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ABSTRACT

Type 2 diabetes (T2D) is implicated as a risk factor for Alzheimer’s disease (AD), the most
common form of dementia. In this work, we investigated neuroinflammatory responses of
primary neurons to potentially circulating, blood-brain barrier (BBB) permeable metabolites
associated with AD, T2D, or both. We identified nine metabolites associated with protective or
detrimental properties of AD and T2D in literature (lauric acid, asparagine, fructose, arachidonic
acid, aminoadipic acid, sorbitol, retinol, tryptophan, niacinamide) and stimulated primary mouse
neuron cultures with each metabolite before quantifying cytokine secretion via Luminex. We
employed unsupervised clustering, inferential statistics, and partial least squares discriminant
analysis to identify relationships between cytokine concentration and disease-associations of
metabolites. We identified MCP-1, a cytokine associated with monocyte recruitment, as
differentially abundant between neurons stimulated by metabolites associated with protective
and detrimental properties of AD and T2D. We also identified IL-9, a cytokine that promotes
mast cell growth, to be differentially associated with T2D. Indeed, cytokines, such as MCP-1
and IL-9, released from neurons in response to BBB-permeable metabolites associated with

T2D may contribute to AD development by downstream effects of neuroinflammation.
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ABBREVIATIONS
Abbreviation Associations
AD Alzheimer’s disease
BBB Blood-brain barrier
FDR False discovery rate
G-CSF Granulocyte colony-stimulating factor
IFN-y Interferon-y
IL Interleukin
KC Keratinocyte chemoattractant
LV Latent variable
MCP-1 Monocyte chemoattractant protein-1
MIP-1a Macrophage inflammatory protein-1a
MIP-113 Macrophage inflammatory protein-13
PCA Principal component analysis
PLS-DA Partial least squares discriminant analysis
RANTES Regulated on activation, normal T cell expressed and secretion
T2D Type 2 diabetes
TNF-a Tumor necrosis factor-a
VIP Variable importance in projection
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the progressive loss
of memory and cognitive impairment, which affects more than 6.7 million people in the United
States’. There is not a single cause for AD, but rather a multitude of risk factors that are likely
responsible, including age, genetics, family history, and pre-existing health conditions®™.
Substantial evidence suggests that people with type 2 diabetes (T2D), a chronic metabolic
disease that affects the body’s ability to regulate and process glucose, increase the risk for
AD>®. While dependent on environmental location and other lifestyle factors, up to 81% of
people who have AD have T2D or impaired glucose levels®’. Accounting for age, a shared risk
factor in both diseases, T2D is a significant risk factor for the development of AD®. The incurred
risk of AD from altered glucose metabolism has been demonstrated in both rodent and human
studies®"". Some studies pointed to the link between disease co-morbidity to impairment of
insulin receptors, which is associated with decreased brain glucose metabolism'?'3. Other
reports demonstrated that chronic inflammation from diabetes results in altered levels of
proinflammatory cytokines in the brain, which may serve as a risk factor for AD pathology'*.
Despite the clear association between the risk of AD progression with a history of T2D, the
biological mechanisms in which T2D pathobiology promotes AD development are not well

understood.

The blood-brain barrier (BBB) is a structure of tightly connected brain endothelial cells,
pericytes, and astrocytes that protects the brain from harmful substances and ensures the
passage of nutrients from circulation into the brain'”'8. The BBB also regulates the entry of
immune cells into the central nervous system and the export of toxic metabolic waste from the
brain'®2'. In some disease states, BBB integrity may become impaired, with the breakdown of
tight junctions observed in both human AD and T2D'82223, When the BBB is impaired,

substances that may not typically be transported to the brain, such as circulating metabolites,
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94  are more likely to cross over and stimulate local neuronal cells®*. When stimulated by external
95  factors such as metabolites, neurons and glia cells of the central nervous system may release
96  cytokines to signal proinflammatory or anti-inflammatory responses®>%. Additionally, the
97  secretion of proinflammatory cytokines often results in the activation of immune cells, which may
98 lead to the release of additional cytokines and initiate an inflammatory signaling cascade?’.
99  Subsequently, to return to a homeostatic state, anti-inflammatory cytokines relay messages to
100  reduce or stop the pro-inflammatory response.
101
102 Under normal physiological conditions, leukocytes do not readily traffic across the BBB%. With
103 cytokines being released by neurons and glia such as astrocytes and microglia, the impairment
104  of the BBB may lead to increased trafficking of unwanted substances and peripheral immune
105  cells such as macrophages and neutrophils into the brain'®?°, Inflammatory cytokines may
106  impair the BBB and increase the selective membrane’s permeability through the destruction of

30—

107  endothelial tight junctions®%2, In this case, the barrier integrity may become further

108  compromised such that peripheral immune cells can enter areas with neuroinflammation334.
109  Thus, in a condition such as T2D-associated AD development, metabolites or other small

110  molecules originating elsewhere in the body and circulating in the blood may cross the BBB to
111  stimulate the cells in the brain. This chronic, low-grade stimulation of neuronal cells may lead to
112 downstream neuroinflammation, promoting the development of AD*~%°. However, the potential
113 of systemic circulating species already upregulated in T2D to promote neuroinflammation in the
114  brain has been understudied.

115

116  In this work, we identified patterns of cytokine production in primary mouse neurons following
117  stimulation by metabolites differentially produced in T2D and AD. We find that primary neurons

118  differentially secrete cytokines in response to different metabolites based on associations to AD,

119 T2D, or both. Collectively, our findings indicate that disease-associated metabolites and their
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120  interactions with neurons may serve an important role in the neuroinflammatory pathway and
121  the potential biological pathway in which T2D increases the risk of AD development.

122

123 RESULTS

124  Retinol and Arachidonic Acid Trigger Distinct Cytokine Response Compared to Other
125  Metabolites

126  We first cultured mouse-derived primary neurons for stimulation. After the neuronal plating, nine
127  different metabolites, which include lauric acid, asparagine, fructose, arachidonic acid,

128  aminoadipic acid, D-sorbitol, retinol, L-tryptophan, and niacinamide was used to induce cytokine
129  secretion by the primary culture of neurons. The cytokines secreted in the neuronal media were

130  then collected and quantified using the Luminex assay (Fig. 1).

______________________________________

ol g B /l
- — ¥

Metabolite =3 5

. Vehicle =3
./ Day 4: Change Media ./ Day 11: Collect Samples for Luminex
Day 0: Plate Neurons Day 8: Verification/Stimulate Neurons \

,/ \ Confirmation of Developed (i ‘ Data Analysis of
{ ) and Confluent Neurons > \ ) Measured Cytokines
B N—

132 Figure 1. Method in plating and culturing primary neurons derived from embryonic CD1
133 mice. The embryonic litters from pregnant CD-1 mice were decapitated, and the cortical regions
134  were isolated for primary neuron culturing. On day 8, the metabolites and respective vehicles
135  were used to stimulate the primary neurons. After three days, the neuron media samples were
136  collected for the quantification of released cytokines using the Luminex platform. (Created with
137  BioRender.com).

138

139  Of the 23 cytokines quantified, eight had more than 25% of the measurements below the lower
140  limit of quantification (G-CSF, IL-17A, IL-13, IL-2, IL-3, IL-4, IL-5, and TNF-a), and were
141  excluded from the analysis. The data for the fifteen remaining cytokines were pre-processed by

142 replacing quantified values that were below the lowest limit of quantification with the lowest
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143 respective standard value (2.1% of data). The cytokine concentrations were normalized by a
144  loge ratio of the cytokine measurement divided by the average of the triplicate vehicle

145  concentrations.

146

147  We analyzed the normalized log. fold change of the cytokines with unsupervised clustering
148  methods to discover patterns in the data independent of the experimental conditions. Here, we
149  found that MCP-1, a chemoattractant for monocytes that enhances the recruitment of peripheral
150  immune cells, was upregulated by retinol, L-tryptophan, and niacinamide, all of which are AD-
151  protective metabolites*. All metabolites associated with T2D or AD downregulated MCP-1 (Fig.
152 2a). We found that retinol, which is associated with AD/T2D-protective properties, tended to
153  induce larger magnitude fold changes in the cytokines compared to other metabolites. Nine
154  cytokines showed statistically significant differences in abundance between the disease-

155  association groupings of metabolites (Kruskal-Wallis test, FDR g value < 0.10), including IL-6,
156  MIP-1B, IL-12p70, IL-9, RANTES, IL-12p40, MCP-1, IL-18, and IL-10 (Fig. 2, Supplementary
157  Fig. $1).

158

159

160

161
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169  Figure 2. Unsupervised hierarchical clustering of cytokines released by primary neurons

170 (@) Hierarchical clustering of the log. fold change of cytokine concentrations across the nine
171  tested metabolites. (b) Principal component analysis of the log, fold changes categorized by
172  individual metabolites and disease-associations. The direction of the arrows indicates disease

173 () and protective (T) characteristics related to AD and T2D. Each metabolite is associated with
174  a category of disease. Significance was determined from a Kruskal-Wallis test corrected by the
175  Benjamini-Hochberg method (FDR q value < 0.10). (c) The log: ratio of cytokine concentration
176  to vehicles of MCP-1, IL-9, and MIP-1B. Mann-Whitney pair-wise testing was applied to each
177  metabolite group based on disease association (significance in p value denoted within the plot).
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178  We performed a principal component analysis (PCA) to determine which metabolites induced a
179  different neuroinflammatory signaling response on the primary mouse neurons. We found that
180  seven of the nine metabolites, excluding retinol and arachidonic acid, elicited cytokine

181  responses that clustered together regardless of disease association (Fig. 2b). This indicates
182  that retinol and arachidonic acid stimulation results in distinct neuronal cytokine responses

183  compared to the other metabolites.

184

185  Retinol in particular induced significant downregulation of IL-9 and MIP-13 and up-regulation of
186  MCP-1 in a pattern that deviated significantly from all other cytokine responses to other

187  metabolites (Fig. 2¢c). MCP-1 is a monocyte attractive factor and has functional similarities to
188  other noteworthy cytokine responses in IL-9, and MIP-18. IL-9 is responsible for a large variety
189  of physiological processes, including the promotion of mast cell growth and function, similar to
190 MCP-1*', Likewise, MIP-1p is a chemoattractant that activates human granulocytes, which can
191 lead to acute inflammation*?. These three cytokines contain at least one significant difference
192  between response to protective and detrimental associations of metabolites but are not

193 consistent with MCP-1. The up-regulated of MCP-1 by retinol in the AD*T2D" (protective) group,
194  but not the AD-protective group alone, indicates that the retinol-MCP-1 response is specific to
195  the T2D-AD axis and not AD alone.

196

197  Multivariate Statistical Modeling Identifies MCP-1 and IL-9 as T2D Differentiating

198  Cytokines for AD Development

199  We next assessed whether a supervised modeling approach would identify combinations of
200  cytokines capable of stratifying the metabolites based on different disease association groups.
201  Using a multivariate statistical modeling framework: Partial Least Squares Discriminant Analysis
202  (PLS-DA), we identified cytokines that are most predictive of either protective or disease

203  properties of the disease association of interest. These metabolites were categorized with their
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204  respective disease associations: AD and T2D protective (AD*T2D*), AD and T2D (AD'T2D"),
205  AD protective (ADY), and T2D (T2D"). The model first was to identify patterns of cytokine

206  secretion differentiating the groups between AD-protective, AD/T2D-protective, T2D, and

207  AD/T2D, answering the question if certain cytokines are more differentially produced in the

208  presence of specific disease-associated metabolites. With metabolites being complex biological
209  molecules, we next asked if our findings from the 4-way model were consistent if categorized by
210  associations with AD alone or T2D alone. Here, we prepared two other models that separate the
211  metabolites into AD- and T2D-only groups. For the latter two models, any metabolites that did
212 not fit the criteria (e.g., T2D-only metabolite for the AD model) were excluded before applying
213  the cross-validation and constructing the PLS-DA model.

214

215  Inthe 4-way PLS-DA model, we found that the cytokines contributing to the overall PLS-DA

216  model more than average (VIP>1) on both LV1 and LV2 were MCP-1, IL-12p40, and IL-9. (Fig.
217  3a-b). A variable with a VIP>1 in both LV1 and LV2 suggests that the specific cytokine is

218  consistently contributing to the separation across different components of the PLS-DA model.
219  This is important because the identified cytokine is reliable for discriminating between the

220 disease categories. We also found that the AD*T2D* group separated from the other three other
221 metabolite groups. This indicated that the T2D-AD protective metabolite, retinol, induced a

222 distinct cytokine response while the other three groups, AD-protective, T2D-associated, and
223  AD/T2D-associated, were more similar to each other.

224
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Figure 3. Separation of different disease-associated metabolites is detected from the
PLS-DA model. (a-b) Four-way disease associations; (c-d) AD-protective and AD associated
classifications, and (e-f) T2D-protective and T2D associated classifications. Loading variables
for each model (LV1 and LV2) with a VIP>1 is labeled with a star, and the color of the loading
bar represents the cytokine with the highest contribution to the specific class (metabolite

grouping).

Having demonstrated a separation among the four-way disease-association classification (Fig.

3a-b), we adjusted the model to compare the metabolites based on their association to specific

relationships, such as AD/AD-protective or T2D/T2D-protective. We adjusted our model to

11
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240  determine if our findings from the four-way model were consistent across the AD/AD-protective
241  and T2D/T2D-protective models. In our AD-only model (Fig. 3c-d), the model separated

242  between the AD disease-associated metabolites and the AD-protective metabolites across LV1.
243 Cytokines with VIP>1 contributing to both LV1 and LV2 were IL-18, IL-12p40, IL-10, IL-1a , and
244 MCP-1. Similar to the AD PLS-DA model, our T2D PLS-DA model successfully separated the
245  metabolites associated with the protective and detrimental properties of T2D (Fig. 3e-f). In our
246  T2D model, six cytokines had a VIP>1 contributing to LV1 and LV2 (IL-12p70, RANTES, IL-6,
247  IL-9, MIP-1B3, and MCP-1).

248

249  Of the several cytokines contributing a VIP>1 to each of the models, we identified two cytokines
250  that were consistent across each of the three PLS-DA models. The two cytokines were MCP-1
251 and IL-9. MCP-1 was found to be contributing to the protective properties of T2D and AD, while
252  IL-9 was identified to be contributing to T2D properties. Overall, these three PLS-DA models
253  demonstrated that primary mouse neurons stimulated by metabolites with different disease

254  associations lead to distinct responses by neuroinflammatory cytokines.

255

256 DISCUSSION

257  Here, we used an in vitro primary neuron culture approach to test our hypothesis that BBB-

258  permeable metabolites with AD or T2D associations may stimulate neuroinflammatory or

259  protective processes in neurons associated with disease. Independent research groups have
260  shown that dysregulation of the BBB is a known characteristic shared in both AD and T2D and
261  others have investigated the relationship between cytokine levels and disease status in

262  separate AD and T2D studies®***#344 Breakdown of the BBB may serve as an important

263  connection between AD and T2D by allowing circulating factors to cross the BBB and induce
264  disease-associated signaling cascades or provoke local inflammatory responses®—.

265

12
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266  Our work shows that MCP-1 is responsive to the AD/T2D protective metabolite retinol.

267  Upregulation of MCP-1 corresponded to protective properties of AD and T2D, whereas

268  downregulation of MCP-1 from primary neurons was a response to disease-associated

269  metabolite stimulation. MCP-1 contributed more than average to each of the three PLS-DA

270  models and MCP-1 was found to be responsive to metabolites associated with protective

271  characteristics. Previous studies that investigated the relationship between serum retinol and
272 AD reported diminished circulating retinol as an increased risk factor for cognitive decline in

273 humans® and in mice*®. Additionally, retinol was found to be decreased in subjects with T2D, as
274  well as subjects with T2D and diabetic retinopathy compared to healthy groups*’. This case may
275  be attributed to a derivative of retinol, retinoic acid, which is converted through a two-step

276  oxidation process. Retinoic acid has been demonstrated to restore the insulin function of B-cells
277  in mouse models*®. B-cells are localized in the pancreas and are responsible for creating insulin
278  toregulate blood sugar levels. Further understanding the possible protective role of retinol may
279  serve as a viable preventative avenue for T2D-driven AD.

280

281  Through literature, we find evidence supporting that a deficiency of MCP-1-activated immune
282  cells, such as microglia, has an increased risk of early onset of AD. We hypothesize that

283  neuron-secreted MCP-1 activates microglia to promote the clearance of amyloid-beta proteins in
284  the brain and, based on our results, retinol stimulation could promote this process. This finding
285 is promising because present in people with AD, amyloid-beta, and tau tangles are the hallmark
286  proteins found aggregated in the brain*®*°

287

288  Despite our findings, other sources that have studied AD signaling found MCP-1 to be

289  associated with longitudinal cognitive decline in patients with AD°"*2. However, the MCP-1
290  cytokine from these studies quantified cytokines from plasma samples, rather than neuron-

291  derived media. Thus, we acknowledge that there may be conflicting cytokine findings from
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292 human AD studies®™*. This difference in results may be attributed to several factors, such as
293  the high dimensionality of human biology and the location in the body to which the cytokines
294  were quantified.

295

296  IL-9 was responsive to T2D" associated metabolites (lauric acid and asparagine) and

297  significantly differentially abundant compared to retinol than the AD*T2D* metabolite. Lauric
298 acid was reported to induce hepatic insulin resistance through the upregulation of SELENOP,
299  which encodes for selenoprotein P*°. In the case of asparagine, the loss of homeostasis

300 between two interconvertible amino acids (asparagine and aspartate) was found associated with
301 T2D%. For both of these metabolites, PLS-DA also revealed IL-9 to be contributing more than
302 average to the classification of T2D. A study by Mohammed et al., found that serum IL-9 in T2D
303  patients was higher than that of the healthy control group®”. A separate study found that lower
304  serum IL-9 was associated with pre-diabetes and T2D®. The conflicting results are based on
305 cytokine quantification from serum samples and may not be reflective of the responses we

306 observed in neuronal media. Though IL-9 was not significantly responsive to the specific AD-
307 associated metabolites we tested, others found that higher neuron and astrocyte production of
308 IL-9 in vitro is linked to AD progression® and this is also seen in human studies®.

309

310 Based on our findings, we hypothesize a potentially shared neuroinflammatory response

311  pathway where, during a healthy state (Fig. 4a), the BBB regulates the passage of nutrients and
312  substances across the membrane with a tightly locked layer of brain endothelial cells. As a

313  result, upregulated metabolites due to metabolic disease development will have a difficult time
314  crossing the BBB to stimulate the neuronal cells. This ultimately prevents peripheral immune
315 cells from also entering the brain area which will generate a larger neuroinflammatory response.

316 During a diseased state, the BBB breaks down, and harmful substances and unwanted cells
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317  can leak across the membrane (Fig. 4b). As a result, neurons and other similar cells become
318  stimulated and release cytokines®'. These cytokines can be pro-inflammatory or anti-

319 inflammatory and trigger other downstream effects that may lead to a positive feedback loop of
320  cytokine secretions. This long-term cycle may ultimately contribute to the disruption of the BBB,

321  as well as chronic neuroinflammation we may observe in people living with AD today.
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323  Figure 4. Hypothesized Pathway of the Shared Neuroinflammatory Response. (a) In a

324  healthy state, few metabolites may cross the BBB through specialized transport. The stimulated
325 neurons produce cytokines that may activate glia such as microglia, which will accumulate in the
326  brain and promote clearance of amyloid-beta and other debris in the central nervous system. (b)
327 In adiseased state, metabolites may cross the BBB in higher concentrations, and stimulate the
328  neurons and glia cells. This chronic, low-grade stimulation of neuronal cells may result in the
329  eventual breakdown of the BBB, leading to downstream migration of immune cells and more
330 metabolites to enter the brain. The release of neuroinflammatory cytokines may generate a

331 feed-forward loop of neuroinflammation, potentially leading to the development of eventual AD.
332  (Created with BioRender.com).

333

334  Alimitation of our work is that the neuron culture only represents one of the many cells located
335 in the central nervous system in a single-direction pathway where neurons respond to different

336  disease-associated metabolites. Cytokines are complex signaling molecules that themselves
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337  cannot be simply categorically into simple associations. Likewise, it is difficult to fully classify a
338  metabolite to be associated with a specific disease, as human biology is multi-dimensional. In
339 the future, preparing an experiment with different co-culture models may pose alternative

340  methods to study signaling networks related to T2D as a risk factor for AD development.

341

342 Our work examined the patterns of neuroinflammatory cytokines released by primary mouse
343  neurons when stimulated by metabolites differentially produced in AD and T2D. Our findings
344  show that metabolites with similar disease associations result in similar profiles of differentiating
345  cytokines such as MCP-1. Understanding the patterns of cytokines released by neurons will
346  allow us to infer the potential neighboring cells that may be activated. Our results suggest a
347  need for further studies to investigate T2D-driven neuroinflammation as a contributor to AD.
348

349 MATERIALS AND METHODS

350 Candidate Metabolite Selection

351  The selection criteria for inclusion of metabolites in our study were (1) that the metabolite be
352  differentially abundant in AD, T2D, or both, (2) that the metabolite be BBB-permeable, and (3)
353 that two or more studies supported these associations. We used the search terms “metabolites
354  presentin Alzheimer’s disease” and “metabolites present in type 2 diabetes” in Google Scholar
355 and PubMed. The identified metabolites were then given an association with detrimental or
356  protective characteristics based on findings from at least two independently published literature.
357  The associations were established by using search terms “[identified metabolite name] and
358  Alzheimer’s disease” and “[identified metabolite name] and type 2 diabetes.” In our search

359  criteria, while there is an increased BBB permeability shared in both T2D and AD, all

360 metabolites were verified to have the ability to cross the blood-brain barrier based on

361  specialized transport mechanisms or favorable chemical properties. We confirmed this through

362 literature findings with the keyword search “[metabolite name] and BBB permeability”®>-"°. With
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363 atleast two studies supporting the associations, we identified nine candidate metabolites for
364  follow-up studies, which include lauric acid, asparagine, fructose, arachidonic acid, aminoadipic
365 acid, D-sorbitol, retinol, L-tryptophan, and niacinamide for the stimulation of primary culture of

366  neurons (Table 1).

367 Table 1. Metabolites selected from literature for neuron stimulation
Metabolite Associations References

368 Lauric Acid T2D' %583

369 Asparagine T2D' 56,84
Fructose-6-Phosphate AD', T2D' 85,86

370 Arachidonic Acid AD', T2D" 87.88
Aminoadipic Acid AD', T2D' 84,80

371 D-Sorbitol AD', T2D" 84,90
Retinol (Vitamin A) AD', T2D* 83,9192

372 L-Tryptophan ADY 93,94
Niacinamide AD' 84,95

373

374

375  Primary Neuron Culture

376  All animal procedures were performed in strict accordance with the guidelines approved by the
377  Penn State College of Medicine Institutional Animal Care and Use Committee

378 (PROTO201800449). The primary neurons used in this investigation are derived from

379  embryonic litters from pregnant CD-1 mice (Charles River Laboratories, strain 022). Two

380  pregnant mice (gestational day 17) were sacrificed by decapitation using a guillotine. Between
381 the two pregnant mice, a total of 25 embryonic pups were sacrificed by decapitation using

382  surgical scissors. The isolated brains were immediately placed in cold HEPES-buffered Hank’s
383  Balanced Salt solution for dissection. After the meninges were removed, the cortical cap of the
384  brain was isolated.

385

386  Primary neuron culture was performed according to validated methods’". The isolated cortices
387  were transferred to a conical tube containing warm embryonic plating medium: Neurobasal Plus

388  (Gibco), 10% fetal bovine serum (Gibco), 1x GlutaMAX (Gibco), 1x Penicillin-Streptomycin
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(10,000 U/mL, Gibco). Cortices were manually triturated using a pipette in the embryonic
medium, and the overall cell concentration was determined by the Countess Il automated cell
counter (Invitrogen). The 6-well plates coated with 0.1 mg/mL Poly-D-Lysine were plated with
the cell suspension at a density of 5,196,500 cells/well. After 24 hours, the embryonic media
was replaced with neuronal media: Neurobasal Plus (Gibco), 1x B27 Plus supplement (Gibco),
1x GlutaMAX (Gibco), 1x Penicillin-Streptomycin (10,000 U/mL, Gibco). Half of the neuronal
medium was replaced after four days. After inspecting the plates for confluency, the neuronal
medium was aspirated, and neurons were stimulated with metabolites dissolved in media on
day 8 with a final concentration of 300 uM. On day 11, cell media was collected and snap-frozen

in liquid nitrogen for future cytokine quantification with the Luminex system.

Established Metabolite Stimulation Concentration

Metabolite treatment concentration was determined by dose-response neuron viability
(Invitrogen, catalog no. L3224) in the nano and micromolar range. We established the range we
tested for our live/dead assay based on the ranges tested in these metabolites with different cell
lines in prior studies’?®°. Like the primary neuron culturing methods, one pregnant CD1 mouse
at gestational day 15 (n=12 embryos) was sacrificed and plated, with the adjustment of 175,000
cells/well in a 96-well plate. On day 8, we stimulated neurons with twelve logarithmically
increasing concentrations (1 nM, 3 nM, 10 nM, 10 nM, 30 nM, 100 nM, 300 nM, 1 uM, 3 uM, 10
uM, 30 uM, 100 uM, and 300 uM) (Supplementary Fig. S2). Each metabolite was first
dissolved in dimethyl sulfoxide, water, or phosphate-buffered saline before being mixed with
neuronal media. The vehicle controls (no metabolite added) matched the solvent composition
respective to each metabolite group. The dimethyl sulfoxide concentration did not exceed 0.3%
to ensure cell viability. On day 11, we assayed neuron viability using live/dead staining (calcein
acetoxymethyl and ethidium homodimer, catalog no. L3224, Invitrogen). Fluorescence was

measured using the Spectramax i3x microplate reader (Molecular Devices). We found no
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415  significant decline in cell viability as the concentration increased, thus, the 300 uM concentration
416  was selected as the established concentration for our assays, with the rationale that high acute
417  exposure will exhibit a similar response to low chronic exposure.

418

419  Cytokine Quantification

420  Samples, blanks, and quality controls were loaded into a 384-well plate in technical triplicate,
421  and cytokine concentrations were quantified using the Luminex Bio-Plex 3D platform. The assay
422  was carried out with the Bio-Rad BioPlex 23-Plex Pro Mouse Cytokine Kit, which contains a

423  panel to quantify pro- and anti-inflammatory cytokines (Eotaxin, G-CSF, IFN-y, IL-17A, IL-18, IL-
424  A1aq, IL-10, IL-12p40, IL-12p70, IL-13, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, KC, MCP-1, MIP-13, MIP-
425 1a, RANTES, and TNF-a) from Bio-Rad (Catalog no. M60009RDPD). The manufacturer’s

426  protocol was modified to accommodate a 384-well format by adding magnetic beads and

427  antibodies at a reduced volume®'¥2, On the day of the assay, the collected samples were

428  thawed on ice. All steps that involved plate washing were performed with the Hydrospeed plate
429  washer with magnets (Tecan). The Luminex instrument calibration and verification were

430  conducted on the day of the assay.

431

432  Data Pre-Processing and Normalization

433  Cytokines with 25% or more of the samples reading below the lower limit of quantification were
434  excluded from the analysis. The remaining 15 quantified cytokines were retained for

435  downstream analysis. To prepare the data for analysis, any individual values below the lower
436  limit of quantification were replaced with the lowest respective standard value (2.1% of data).
437  Cytokine concentrations were then normalized by a logz ratio of the individual measurement
438  divided by the average of the triplicate vehicle concentrations. All data analysis was conducted
439  in RStudio (version 1.4.1717 Juliet Rose).

440  Unsupervised Hierarchical Clustering and Principal Component Analysis
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441  The logz normalized data was used for unsupervised hierarchical clustering and principal

442 component analysis (PCA). For a global comparison across different metabolite groups and
443  cytokines, a heatmap was generated using the pheatmap package in RStudio (package version
444 1.0.12). The factoextra package was used for PCA, with the input data scaled and normalized to
445  the vehicle groups (package version 1.0.7).

446

447  Statistical Analysis

448  To determine the statistical significance of differences in cytokine levels across metabolite

449  treatment groups, we performed a non-parametric Kruskal-Wallis test on the data. A Benjamini-
450  Hochberg was performed on the Kruskal-Wallis test to correct the false discovery rate (FDR) of
451  multiple comparisons. Significance was determined if an FDR g value was less than 0.10. We
452  performed post-hoc testing with a non-parametric Mann-Whitney test on cytokines identified to
453  be significantly differing across the four groups of disease-associated metabolites (AD-

454  protective, AD/T2D-protective, T2D, and AD/T2D), with a p value less than 0.05 considered
455  significant. Significantly differentially abundant cytokines were visualized with box and whisker
456  plots.

457

458  Partial Least Squares Discriminant Analysis

459  We performed partial least squares discriminant analysis (PLS-DA), a multivariate

460  dimensionality-reduction technique in RStudio using mixOmics (package version 6.16.3). For
461  PLS-DA, the normalized log: fold change of cytokine concentrations secreted by primary

462  neurons were independent predictor variables and our dependent variable was the disease

463  association of the metabolites. We constructed three PLS-DA models using cytokine profiles to
464  predict (1) 4-way discrimination between all metabolite groups (AD-protective, AD/T2D-

465  protective, T2D, and AD/T2D), (2) AD-protective vs. AD-associated, and (3) T2D-protective vs.

466  T2D-associated metabolite stimulation conditions. The number of latent variables (LV) selected
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467  for each model was determined by a three-fold cross-validation repeated randomly one hundred
468  times based on the model with the lowest cross-validation error rate.

469

470  In our PLS-DA model, we identified the most important cytokines contributing to the model’s
471  overall predictive accuracy by the variable importance in projection (VIP) score. The VIP scores
472  were calculated by using the mixOmics package, which represents the strength of contribution
473  from each cytokine to the results of the PLS-DA model:

K-YA_ w2, SSY,
474 VIP, = acl_ak’t 4
! ‘ j A 58Yota

475  Where K is the total number of cytokine predictors, A is the number of PLS-DA components, Wax
476 s the weight of predictor j in the a" LV component, and SSY. is the sum of squares of the

477  explained variance for the a™ LV component. The SS Yo represents the total sum of squares
478  explained in all of the LV components. Since the VIP accounts for normalization, a score greater
479  than 1 indicates an important variable within the model.
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Supplementary Figure S1. Additional Significantly Reported Results on Neurons treated
with different disease associations. The log- ratio of cytokine concentration to vehicles that
were determined significant from a Kruskal-Wallis test (FDR q value next to the cytokine).
Mann-Whitney pair-wise testing was applied to each metabolite group based on disease
association (significance denoted within the plot). The cytokines include (a) IL-12p70, (b) IL-6,
(c) IL-10, (d) RANTES, (e) IL-1B, and (f) IL-12p40.
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Supplementary Figure S2. Live-dead ratio of each metabolite stimulation on primary
neuron culture. Live-dead assay was performed on (a) lauric acid, (b) arachidonic acid, (c)
retinol, (d) fructose-6-phosphate, (e) L-tryptophan, (f) niacinamide, (g) asparagine, (h)
aminoadipic acid, and (i) D-sorbitol. Per each concentration, the metabolite (left-side bar) and
vehicle (right-side bar) is reported. Missing data is due to extreme outlier (lauric acid) and
limitation of primary neurons (fructose-6-phosphate). Live-dead ratio is displayed as the mean ]
standard error of the mean.
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