jockers 2019) and 

differences in melatonin receptor expression levels. 
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5.3. Conclusions 

Here we demonstrate the utility of screening for environmental melatonin receptor 

modulators. Using in-silico chemical similarity clustering and molecular modeling, we 

identified ubiquitous environmental pollutants, carbamate insecticides and low molecular 

weight phthalate diesters, to have affinity for melatonin receptors. Also, using in-vitro 

bioassays, we determined that carbaryl has picomolar potency for MT2 melatonin receptors 

and also can inhibit stimulated insulin release from a pancreatic β-cell model. Based on these 

results, we propose that high-throughput in-vitro bioassays for testing environmental 

substance effects on critical melatonin receptor-mediated processes should be implemented 

in chemical risk assessment platforms. 
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Disorder/Symptoms Melatonergic (MLT) or Incidence Associated Incidence Associated 
Circadian Disruption with Carbamate with LMW Phthalate 

(CD) Exposure Exposure 

Attention-Deficit Chaste et al. (2011) (Kim et al., 2009) 
Hyperactivity Disorder (MLT) 
Cancer (Blask et al., 2005; Witt- (Zheng et al., 2001; (Konduracka et al., 

Enderby et al., 2006; Su Mahajan et al., 2007; 2014) 
et al., 2017) (MLT); Slager et al., 2010; Ali et 
(Lahti et al., 2008) (CD) al., 2015) 

Reduced Fertility (Kennaway et al., 2012) (Whorton et al., 1979; (Duty et al., 2003; Silva et 
(CD) Wyrobek et al., 1981; al., 2005; Swan et al., 

Meeker et al., 2004) 2005; Hauser et al., 
2006; Marsee et al., 
2006; Hauser et al., 
2007; P. C. Huang et al., 
2007; Mu et al., 2015) 

Metabolism (Andersson et al., 2010; (Saldana et al., 2007; (Stahlhut et al., 2007; 
Bonnefond et al., 2012) Montgomery et al., 2008; James-Todd et al., 2012; 
(MLT) Juntarawijit & Teitelbaum et al., 2012; 

Juntarawijit, 2018) Dirtu et al., 2013; 
Trasande et al., 2013; 
Sun et al., 2014) 

Respiratory (Sarnowski et al., 2016) (Slager et al., 2010; O. (Beko et al., 2013) 
(MLT) Patel et al., 2018) 

Ocular (Touitou et al., 1986; (Ali et al., 2015) 
Czeisler et al., 1995; 
Lockley et al., 1998) 
(MLT) 

Sleep Apnea (Zirlik et al., 2013; (Baumert et al., 2018) 
Reutrakul et al., 2017) 
(MLT); (Butler et al., 
2015) (CD) 

Table 5.1. Coincidental disorders or disease symptoms linked to melatonin system or 
circadian disruption and environmental melatonin receptor modulators. 
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