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Abstract

Alzheimer’s Disease is a neurodegenerative disorder caused by Aβ42 aggregation.
Endomorphins 1 and 2 (EM1, EM2), two novel µ-opioid agonists, have been implicated
in protecting against Aβ42 toxicity, though it is unclear how the endomorphins achieve
their effects. Phase one of the study found that EM1 and EM2 activation protected
Aβ42-treated cells. This protection, mediated by µ-opioid receptor (MOR) activation,
also reduced rotenone-induced oxidative stress, both in a dose-dependent manner.
Pretreatment with naloxone, a µ-opioid antagonist, reversed these effects, confirming
MOR involvement in EM1 and EM2’s actions. In phase two, molecular docking
techniques suggested that sitagliptin can prevent intracellular EM1 degradation. In
vitro assays demonstrated that sitagliptin enhanced intracellular EM1’s beneficial
effects in promoting cell survival and reducing cell apoptotic activity, Aβ42 aggregation,
and hydrogen peroxide free radical concentrations. This suggests intracellular EM1 can
mitigate the toxic effects of Aβ42 aggregation. However, sitagliptin did not enhance
EM1’s effects on BDNF expression or neurite outgrowth, suggesting that MOR
activation, rather than intracellular EM1, primarily drives mechanisms associated with
memory improvement. Collectively, our findings suggest that both intracellular EM1
and EM1-mediated MOR activation offer potential therapeutic avenues for mitigating
memory impairment in Alzheimer’s and potentially COVID-19. Furthermore, this
research underscores the critical role of the MOR in broader memory mechanisms.

Introduction 1

Alzheimer’s Disease 2

Alzheimer’s disease (AD), a neurodegenerative disorder characterized by progressive 3

memory impairment, accounts for 60-75% of the 55 million dementia cases globally [1, 4

2]. In the United States, AD ranks as the sixth leading cause of death [3]. The risk of 5

developing AD increases dramatically with age—from approximately 3% at age 65 to 6

nearly 50% by age 85 [2]. With projected rises in life expectancy, both AD prevalence 7

and associated care costs are expected to increase substantially [4], potentially doubling 8

the economic burden of patient care [5]. In the United States alone, prevalence is 9

projected to rise from 5 million in 2007 to 13 million by 2050 [2]. These alarming trends 10

emphasize the urgent need for effective AD treatments and a better understanding of its 11

impact on memory processes. This study addresses this need by investigating the 12
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potential of endogenous opioids to mitigate the damaging effects of amyloid beta (Aβ) 13

plaques, a key pathological hallmark of AD. 14

The agglomeration of Aβ monomers into Aβ plaques is believed to be the principal 15

cause of AD [2, 6–11]. In the AD brain, the overproduction of abnormally long Aβ42 16

monomers leads to increased aggregation of Aβ42 plaques, particularly in the 17

hippocampus [12]. This region of the brain critical for spatial learning, memory 18

processing, long term potentiation (LTP), and synaptic plasticity [13–18]. This results 19

in neuronal cytotoxicity, death, and thus memory impairment [19, 20]. Additionally, 20

Aβ42 aggregation is believed to contribute to extensive oxidative damage [21–29]. Thus, 21

reducing Aβ42 induced cellular damage and death is the primary focus of current 22

therapeutic approaches to AD. 23

The µ–Opioid Receptor 24

Emerging research suggests using opioids as a potential treatment for AD [7]. Opioid 25

receptors and their corresponding peptides are expressed endogenously in the central 26

nervous system [18, 30–32] and are widely distributed in hippocampal CA1, CA2, and 27

CA3 regions [7, 14, 33–35]. Of particular interest is the µ-opioid receptor (MOR) [32, 28

33, 36], as previous work on MOR has demonstrated that MOR concentrations in the 29

hippocampus decreased with increasing age [37–40]. Interestingly, a prior study found 30

that the hippocampus, exhibiting the highest aggregation of Aβ42, suffers the most 31

damage in elderly AD patients [2]. 32

Additional studies have shown that the MOR modulates memory processes, 33

cognition, and learning, along with its well-documented impacts on nociception [7, 37, 34

41–49]. 35

While the MOR’s role in memory, learning, and cognition is established, the 36

direction of its influence – whether activation is beneficial or detrimental – remains 37

debated. In the context of AD, some studies suggest potential benefits: for instance, 38

Shiigi, Takahashi, and Kaneto [50] and Cai and Ratka [7] found that MOR activation 39

may facilitate memory retrieval in mice. Conversely, Jang et al. [51] reported that MOR 40

knockout mice exhibited spatial memory deficits and reduced hippocampal LTP, 41

suggesting a requirement for MOR signaling in normal memory function. This complex 42

picture highlights the need for further investigation into the role of the MOR in AD and 43

its potential as a therapeutic target. 44

Rationale 45

This study will assess how MOR activation affects the outcome of Aβ42 induced cell 46

death in SK-N-SH neuronal cells. MOR agonists endomorphin-1 (EM1, 47

Tyr-Pro-Trp-Phe-NH2) and endomorphin-2 (EM2, Tyr-Pro-Phe-Phe-NH2) were used to 48

selectively activate the MOR. These mu-opioid agonists demonstrate extremely high 49

selectivity for the MOR receptor over the DOR and KOR opioid receptors [52]. 50

Interestingly, the distribution of endogenous opioids in the human brain is inversely 51

correlated with retgions of Aβ aggregation [3, 53]. This inverse relationship suggests 52

potential inhibitory interactions. Therefore, we hypothesized that prolonging the 53

half-lives of EM1 and EM2, by inhibiting the dipeptidyl peptidase IV (DPP4), could 54

influence Aβ aggregation. Previous studies showed that DPP4 degrades various brain 55

neuropeptides [5, 43, 54–60]. Inhibiting DPP4 may consequently prevent the 56

degradation of µ-opioid agonists, extending the biological activity of intracellular EM1 57

and EM2. 58

Furthermore, we sought to investigate the impact of EM1 and EM2 on hippocampal 59

memory-related processes. To this end, we examined neurite outgrowth and 60

brain-derived neurotrophic factor (BDNF) levels. Neurite outgrowth is crucial for 61
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neuronal connectivity, with its disruption being a hallmark of neurodegeneration [61, 62

62]. BDNF, in turn, plays a vital role in memory and learning, including promoting 63

neurite outgrowth itself [49, 63–65], making these key indicators of neuronal health and 64

memory function. 65

Materials and Methods 66

Chemicals 67

MOR-specific antagonist naloxone (NX), MOR-specific agonists EM1 and EM2, and the 68

DPP4 inhibitor sitagliptin were purchased from Cayman Chemicals. EM1 and EM2 69

were serially diluted to achieve final concentrations of 20 µM, 5 µM, 1 µM, and 0.1 µM. 70

NX and sitagliptin were diluted to a 1 µM concentration. 71

Human Aβ42 peptides (pre-aggregated oligomeric form) and rotenone were 72

purchased from Sigma Aldrich. Aβ42 oligomers were reconstituted to a final 73

concentration of 10µM in sterile PBS (pH 7.4) buffer, and rotenone was prepared at 74

1 µM concentration in DMSO. The oligomeric state of Aβ42 was used without further 75

manipulation as confirmed by the manufacturer’s specifications. 76

Cell Culturing 77

SK-N-SH neuronal cells were obtained from the American Type Culture Collection 78

(ATCC). The SK-N-SH cells were cultured with Eagle’s Minimum Essential Medium 79

and supplemented with penicillin and fetal bovine serum at 5% concentration. Cells 80

were grown in an incubator at 5% CO2 and 37°C. Cells were then collected and 81

distributed into 6-well plates or 96-well plates at an average seeding density of 200000 82

cells per well and 5000 cells per well, respectively. 83

Molecular Docking 84

Molecular docking was utilized to predict whether EM1 would be cleaved by DPP4 85

[66–68]. Both EM1 and sitagliptin (DPP4 inhibitor) were docked to the active site of a 86

human recombinant DPP4 structure. We then compared the docking position, 87

orientation, and conformation of EM1 to that of sitagliptin. 3D protein and ligand 88

structures of EM1, sitagliptin, and DPP4 were obtained from the PubChem and RCSB 89

Protein Bank databases. Prior to docking, all water molecules were removed from the 90

protein structure, and ligands underwent energy minimization to ensure optimal 91

conformations. 92

PyRx (version 0.8) running AutoDock Vina [69] was used to simulate the 93

protein-ligand interactions following the procedures of Dallakyan [70]. For each ligand, 94

10 independent docking runs were performed to ensure thorough sampling of possible 95

binding modes. Binding energies below -9.0 kcal/mol generally indicate strong 96

interactions, while those approaching -10.0 kcal/mol suggest very high binding affinity. 97

Protein-to-ligand interaction models were generated and visualized using BioVia 98

Discovery Studio Visualizer (2021 version). 99

Assays 100

Cell survival rates were assessed using MTT assays, following the method of van 101

Meerloo et al. [71]. Cells were seeded in a 96-well plate and incubated for 24 hours 102

post-treatment. Optical density was measured at 595 nm using a microplate absorbance 103

reader. Samples were assayed in triplicate. The results were expressed as a percentage 104

of the control, which was set at 100%. 105
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Caspase–3/7 and hydrogen peroxide (H2O2) assays were performed to quantify 106

apoptosis activity [72] and free radical concentrations, which contribute to oxidative 107

damage [73]. 10 µL treatments were added into 6-well plates containing cells and 108

incubated for 24 hours. For the caspase–3/7 assay, cells were then collected and 109

transferred into 96-well plates and 50 µL of caspase assay buffer, 45µL of LDH, and 5µL 110

of caspase substrate were added into each well. Optical density was measured at 415 nm 111

in a microplate absorbance reader at 15-minute intervals. The colorimetric H2O2 assay 112

kit was purchased from Assaygenie, and the provided instructions were followed. 113

Neurite outgrowth assays were performed to measure neuronal connectivity. 114

Following the addition of 10µL of treatments to 6-well plates for 24 hours, the media 115

were aspirated, and the cells were stained using a standard HEMA-3 staining protocol 116

[74]. Neurons were imaged under a light microscope, and neurite intersections and 117

lengths were analyzed using the NeuronJ and Simple Neurite Tracer plugins on the 118

freely available Fiji ImageJ software (version 1.53). 119

Human BDNF and Aβ42 double-antibody sandwich ELISA kits were purchased from 120

Invitrogen and the provided instructions for a standard double-antibody sandwich 121

ELISA protocol were followed. Optical density was measured at 450 nm in a microplate 122

absorbance reader. 123

Statistical Analysis 124

GraphPad Prism 9 software (version 9.4.1) was used for all statistical analyses. 125

Two-way multiple ANOVAs followed by Bonferroni post hoc tests were used to compare 126

the differences between all pairs of conditions. The significance for statistical analysis 127

was set at p < .05. 128

1 Results 129

1.1 EM1 and EM2 Protect Against Aβ42 Induced Cell Death 130

In healthy SK-N-SH cells, increasing concentrations of EM1 and EM2 treatment 131

decreased cell survival rates compared to control (p < .001, Fig. 1a). Conversely, in 132

Aβ42 treated cells, increasing concentrations of EM1 and EM2 treatment increased cell 133

survival rates compared to Aβ42 treated cells without EM1 or EM2 treatment (p < .001, 134

Fig. 1b). 135
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Figure 1a: EM1 and EM2 Treatment in Healthy
SK-N-SH Neuronal Cells (F5,91 = 221.5)

Figure 1b: EM1 and EM2 Treatment in Aβ42

Treated SK-N-SH Neuronal Cells
(F5,94 = 118.8)

In healthy cells, inhibition of the MOR through NX treatment significantly lowered 136
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cell survival. In cells exposed to Aβ42, NX pretreatment negated any increase in cell 137

survival due to EM1 and led to lowered survival rates compared to EM1 treatment 138

(p < .001, Fig. 2). 139
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Figure 2: Effects of NX Pretreatment in Aβ42 Treated SK-N-SH Cells (F5,172 = 286.3)

1.2 EM1 and EM2 Protect Against LPS Induced 140

Neuroinflammation and Rotenone Induced Oxidative Stress 141

The addition of 1 µM or 10 µM of EM1 or EM2 had no significant effect on LPS-treated 142

cells (p > .05, Fig. 3). Similarly, the addition of 1µM of EM1 or EM2 had no significant 143

effect on rotenone treated cells. However, the addition of 10µM of EM1 or EM2 144

significantly increased survival rates in rotenone-treated cells (p < .001, Fig. 4). 145
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Figure 3: EM1 and EM2 Treatment on
LPS-induced Neuroinflammation (F5,88 = 19.00)

Figure 4: EM1 and EM2 Treatment on
Rotenone-induced Oxidative Stress

(F5,73 = 59.03)

2 Results 146

2.1 High Binding Affinity of EM1 With the DPP4 Binding 147

Domain 148

Molecular docking of EM1 and NX with the DPP4 binding domain yielded high binding 149

energies of -9.4 kcal/mol and -9.1 kcal/mol at high accuracies (RMSD ≤ 1.5 Å) (Table 150
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1). For comparison, docking EM1 and NX to their endogenous MOR binding domain 151

resulted in even higher binding energies of -10.7 kcal/mol and -10.3 kcal/mol. The 152

DPP4 antagonist sitagliptin exhibited the highest binding affinity for DPP4, with a 153

binding energy of -11.5 kcal/mol and RMSD ≤ 1 Å (Table 1). 154

Figures 5a and 5b illustrate that both EM1 and sitagliptin bind to the same DPP4 155

binding domain (Figs. 5a, 5b). Predicted two-dimensional protein-to-ligand interactions 156

for EM1 and sitagliptin are also shown (Figs. 6a, 6b), detailing the specific types and 157

number of bonds formed between DPP4 and EM1 or sitagliptin. Docking results are 158

summarized in Table 1. 159

Figure 5a: Molecular Docking of EM1 and
DPP4

Figure 5b: Molecular Docking of Sitagliptin and
DPP4

Figure 6a: DPP4-EM1 2D Protein-Ligand
Interactions

Figure 6b: DPP4-Sitagliptin 2D Protein-Ligand
Interactions

Table 1: Summarized Results of Molecular Docking
Ligand Binding Affinity RMSD Type of Interaction Residue Information

Endomorphin-1 -9.4kcal/mol <1.5Å
Hydrogen Bond
Pi-Pi Interaction

Phe357, Glu205, Ser209, Tyr662, Tyr585
Tyr666, Ser630, Arg125, Tyr547

Naloxone -9.1kcal/mol <1.5Å
Hydrogen Bond
Pi-Alkyl Interaction

Glu205, Glu206, Tyr662, Tyr666

Sitagliptin -11.5kcal/mol <1Å
Hydrogen Bond
Pi-Alkyl Interaction
Electrostatic Interaction

Tyr128, Val155, Leu115, Ser106
Thr156, Trp62, Arg61, Tyr105, Ile107
Tyr132, Glu117, Asp104

2.2 DPP4 Inhibitor Sitagliptin Enhances Protective Effects of 160

EM1 and EM2 161

Sitagliptin-mediated DPP4 inhibition combined with endomorphin treatments reduced 162

cell survival rates in healthy SK-N-SH cells compared to endomorphin treatment alone 163

(p < .05, Fig. 7a). 164

In stark contrast, when cells were challenged with Aβ42, this same combination of 165

sitagliptin and endomorphins significantly increased cell survival rates compared to 166

January 14, 2023 6



endomorphin treatment alone (p < .001, Fig. 7b). This divergent effect between healthy 167

and Aβ42-exposed cells further supports the context-dependent nature of endomorphin 168

activity observed in our earlier experiments. 169
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Figure 7a: Effects of DPP4 Inhibition on EM1
and EM2 in Healthy SK-N-SH Cells

(F4,76 = 63.78)

Figure 7b: Effects of DPP4 Inhibition on EM1
and EM2 in SK-N-SH Cells Treated with Aβ42

(F4,84 = 17.60)

Overall, 10µM of EM1 treatment lowered Aβ42 peptide concentrations across all 170

treatment groups (p < .001, Fig. 8b). Sitagliptin and EM1 treatment resulted in 171

92.32pg/mL of Aβ42 while EM1 treatment alone increased Aβ42 concentrations to 172

122.95pg/mL. Interestingly, NX pretreatment had no significant effect on Aβ42 173

concentration compared to EM1 with and without sitagliptin treatment. 174
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Figure 8a: Aβ42 Standard Curve Figure 8b: Effect of Sitagliptin and EM1 on
Aβ42 (F3,8 = 178.8)

5 µM of EM1 treatment with sitagliptin reduced H2O2 concentrations in cells 175

treated with Aβ42 by 26.59% compared to EM1 treatment alone (p = 0.17, Fig. 9); NX 176

pretreatment reversed this effect increased H2O2 concentrations by 52.43%. No 177

significant differences in H2O2 concentrations were observed between EM1 and EM2 178

treatments in the different groups. 179

Apoptosis rate was indirectly measured by monitoring caspase–3/7 activity. Caspase 180

activity of the control group was normalized to 100%. 5 µM of EM1 with and without 181

sitagliptin treatment slightly increased caspase activity in healthy SK-N-SH cells to 182

128.57% and 135.71%. Comparatively, Aβ42 treatment significantly increased caspase 183

activity to 242.86% compared to control, but adding 5 µM of EM1 with sitagliptin 184

reduced caspase activity by 64.29% compared to Aβ42 treated cells. Surprisingly, NX 185

pretreatment also reduced caspase activity by 42.86% compared to Aβ42 treated cells. 186
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Figure 9: Effect of DPP4 Inhibition and EM1
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(F2,30 = 6.030)

Figure 10: Effect of DPP4 Inhibition and
EM1 Treatment on Caspase Activity

2.3 EM1 and Sitagliptin Treatment Promote Neurite 187

Outgrowth, Improves Neuron Morphology, and BDNF 188

Concentration 189

Neurons were exposed to different treatment conditions and imaged at 50x 190

magnification. In Fiji ImageJ, images were converted to 8-bit (Fig. 11a) before NeuronJ 191

was used to generate neurite tracings based on color density and edge detection (Fig. 192

11b). Neurite traces were then isolated and color-coded based on the distance from the 193

soma (Fig. 11c). The SNT neuronal quantification framework in ImageJ was used to 194

perform a linear sholl analysis, which measured neurite trace intersections (Fig. 11d). 195

Greater neurite intersections closer to the soma demonstrate low neurite outgrowth and 196

thus inhibit LTP processes and vice versa. 197

Figure 11a: Image of SK-N-SH Neurons under a
Microscope

Figure 11b: Neurite Tracing using NeuronJ
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Figure 11c: Color-coded Layer Isolation of
Neurite Traces using ImageJ

Figure 11d: Sholl Analysis of a Sample Neurite
Trace using SNT

The addition of 10µM of EM1 treatment decreased the total number of neurite 198

intersections, especially the number of intersections that occurred further from the soma 199

(Fig. 12a). The addition of 10µM of EM1 treatment increased the overall number of 200

overall neurite intersections compared to cells only exposed to Aβ42 (Fig. 12b). The 201

addition of 10 µM of EM1 and sitagliptin treatment also increased the overall number of 202

neurite intersections compared to cells only exposed to Aβ42 and sitagliptin (Fig. 12c). 203

Finally, NX pretreatment did not affect the total number of overall neurite intersections 204

(Fig. 12d). 205

Total neurite lengths were also measured across all treatments (p < .001, Fig. 13). 206

10 µM of EM1 and sitagliptin treatment increased total neurite outgrowth compared to 207

only 10µM of EM1 treatment in cells exposed to Aβ42 (p < .05). NX pretreatment had 208

no significant effect on total neurite outgrowth. 209
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Figure 12a: Sholl Analysis of Control Compared
to Aβ42

Figure 12b: Sholl Analysis of EM1, Sitagliptin,
and Aβ42 Treatments
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Figure 13: Sholl Analysis of a Neurite Trace (F3,24 = 21.11)

Consistent with previous results, 10 µM of EM1 treatment decreased BDNF protein 210

concentrations to 664pg/mL from 889pg/mL in healthy cells but increased BDNF 211

protein concentrations to 468pg/mL from 284pg/mL in cells exposed to Aβ42 (p < .001, 212

Fig. 14b). Additionally, EM1 with sitagliptin treatment further increased BDNF protein 213

concentrations to 677pg/mL from 387pg/mL compared to cells treated with Aβ42 214

(p < .001). NX pretreatment had no significant effect on BDNF protein concentration. 215
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Figure 14a: BDNF Standard Curve Figure 14b: Effect of Sitagliptin, EM1, and EM2
on BDNF Concentration (F3,16 = 141.8)

3 Discussion 216

3.1 MOR Activation: Detrimental in Healthy Cells, Beneficial 217

in Aβ42 Treated Cells 218

Findings in the first phase of this study showed that MOR activation through the 219

endogenous EM1 and EM2 mu-opioid agonists increased neuronal SK-N-SH cell survival 220

when exposed to Aβ42 in a dose-dependent manner. However, MOR activation 221

decreased neuronal SK-N-SH cell survival in healthy cells in the inverse-dose-dependent 222

manner. In this case, adding EM1 and EM2 in healthy cells disrupts the delicate 223

balance of MOR activation and inhibition, but exposure to Aβ42 downregulates this 224

MOR activation balance. This may explain why MOR activation through EM1 and 225

EM2 is protective in Aβ42 exposed cells – however, the mechanism through which MOR 226

activation improves cell vitality requires additional research. 227
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The inhibition of MOR through NX, a known MOR antagonist, was similarly 228

detrimental in healthy neuronal SK-N-SH cells. It is likely that MOR inhibition by NX 229

also disrupt the delicate MOR activation balance. However, MOR inhibition by NX 230

pretreatment followed by EM1 treatment prevented any increase in cell survival and led 231

to survival rates lower compared to cells treated with only Aβ42. This supports the 232

hypothesis that MOR activation is necessary for EM1’s protective effects at 1 µM and 233

10 µM concentrations. 234

Enormous efforts have been underway to develop an effective treatment for AD. 235

Recent advances in AD research have suggested the potential of opioid receptors as a 236

major regulator of memory processes, especially the mu-opioid receptor. However, 237

numerous studies show conflicting results: it is unclear whether MOR activation 238

improves or impairs memory processes. This study demonstrated the protective nature 239

of MOR activation in Aβ42 treated cells and the detrimental effect of MOR activation 240

in healthy cells. It is plausible that this discrepancy results from the specific type of Aβ 241

peptide: Aβ42 induces MOR downregulation, while the relatively less toxic Aβ40 does 242

not induce MOR downregulation. 243

3.2 High Concentrations of EM1 and EM2 Treatment Protect 244

Against Oxidative Damage but Not Against 245

Neuroinflammation 246

Treatment of EM1 and EM2 at higher concentrations of 10µM and 20µM resulted in 247

the greatest improvement in cell survival rates in Aβ42 exposed cells. Based on previous 248

research, concentrations of 5 µM of EM1 and EM2 are likely to induce the maximum 249

capacity of MOR activation [75]. This may explain why the addition of 10µM and 250

20 µM of EM1 and EM2 substantially improved in cell survival rates. I hypothesize that 251

after reaching maximum MOR activation capacity, excess intracellular EM1 and EM2 252

may be able to directly interact with the intracellular Aβ42. One possible mechanism 253

through which EM1 and EM2 may directly interact with intracellular Aβ42 is by 254

mitigating the deleterious effects of Aβ42 generated reactive oxygen species, which 255

results in oxidative damage. EM1 and EM2 at high concentrations (10 µM) significantly 256

improved survival rates of cells exposed to rotenone, a well documented molecule for 257

inducing oxidative stress through reactive oxygen species generation similar to Aβ42. 258

This supports previous evidence that EM1 and EM2 may play an antioxidative and free 259

radical scavenging role in the brain and thus provide protection against free radicals 260

commonly found in many neurodegenerative disorders [45, 76]. This study also 261

demonstrates that EM1 and EM2 treatment had no significant effect on cell survival in 262

a LPS model of neuroinflammation, whether through MOR activation or potential 263

intracellular interactions. 264

4 Discussion 265

Phase one of this study discovered that the MOR is likely to be downregulated in AD, 266

and subsequent MOR activation through EM1 and EM2 improved SK-N-SH neuronal 267

cell survival in AD. However, findings from phase one revealed the possibility of EM1 268

and EM2 mediating its effects outside of MOR activation. Subsequently, phase two of 269

this study focused on determining the extent to which intracellular EM1 and EM2 could 270

interact with Aβ42 plaques and whether preventing the degradation of intracellular EM1 271

and EM2 could enhance its effects. 272
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4.1 Sitagliptin Is Able to Interact With EM1 and EM2 273

Although some studies have shown that DPP4 is co-localized with endomorphins in 274

specific brain regions [59], relatively few studies have explored the interplay between 275

DPP4, EM1, and EM2 in neuronal cells expressing aggregated Aβ42 plaques. 276

Sitagliptin, a drug that inhibits DPP4 [77], demonstrated a similar binding structure 277

and affinity with EM1. Additionally, based on the high accuracy of docking and the 278

number of hydrogen bonds and pi-pi stacked bonds [78] of EM1 to DPP4, it is highly 279

likely that DPP4 can interact and therefore degrade EM1. Thus, DPP4 inhibition can 280

prolong the half-life of intracellular EM1. The similar structures of EM1 and EM2 281

indicate that the half-life of intracellular EM2 can also be prolonged. 282

4.2 Sitagliptin Mediated DPP4-Inhibition Enhances the Effects 283

of EM1 and EM2 284

The present study showed that high concentrations of EM1 and EM2 treatment (10 µM) 285

with sitagliptin increased both the negative and positive effects of EM1 and EM2. 286

Interestingly, low concentrations of EM1 and EM2 treatment (1 µM) with sitagliptin 287

had minimal or insignificant effects. Phase one of this study found that maximum MOR 288

activation only occurs at or around 5 µM of EM1 or EM2 treatment for SK-N-SH 289

neuronal cells. Thus, at low concentrations of 1µM of EM1 or EM2 treatment, all 290

endomorphins are likely to be bound to the MOR binding domain. As a result, DPP4 291

does not interact with the bounded EM1 and EM2. On the other hand, DPP4 is likely 292

to exert a significant interaction with unbounded intracellular EM1 and EM2, such as 293

when maximum MOR activation is reached after the excess addition of 10 µM of EM1 or 294

EM2. 295

Since the treatment of 10µM of EM1 and EM2 with sitagliptin increased cell 296

survival compared to the treatment of 10 µM of EM1 and EM2 alone, increasing the 297

half-lives of intracellular EM1 and EM2 by preventing DPP4-mediated degradation is 298

protective in cells exposed to Aβ42. These results may explain why DPP4 inhibition can 299

mitigate the detrimental effects associated with AD in previous rat and human studies 300

[58, 60, 77, 79–82]. 301

4.3 Intracellular EM1 Interaction, Not MOR Activation, 302

Prevents Aβ42 Aggregation 303

To date, only one study has researched the effects of EM2 on restricting Aβ42 304

aggregation [53]. Our research demonstrates that intracellular EM1 significantly reduces 305

Aβ42 aggregation, with combined sitagliptin and EM1 treatment further enhancing this 306

effect. Notably, NX pretreatment had no discernible effect on Aβ42 concentration 307

compared to EM1 treatment alone, suggesting that intracellular EM1—rather than 308

MOR activation—is primarily responsible for limiting Aβ42 aggregation. 309

Based on these findings, we hypothesize that EM1 may function as an intracellular 310

Aβ-breaker molecule. Structural analysis of EM1 reveals a tryptophan residue at the 311

third position, and previous research has shown that tryptophan, an aromatic amino 312

acid, has the greatest amyloidogenic propensity among amino acids [3]. This suggests 313

that the tryptophan in EM1 may play a critical role in inhibiting Aβ42 aggregation 314

through competitive binding mechanisms. However, additional studies are needed to 315

confirm EM1’s role as a β-breaker molecule, including multiple ELISAs for smaller 316

Aβ1−40 and Aβ1−36 peptides to determine whether EM1 can degrade longer Aβ42 into 317

less toxic fragments [19, 83]. 318

The β-breaker potential of EM1 in turn limits the toxicity exerted by aggregated Aβ 319

plaques, including apoptosis activity and H2O2 free radical concentrations in cells. The 320
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decreased Aβ42 concentrations seem to play a role in decreasing caspase–3/7 activity, an 321

indirect indicator of cell apoptosis activity, and H2O2 concentration, a metabolic 322

by-product of reactive oxygen species that is a source of oxidative stress. 10 µM of EM1 323

treatment decreased caspase activity and H2O2 concentrations while sitagliptin and 324

EM1 treatment further decreased caspase activity and H2O2 concentrations. However, 325

NX pretreatment did not significantly affect caspase activity and H2O2 concentration. 326

Therefore, it is likely that either the addition of 10 µM intracellular EM1 directly lowers 327

cell apoptosis and H2O2 generation through an unknown pathway, or that the decreased 328

aggregation of Aβ42 as a result of intracellular EM1 interaction subsequently reduced 329

Aβ42 caused caspase activity and H2O2 generation. 330

4.4 MOR Activation, Not Intracellular EM1 Interaction, 331

Increases Neurite Outgrowth and BDNF Concentrations 332

As EM1 has been found in abundance within the hippocampal CA1, CA2, and CA3 333

regions [7, 14, 33, 34], phase two of this study also examined the effects of EM1 on the 334

hippocampal neurite outgrowth process. The addition of 10 µM of EM1 with sitagliptin 335

did increase the total number of neurite intersections compared to 10µM of EM1 336

treatment alone, but NX treatment reduced the total number of neurite intersections. 337

These results are mirrored in BDNF protein concentrations. Therefore, it is likely that 338

intracellular EM1 has no effect on the process of neurite growth. Rather, this is the first 339

study to associate MOR activation in an AD cell model with increased BDNF 340

concentrations, which in turn induces neurite outgrowth. Though these results support 341

a previous study on increased BDNF concentrations following the activation of the 342

δ-opioid receptor [84], no other study has researched µ-opioid receptor activation and 343

BDNF concentrations in an AD model. Thus, further studies are needed to confirm my 344

results. As DPP4 inhibition also increases GLP-1 and GLP-2 levels, future research 345

could determine the extent to which GLP-1 and GLP-2 promotes BDNF protein 346

concentrations. 347

Finally, this study might explain the decreased BDNF concentrations found in AD 348

patients [85]. The first phase of this study demonstrated the likelihood of MOR 349

downregulation in AD. As MOR activation increased BDNF protein concentrations in 350

an AD cell model, it is plausible that MOR downregulation leads to the reduced BDNF 351

concentrations in AD patients. 352

5 Conclusion 353

This study reveals several important implications for understanding the role of opioid 354

systems in Alzheimer’s disease: 1) MOR signaling is tightly regulated in healthy 355

neurons; 2) MOR becomes downregulated in AD, and its activation through EM1 and 356

EM2 confers dose-dependent protection against Aβ42 toxicity, particularly by mitigating 357

oxidative stress; 3) MOR activation promotes neurite outgrowth and increases BDNF 358

expression, suggesting direct involvement in preserving memory circuits; 4) Intracellular 359

EM1, when protected from degradation by DPP4 inhibition, effectively reduces Aβ42 360

aggregation and decreases H2O2 concentrations; and 5) MOR activation upregulates the 361

ACE2 receptor pathway, potentially counteracting its downregulation in AD. 362

These findings have significant therapeutic implications, suggesting that 363

dual-targeting approaches focusing on both MOR activation and intracellular EM1 364

stabilization could provide comprehensive neuroprotection in AD. The use of DPP4 365

inhibitors like sitagliptin, which are already approved for treating diabetes, represents a 366

potential avenue for repurposing existing medications for AD treatment. 367
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Future studies should investigate whether the amplified protective effects of DPP4 368

inhibitors combined with EM1 or EM2 involve insulin or GLP-1 signaling pathways. 369

Additionally, further characterization of endomorphins’ antioxidant and β-breaker 370

potential could lead to the development of novel therapeutic agents that specifically 371

target Aβ aggregation while preserving critical memory processes. 372
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