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Abstract
Alzheimer's Disease (AD), a progressive neurodegenerative disease characterized by the buildup of amyloid-beta (Aβ) plaques, is believed to be a disease of trace metal dyshomeostasis. Amyloid-beta is known to bind with high affinity to trace metals copper and zinc. This binding is believed to cause a conformational change in Aβ, transforming Aβ into a configuration more amenable to forming aggregations. Currently, the impact of Aβ-trace metal binding on trace metal homeostasis and the role of trace metals copper and zinc as deleterious or beneficial in AD remain elusive. Given that Alzheimer’s Disease is the sixth leading cause of adult death in the U.S., elucidating the molecular interactions that characterize Alzheimer’s Disease pathogenesis will allow for better treatment options. To that end, the model organism C. elegans is used in this study. C. elegans, a transparent nematode whose connectome has been fully established, is an amenable model to study AD phenomena using a multi-layered, interconnected approach. Aβ-producing and non-Aβ-producing C. elegans were individually supplemented with copper and zinc. On day 6 and day 9 after synchronization, the percent of worms paralyzed, concentration of copper, and concentration of zinc were measured in both groups of worms. This study demonstrates that dyshomeostasis of trace metals copper or zinc triggers further trace metal dyshomeostasis in Aβ-producing worms, while dyshomeostasis of copper or zinc triggers a return to equilibrium in non-Aβ-producing worms. This might indicate that the inability to return to trace metal homeostasis in Aβ-producing C. elegans is part of the cause of higher Aβ-aggregations, thus providing a target for Alzheimer’s Disease therapeutic strategies.








Introduction
Alzheimer’s Disease (AD) is the 6th leading cause of death in the U.S., with one in ten people age 65 or older having AD (Alzheimer's Association, 2021). As a progressive neurodegenerative disease, AD is characterized by extra-neuronal amyloid-beta plaques and intraneuronal tau neurofibrillary tangles which affect memory and cognition. Amyloid-beta plaques are aggregates of the amyloid-beta peptide (Aβ), a cleavage product of the amyloid precursor protein (APP). Buildup of Aβ causes neural death and neuroinflammation.
Neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and Wilson’s Diseases have been associated with metal dyshomeostasis, which often accompanies aging (Luo et al., 2011; Squitti, 2012; Singh et al., 2013). Metal dyshomeostasis occurs when metal levels increase or decrease beyond normal bounds. As important components of vitamins and enzymes, trace metals play a crucial role in neural and biochemical processes. When in homeostasis, these trace metals facilitate proper brain functioning and growth by protecting against reactive oxygen species (ROS), regulating gene expression, and activating enzymes. The dyshomeostasis of trace metals results in cellular damage and oxidative injury, induced by the formation of ROS (Grochowski et al., 2019). 
Both trace metals copper and zinc play key roles in proper brain functioning. Copper is an essential trace element that plays a key role in energy production, free radicals scavenging, and neurotransmission (Singh, et al., 2013). Zinc is another essential trace element that plays a key role in neurotransmission and redox regulation (Grochowski et al., 2019).  Amyloid beta plaques have high affinity to trace metals copper and zinc and have thus been found to contain high concentrations of these trace metals (Bush et al., 1994; Atwood et al., 1998; Lovel et al., 1998; Sayre et al., 2000; Suh et al., 2000; Cherny et al., 2001; Dong et al., 2003; Miller et al., 2006; Mital et al., 2015; Ejaz et al., 2020). For instance, a 339% increase in Zn and a 466% increase in Cu were found in amyloid beta plaques of AD patients in comparison to healthy subjects (Leskovjan et al., 2009). The levels of copper and zinc in AD, however, remains controversial (Huang et al., 2000; Strausak et al., 2001; Cerpa et al., 2005; Kessler et al., 2005; Watt et al., 2010; Bagheri et al., 2018; Rana and Sharma, 2019). Some studies indicate copper deficiency in AD, suggesting a need for supplementation (Borchardt et al., 1999; Exley, 2006; Jiao and Yang, 2007; Kessler et al., 2008; Vural et al., 2010; Kaden et al., 2011; Exley et al., 2012; Xu et al., 2017), while others indicate copper excess in AD, suggesting a need for chelating agents (Cherny et al., 2001; Sparks et al., 2006; Hua et al., 2011; Luo et al., 2011; Ceccom et al., 2012; Eskici and Axelsen, 2012; Brewer, 2014; Squitti et al., 2014; Yu et al., 2015; Patel et al., 2021). Similarly, some studies indicate zinc deficiency in AD (Kapaki et al., 1989; Molina et al., 1998; Brewer et al., 2010; Rivers-Auty et al., 2021), while others indicate zinc excess (Lovell et al., 1998; Religa et al., 2006; Bonda et al. 2011; Greenough et al. 2012; James et al., 2017). These conflicting findings could be partially due to differences in the brain regions in which copper and zinc were measured. With over 5 million Americans currently living with AD and nearly 14 million projected to be living with AD by 2050, better understanding the molecular mechanisms characterizing the involvement of copper and zinc dyshomeostasis in AD will allow for better treatment options and outcomes (Alzheimer's Association, 2021). 
Caenorhabditis elegans, a non-parasitic nematode whose connectome has been fully established, is an advantageous model for studying the molecular mechanisms in Alzheimer's Disease (Caito et al., 2012). The nematode’s simple nervous system and transparency allow for the study of the effects of AD on neuronal pathways and function. Roughly 38% of worm genes have a human ortholog, such as APP and tau, making C. elegans an excellent in vivo model for the study of AD (Shaye and Greenwald, 2011). Since the toxic Aβ42-peptide is expressed in muscle cells in C. elegans strain CL2006, Aβ aggregations result in the paralysis of C. elegans, thus allowing the extent of Aβ aggregation in response to different treatments to be viewed macroscopically (Saharia, 2016).
Given that molecular mechanisms characterizing the interaction between copper, zinc, and amyloid-beta remain elusive, the present study aims to elucidate whether the dyshomeostasis of one trace metal induces the dyshomeostasis of other trace metals and of amyloid-beta in Alzheimer’s Disease. It is hypothesized that increases in amyloid-beta aggregations are part of a failed protective homeostatic mechanism to bind excess trace metals copper and zinc. The present study newly shows that dyshomeostasis of trace metals copper or zinc triggers further trace metal dyshomeostasis in Aβ-producing worms while dyshomeostasis of copper or zinc triggers a return to equilibrium in non-Aβ-producing worms.

Materials and Methods 	
2.1 Nematode strains and Maintenance
C. elegans strains were received from the Caenorhabditis Genetics Center (CGC). The transgenic C. elegans strain CL2006, which expresses human Aβ₁₋₄₂ in body-wall muscle cells, is characterized by progressive, adult-onset paralysis and a roller phenotype (Link, 1995). The C. elegans strain N2 represents the wild type. During two independent trials, worm strains were synchronized according to the following procedure: Adult hermaphrodite worms were transferred to fresh plates and allowed to lay eggs for 2-4 h. After removal of the adult parental worms, the synchronized progeny were allowed to reach adulthood, then later scored for paralysis (Fonte et al., 2002). The worms were propagated at 20°C on Nematode Growth Media (NGM) plates seeded with the bacterial strain OP50 and supplemented with either copper or zinc (Brenner, 1974). 

2.2 Supplementation with Copper and Zinc
	CuCl2 was used to supplement the worms with copper. CuCl2 stock solution was diluted into a live E. coli OP50 suspension, reaching a final concentration of 150μM, and was placed on the surface of the NGM plates. Once the worms reached adulthood (day 3), a group of synchronized CL2006 worms and a group of synchronized N2 worms were placed on the copper-supplemented plates. ZnSO4 was used to supplement the worms with zinc. ZnSO4 stock solution was diluted into a live E. coli OP50 suspension, reaching a final concentration of 500μM, and was placed on the surface of the NGM plates. Once the worms reached adulthood, a group of synchronized CL2006 worms and a group of synchronized N2 worms were placed on these zinc-supplemented plates. 

2.3 Paralysis Assay
	On days 6 and 9[footnoteRef:1] after synchronization, twenty worms from the copper-supplemented and zinc-supplemented CL2006 and N2 groups were tested for paralysis. Paralysis indicates the extent of Aβ-aggregation development. The worms were tested for paralysis by tapping their noses with a platinum wire pick. Worms that moved their noses but failed to move their bodies were scored as “paralyzed” (Luo et al., 2011). [1:  Day 6 was chosen to ensure that the effects of supplementation, which occurred when worms reached adulthood on day 3, will be significant. Day 9 was chosen as the last date of data collection to ensure that dead worms were not mistaken for paralyzed worms.] 


2.4 Lysis Procedure
	On days 6 and 9, thirty worms from each of the four groups: 1) copper-supplemented CL2006, 2) zinc-supplemented CL2006, 3) copper-supplemented N2, 4) zinc-supplemented N2, were lysed in preparation for copper and zinc colorimetric assays. The following procedure is especially useful for dauer larvae lysis. Worms were spun in a centrifuge at 4000 rpm for 1 minute to a pellet. The supernatant was removed, and the pellet was washed in 1.5mL of ice cold L15 buffer. The worms were centrifuged, and the supernatant was removed once again. 25ul of the pellet was pipetted onto a glass slide. A 50 mm glass coverslip was added on top, and pressure was applied to the coverslip using a pipette. When viewed under a microscope, head disruption head could be visualized as pressure was applied with the pipette tip. Pressure continued to be applied until most of the worms were exploded. The contents on the coverslip and slide were washed off with 1ml of cold L15 into a test tube. Finally, this L15-cell solution was pipetted vigorously 25 times to ensure the C. elegans were completely lysed. 

2.5 Copper and Zinc Colorimetric Assays
	To quantify the amount of copper in the C. elegans on days 6 and 9, a copper colorimetric assay (Elabscience) was applied to the lysed C. elegans solution. Similarly, to quantify the amount of zinc in the C. elegans on days 6 and 9, a zinc colorimetric assay (Elabscience) was applied to the lysed C. elegans solution. Once the standard wells were created for both assays, the percent transmittance of the standards and test groups was measured using a colorimeter. The percent transmittance was converted to ion content (μmolL) as specified by the Elabscience assays. 

2.6 Statistical Analysis
	All values were expressed as mean ± SEM. Statistical analysis involving two groups was conducted using a t-test. Statistical analysis involving more than two groups was conducted using a one-way analysis of variance (ANOVA) followed by a post hoc analysis using Tukey test. The differences were considered to be significant at p < 0.05.

Results
To elucidate the differences in trace metal homeostasis maintenance in amyloid-beta producing C. elegans compared to non-amyloid-beta producing C. elegans, both strains of C. elegans were supplemented with copper and zinc individually. 
3.1 Zinc Concentration Changes in Response to Copper Supplementation
When Aβ-producing C. elegans were supplemented with copper, the zinc concentration increased significantly (p=0.013) from day 6 (13.5 ± 0.6 μmol/L) to day 9 (20.1 ± 0.9 μmol/L). Likewise, when wild-type worms were supplemented with copper, the zinc concentration increased significantly (p=0.041) from day 6 (16.0 ± 0.9 μmol/L) to day 9 (19.3 ± 0.6 μmol/L, Figure 1). Additionally, the percent change in zinc content from day 6 to day 9 in Aβ-producing C. elegans (49% increase) was more than double the percent change in wild-type C. elegans (21% increase). This indicates that a high copper concentration results in a larger change in the zinc concentration in Aβ-producing C. elegans compared to non-Aβ-producing C. elegans.

3.2 Copper Concentration Changes in Response to Zinc Supplementation
When Aβ-producing C. elegans were supplemented with zinc, the copper concentration increased significantly (p=0.022) from day 6 (27.8 ± 4.9 μmol/L) to day 9 (58.6 ± 3.7 μmol/L).  In contrast, when wild-type C. elegans were supplemented with zinc, the copper concentration decreased significantly (p=0.012) from day 6 (60.8 ± 2.4 μmol/L) to day 9 (24.7 ± 5.4 μmol/L, Figure 2). In fact, the copper content on day 6 in mutant C. elegans was roughly equivalent to the copper content on day 9 in wild-type C. elegans (p=0.9). Similarly, the copper content on day 9 in mutant C. elegans was roughly equivalent to the copper content on day 6 in wild-type C. elegans (p=0.9). This indicates that a high zinc concentration through supplementation results in an increase in the copper content of Aβ-producing C. elegans that is roughly equal in magnitude to the decrease in copper content in non-Aβ-producing C. elegans.

3.3 Effect of Copper and Zinc Dyshomeostasis on Aβ aggregations
To characterize the effect of imbalances in such trace metals on the extent of Aβ aggregations, the percent of worms paralyzed was measured in Aβ-producing C. elegans supplemented with copper or zinc. The percent of worms paralyzed significantly increased in both copper-supplemented mutant worms (p=0.0142) from day 6 (37 ± 4 %) to day 9 (92 ± 8 %) and zinc-supplemented mutant worms (p=0.0187) from day 6 (67 ± 0 %) to day 9 (87 ± 4 %), as shown in Figure 3. The change in percent paralyzed from day 6 to day 9 was larger for the copper-supplemented group (145% increase) compared to the zinc-supplemented group (31% increase). Also, the percent paralyzed was significantly higher on day 6 for the zinc-supplemented group compared to the copper-supplemented group (p=0.0098), while there was no significant difference in percent of the worms paralyzed between the two groups on day 9 (p=0.3483). Overall, high concentrations of both copper and zinc are positively correlated with increases in the percent of worms paralyzed.

Discussion
Aging has been found to trigger copper and zinc dyshomeostasis (Myhre et al., 2013; Nuttall and Otieza, 2013; McCord and Aizenman, 2014; Malavolta et al., 2015). While trace metals copper and zinc are crucial for normal functioning, excess copper and zinc are highly damaging to proteins. Excess copper and zinc are known to bind with high affinity to Aβ, resulting in visible precipitation into an aggregated form (Bush et al., 1994; Huang et al., 1997; Atwood et al., 2000; Huang et al., 2000; Kumar et al., 2016; Bagheri et al., 2018; Barykin et al., 2018). Therefore, it is of particular interest to determine how changes in the homeostasis of a given trace metal influence the homeostasis of other trace metals and the aggregation state of Aβ. 
The present study has found that in Aβ-producing C. elegans, imbalances in trace metals copper or zinc trigger further trace metal dyshomeostasis. When supplemented with copper, zinc levels increase significantly and when supplemented with zinc, copper levels increase significantly. Thus, an imbalance in either trace metal causes a cascading effect resulting in further imbalances. This triggering of further trace metal dyshomeostasis might explain why the percent of worms paralyzed, which correlates to Aβ-aggregation levels, significantly increases in both copper and zinc supplemented mutant worms from day 6 to day 9. 
However, in wild-type worms, dyshomeostasis of copper or zinc ultimately triggers a return to equilibrium. When copper levels increase through supplementation, zinc levels correspondingly increase from day 6 to day 9. In contrast, when zinc levels increase through supplementation, copper levels decrease from day 6 to day 9. Therefore, it is possible that through a negative feedback mechanism loop, an increase in copper triggers an increase in zinc which ultimately causes a decrease in copper and a return to equilibrium.
Increases in the concentration of zinc or copper, through supplementation, both result in increases in the percent of worms paralyzed, reflecting higher Aβ-aggregation levels, from day 6 to day 9. Given that trace metal levels naturally increase to a degree during the aging process, it is possible that in certain populations more prone to developing amyloidogenic diseases, trace metal levels dramatically increase during aging. Since Aβ avidly binds to trace metals copper and zinc, it is possible that when trace metal levels increase during the aging process, Aβ levels increase in an effort to bind excess copper and zinc (Squitti et al., 2021). The binding of trace metals such as copper and zinc to Aβ is known to trigger an Aβ conformational shape change (Barykin et al., 2018; Kim et al., 2018; Benedictis et al., 2019), thus transforming Aβ into a configuration more amenable to forming aggregations. 
While both copper and zinc dyshomeostasis result in an increase in the percent of worms paralyzed over time, copper might have a stronger effect on the percent of worms paralyzed, reflecting Aβ aggregations, compared to zinc. The zinc supplementation concentration (500 μM ZnSO4) was over three times higher than the copper supplementation concentration (150 μM CuCl2); however, the percent of worms paralyzed on day 6 in the zinc supplemented group was only about 1.8 times higher than the copper supplemented group. The zinc supplementation (Kumar et al., 2016) and copper supplementation (Minniti et al., 2009) were chosen based on previous publications that found considerable changes in amyloid-beta aggregations, but did not measure whether dyshomeostasis of one trace metal triggers dyshomeostasis of other trace metals. Additionally, despite the higher zinc supplementation, there was no significant difference in the percent of worms paralyzed by day 9 when comparing the zinc supplemented group and the copper supplemented group. It would be particularly useful to measure the percent of worms paralyzed when supplementing with the same concentration of CuCl2 and ZnSO4 in the future. 
Overall, the novelty of this study is the experimental demonstration that dyshomeostasis of trace metals copper or zinc triggers further trace metal dyshomeostasis in Aβ-producing worms, while dyshomeostasis of copper or zinc triggers a return to equilibrium in non-Aβ-producing worms. This might indicate that the inability to return to trace metal homeostasis in Aβ-producing C. elegans is part of the cause of higher Aβ-aggregations. Additional future directions will include elucidating the mediating factors that facilitate Aβ-trace metal binding and testing the effects of trace metal chelators on Aβ levels. 
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Figure 1: Average Zinc Content in C. elegans Supplemented With Copper
When amyloid-beta producing C. elegans (CL2006) were supplemented with copper, a statistically significant (p=0.013) increase in the average zinc content occurred from day 6 (13.5 ± 0.6 μmol/L) to day 9 (20.1 ± 0.9 μmol/L). Similarly, when non-amyloid-beta producing C. elegans (N2) were supplemented with copper, a statistically significant (p=0.041) increase in the average zinc content occurred from day 6 (16.0 ± 0.9 μmol/L) to day 9 (19.3 ± 0.6 μmol/L). Values are mean ± SEM and are representative of 2 experiments where 30 C. elegans were analyzed at each time point.
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Figure 2: Average Copper Content in C. elegans Supplemented With Zinc
When amyloid-beta producing C. elegans (CL2006) were supplemented with zinc, a statistically significant (p=0.022) increase in the average copper content occurred from day 6 (27.8 ± 4.9 μmol/L) to day 9 (58.6 ± 3.7 μmol/L). In contrast, when non-amyloid-beta producing C. elegans (N2) were supplemented with zinc, a statistically significant (p=0.012) decrease in the average copper content occurred from day 6 (60.8 ± 2.4 μmol/L) to day 9 (24.7 ± 5.4 μmol/L). Values are mean ± SEM and are representative of 2 experiments where 30 C. elegans were analyzed at each time point.
[image: Chart, bar chart

Description automatically generated]
Figure 3: The Effect of Supplementing Amyloid-Beta Producing C. elegans With Copper and Zinc on Percent Paralyzed Over Time
When amyloid-beta producing C. elegans were supplemented with copper, a statistically significant (p=0.014) increase in % paralyzed occurred from day 6 (37 ± 4) to day 9 (92 ± 8). When supplemented with zinc, a statistically significant (p=0.019) increase in % paralyzed also occurred from day 6 (67 ± 0) to day 9 (87 ± 4). The change in percent paralyzed is larger for the copper-supplemented group compared to the zinc-supplemented group. Values are mean ± SEM and are representative of 2 experiments where 20 C. elegans were analyzed at each time point.
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