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Abstract

There is an urgent need to identify modifiable environmental risk factors that reduce
the incidence of Alzheimer's disease (AD). The B-like vitamin choline plays key roles
in body- and brain-related functions. Choline produced endogenously by the phos-
phatidylethanolamine N-methyltransferase protein in the liver is not sufficient for ad-
equate physiological functions, necessitating daily dietary intake. ~90% of Americans
do not reach the recommended daily intake of dietary choline. Thus, it's imperative to
determine whether dietary choline deficiency increases disease outcomes. Here, we
placed 3xTg-AD, a model of AD, and non-transgenic (NonTg) control mice on either a
standard laboratory diet with sufficient choline (ChN; 2.0 g/kg choline bitartrate) or
a choline-deficient diet (Ch-; 0.0 g/kg choline bitartrate) from 3 to 12 (early to late
adulthood) months of age. A Ch- diet reduced blood plasma choline levels, increased
weight, and impaired both motor function and glucose metabolism in NonTg mice,
with 3xTg-AD mice showing greater deficits. Tissue analyses showed cardiac and liver
pathology, elevated soluble and insoluble Amyloid-p and Thioflavin S structures, and
tau hyperphosphorylation at various pathological epitopes in the hippocampus and
cortex of 3xTg-AD Ch- mice. To gain mechanistic insight, we performed unbiased pro-
teomics of hippocampal and blood plasma samples. Dietary choline deficiency altered
hippocampal networks associated with microtubule function and postsynaptic mem-
brane regulation. In plasma, dietary choline deficiency altered protein networks as-
sociated with insulin metabolism, mitochondrial function, inflammation, and fructose
metabolic processing. Our data highlight that dietary choline intake is necessary to

prevent systems-wide organ pathology and reduce hallmark AD pathologies.
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1 | INTRODUCTION

Alzheimer's disease (AD) is one of the most prevalent age-related
neurodegenerative disorders in the US, with more than 6 mil-
lion Americans currently living with the disease and a projected
16 million affected by 2050 (Alzheimer's Association, 2022). AD
is characterized by two hallmark neuropathologies: extracellular
amyloid-beta (Ap) plaques and intracellular neurofibrillary tangles
(NFT), resulting in a progressive loss of cognitive abilities and mem-
ory (Deture & Dickson, 2019). The two major isoforms of AB are Ap
40 and AB,,, found in both soluble and insoluble fractions (Deture
& Dickson, 2019). These isoforms of Ap aggregate into Ap oligo-
mers, which are neurotoxic precursors for insoluble Ap plaques (Lee
et al., 2017). Tau phosphorylated at serine 181 (pTau Ser181), pTau
Ser396, and AT8 (Ser202/Threonine (Thr)205) are sites associated
with tau pathogenesis in AD (Dave et al., 2021; Karikari et al., 2020;
Mondragén-Rodriguez et al., 2014). Other pathologies in AD in-
clude neuroinflammation (Husna Ibrahim et al., 2020; Kandimalla
et al., 2017), cardiac pathology (Yang, Li, et al., 2020), and insulin
dysregulation (Kandimalla et al., 2017). These physiological alter-
ations indicate that AD is a complex, systems-wide disease affect-
ing several metabolic and cellular processes throughout the body.
While a wealth of research has investigated these disease param-
eters separately, it remains unclear how exactly they contribute to
AD pathogenesis or when they chronologically coincide with Ap and
NFT pathology. An abundance of work has highlighted that environ-
mental factors may play a role in sporadic AD, which accounts for
>95% of total cases (Kandimalla et al., 2017; Velazquez et al., 2019,
2020; Yang, Li, et al., 2020; Yang, Jiang, et al., 2020).

Choline, an essential nutrient found in a variety of foods, is a
key precursor in the synthesis of choline phospholipids, betaine,
and acetylcholine, a neurotransmitter involved in neurogenesis, syn-
apse formation, learning, and memory (Blusztajn, 1998). Betaine is a
methyl group donorin the conversion of homocysteine to methionine
(Blusztajn, 1998), an amino acid that contributes to epigenetic reg-
ulation (Velazquez et al., 2020). Endogenous production of choline
by phosphatidylethanolamine N-methyltransferase (PEMT) in the
livers of both mice and humans is not sufficient for normal metabolic
functioning, requiring dietary intake (Institute of Medicine, 1998).
In 1998, the Institute of Medicine (IOM) established an adequate
daily intake (ADI) threshold for choline consumption to prevent fatty
liver disease; 550 and 425 mg/day for adult men and women, respec-
tively (Institute of Medicine, 1998). The ADI for pregnant women is
550mg/day for healthy fetal development (Blusztajn, 1998; Institute
of Medicine, 1998). However, recent studies show that ~90% of the
US population fails to reach the ADI of choline (Zeisel, 2017).

Significant evidence shows that choline is important for healthy
brain function (reviewed in Blusztajn, 1998; Zeisel, 2017). Maternal
choline supplementation (MCS) of 4.5 times the ADI has been shown
to produce important cognitive benefits for offspring in a mouse
model of AD (Velazquez et al., 2020). Additionally, adulthood choline
supplementation in a mouse model of AD significantly reduces Ap
plaque density, learning and memory deficits, and brain inflamma-
tion (Velazquez et al., 2019). Work has highlighted the relationship
between choline and the dysfunction of systems-wide cellular and
molecular processes that are also implicated in AD. For example,
choline supplementation is associated with attenuated microglial
activation and reduced insulin resistance in the brain and periph-
ery (Gao et al., 2017; Velazquez et al., 2019; Zeisel, 2017), and cho-
line deficiency plays a role in cardiovascular disease, liver toxicity,
and hypertension (Institute of Medicine, 1998; Millard et al., 2018);
perturbations to these systems are known risk factors for AD, sug-
gesting that choline deficiency could be a shared mechanism of
these ailments. Moreover, work has shown that abnormalities in
endogenous choline production via a functional single nucleotide
polymorphism (rs7964) in the gene encoding PEMT are associated
with increased AD incidence (Bi et al., 2012). Additionally, <100mg
of daily intake of choline is associated with an increased incidence
of AD and dementia (Yuan et al., 2022). These studies suggest that
reduced levels of choline may elevate the risk of AD, highlighting the
importance of ADI.

Here, we sought to elucidate the effects of dietary choline de-
ficiency in healthy aging and AD, placing NonTg and 3xTg-AD mice
(a mouse model of AD) on a choline deficient diet throughout adult-
hood. We hypothesized that a choline deficient diet will induce
system-wide cellular and molecular dysfunction throughout the
body and brain, increasing the risk of AD across several pathogenic

axes.

2 | RESULTS

At 3months of age, we exposed female NonTg and 3xTg-AD mice
to either a control choline (ChN; 2.0 g/kg) or choline-deficient
(Ch-; choline deficiency; 0.0 g/kg; Figure Sla,b) diet, producing
four experimental groups (NonTg ChN, n = 20; 3xTg-AD ChN,
n = 15; NonTg Ch-, n = 18; 3xTg-AD Ch-, n = 16; Figure 1b). Mice
were aged to 10months and tested in the rotarod task to assess
motor function, and the Morris water maze (MWM) to assess
spatial reference learning and memory (Figure 1a). Blood and tis-
sues were subsequently collected for pathological and proteomic

assessment.
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FIGURE 1 Ch-impairs motor function in both NonTg and 3xTg-AD mice. (a) Experimental design. (b) Groups and sample sizes. (c-e) Motor
function assessment via the rotarod task illustrated significant main effects of genotype, where the 3xTg-AD mice fell off the spinning rod
significantly faster than NonTg mice on Day 1 (p = 0.001), Day 2 (p = 0.016) and the Day 3 probe trial (p <0.0001). The assessment also
showed significant main effects of diet, where the Ch- mice fell significantly faster on Day 1 (p = 0.0002), Day 2 (p = 0.0002), and Day 3
(p<0.0001), than their ChN counterparts. (f) Morris water maze testing revealed significant effects of genotype, where the 3xTg-AD had

a higher latency to find the platform across the 5days of learning than the NonTg mice (p <0.0001). (g-i) During the Day 6 probe trial, the
3xTg-AD mice crossed the platform significantly fewer times (p = 0.0008) and had a higher latency to first cross the platform location

(p = 0.0105) than the NonTg mice. Swim speed was equal across the groups. For box plots, the center line represents the median value, the
limits represent the 25th and 75th percentile, and the whiskers represent the minimum and maximum values of the distribution. Line graphs
are mean+SE. *p<0.05, ***p<0.001, ****p <0.0001

2.1 | Ch-throughout adulthood impairs Figure 1d), (Fy 45 =15.69, p = 0.0002), where 3xTg-AD mice fell

motor function

For the rotarod task, during the two training days, we found sig-
nificant main effects of genotype and diet for latency to fall off
the spinning rod on Day 1 (Fu, 65) =16.72, p = 0.001; Figure 1c),
(Fu, 45y =15.86, p = 0.0002) and Day 2 (F; 4 =6.114, p = 0.016;

sooner than NonTg mice, and Ch- mice fell sooner than ChN mice.
On probe Day 3, we found significant main effects of genotype
(F(i, 65) =20.99, p <0.0001; Figure 1e) and diet (F(L 65) =20.56,
p <0.0001), where 3xTg-AD mice fell sooner than NonTg mice, and
Ch- mice fell sooner than the ChN mice, indicating that the AD phe-
notype and Ch- impaired motor function.
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Mice were then tested in the MWM for 6 consecutive days.

One 3xTg-AD Ch- mouse was excluded for inability to swim. During
the first 5 training days, mice received four trials/day. For latency
to find the hidden platform, we found a significant main effect of
day, indicating learning (F(L 256) =26.932 p <0.0001: Figure 1f). We
also found a significant main effect of genotype (F(L 256) =23.335,
p <0.0001), where 3xTg-AD mice took significantly longer to find
the hidden platform than NonTg mice. No significant diet main
effects or interactions were found. On Day 6, the platform was
removed, and mice were tested in a 60-s probe trial to assess spa-
tial memory. 3xTg-AD mice crossed the platform location signifi-
cantly fewer times than NonTg mice (Fu, 64) =12.276, p = 0.0008;
Figure 1g) and had a higher latency to first cross the platform loca-
tion (F; 44 =6.948, p = 0.0105; Figure 1h), illustrating deficits. No
diet effects were detected. Swim speed during the probe trials was
similar across groups (Figure 1i). These data indicate that Ch- does
not exacerbate spatial memory impairments in 3xTg-AD mice nor im-
pair performance in NonTg mice.

2.2 | Ch-increases body weight, impairs glucose
metabolism, and reduces plasma choline levels

Choline plays an essential role in glucose metabolism, a biologi-
cal system that is dysfunctional in AD (Gao et al., 2017; Millard
et al., 2018). We examined body weight and performed a glucose
tolerance test (GTT). For percent weight change from baseline,
we found significant main effects of genotype (F(1, 65) = 51.96,
p<0.0001) and diet (F(Lés) = 52.86, p<0.0001), where 3xTg-
AD mice had a higher percent weight change than NonTg mice
(Figure 2a,b). Ch- mice had a higher percent weight change than
their ChN counterparts. We also found a significant genotype by
diet interaction (F(i,és) =10.91, p = 0.0016), where NonTg Ch- mice
had a higher percent weight change from baseline than NonTg ChN
mice (p = 0.026). 3xTg-AD Ch- mice showed a higher percentage
weight change from baseline than 3xTg-AD ChN mice (p <0.0001).
Notably, NonTg Ch- and 3xTg-AD ChN mice showed no significant
difference (p>0.99), indicating that the weight gain in NonTg Ch-
mice phenocopies that seen in the AD mouse. To determine if body
weight differences arose from food intake, we performed a food
consumption test. We found a significant main effect of genotype
(F(1, 1) = 11.69, p = 0.0042; Figure 2c), where the 3xTg-AD mice
consumed significantly more than NonTg mice, but no significant
diet effects, illustrating that body weight differences between diets
(Figure 2d) are not due to food consumption.

In the GTT, we found significant main effects of genotype
(Fy, 5y = 26.02, p<0.0001) and diet (F 45 = 47.01, p<0.0001),
where 3xTg-AD mice show higher glucose levels than NonTg mice.
Ch- mice had higher glucose levels than ChN mice (Figure 2e).
We also found a significant genotype by diet by time interaction
(F(7'455) = 2.674, p = 0.0101), where 3xTg-AD Ch- mice had signifi-
cantly higher glucose levels from the 60min through 120 min time

points compared to 3xTg-AD ChN mice (p<0.01). NonTg Ch- mice
had significantly higher glucose levels than NonTg ChN mice at the
60 min time point (p < 0.05). Lastly, we analyzed the glucose area
under the curve (AUC), as it provides a better assessment of glucose
tolerance (Velazquez et al., 2017). We found significant main effects
of genotype (F, 45 = 26.04, p<0.0001) and diet (F; 5 = 47.25,
p<0.0001), where the glucose AUC for 3xTg-AD mice was higher
than for NonTg mice and higher for Ch- mice than for ChN mice
(Figure 2f). We also found a significant genotype by diet interaction
(F(1, 65) = 4.393, p = 0.040), where AUC was higher in NonTg Ch-
than NonTg ChN mice (p = 0.0042), and in 3xTg-AD Ch- compared
to 3xTg-AD ChN mice (p<0.0001). AUC was similar between the
NonTg Ch- and 3xTg-AD ChN mice (p>0.9999). Collectively, these
results show that Ch- increases weight and impairs glucose metab-
olism in both the control and AD mice, with 3xTg-AD mice showing
greater deficits. This is notable because weight gain and impaired
glucose metabolism are risk factors for AD (Velazquez et al., 2017),
highlighting the importance of dietary choline to deter metabolic
deficits.

To determine whether choline levels were affected by diet, we
collected blood prior to euthanasia and isolated plasma. We found
a significant main effect of diet (F(1, 20) = 96.08, p<0.0001), where
Ch- mice (n = 6/group) had significantly lower levels of circulating
choline in their plasma than ChN mice (Figure 2g).

2.3 | Ch-induces cardiac and liver pathology

Given the role of choline and AD in cardiac dysfunction (Millard
et al., 2018; Yang, Li, et al., 2020; Yang, Jiang, et al., 2020), we exam-
ined cardiac pathology. We first assessed heart weight normalized by
tibia length as a measure of pathological cardiac hypertrophy (Long
et al., 2022); NonTg ChN (n = 9), NonTg Ch- (n = 7), 3xTg-AD ChN
(n = 4), and 3xTg-AD Ch- (n = 6). We found significant main effects
of genotype (F 5, = 29.63, p<0.0001) and diet (F, ,, = 13.78,
p = 0.001), where 3xTg-AD mice had a higher heart weight than
NonTg mice (Figure 3a). Ch- groups had higher heart weights than
ChN mice. We also found a significant genotype by diet interaction
(F(1, 22)= 13.78, p =0.001), where 3xTg-AD Ch- mice had higher heart
weights than all other groups (p = 0.0018). Next, total RNA was ex-
tracted from snap-frozen left ventricular extracts and subjected
to gRT-PCR for transcript analysis; NonTg ChN (n = 6), NonTg Ch-
(n = 6), 3xTg-AD ChN (n = 4), and 3xTg-AD Ch- (h = 6). We examined
the expression levels of Collal, Myh7, and Nppa, which are genes
whose increased expression is associated with cardiac pathology
(Hua et al., 2020; Man et al., 2018; Montag et al., 2018). We found
significant genotype by diet interactions ((F(l, 1) = 27.85,p<0.0001;
Figure 3b), (F; 1) = 9.743, p = 0.006), (F; 14 = 19.17, p = 0.0004),
respectively) revealing that NonTg ChN mice had lower expression
of Collal, Myh7, and Nppa than all other groups (p<0.05). These
data demonstrate that cardiac dysfunction can be caused by both
AD mutations and Ch-.
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FIGURE 2 Ch-increases body weight, impairs glucose metabolism, and reduces plasma choline levels. (a) Body weight across age. (b)
Percent weight change from baseline shows elevated levels in the NonTg Ch- mice compared to NonTg ChN mice (p = 0.026) and in the 3xTg-
AD Ch- mice compared to 3xTg-AD ChN mice (p <0.0001). (c) 3xTg-AD mice had significantly higher food intake across the 6 days of the food
consumption test than the NonTg mice (p = 0.0042), but no diet effect was detected. (d) Representative images of mice illustrating weight
differences. (e) Ch- mice had significantly higher glucose levels in the glucose tolerance test (GTT) than ChN mice (p <0.05). 3xTg-AD Ch-
mice had significantly higher glucose levels in the GTT from the 60 min through 120 min timepoints than their ChN counterparts (p <0.01).
NonTg Ch- mice had significantly higher glucose levels than their ChN counterparts at the 60 min time point (p <0.05). (f) GTT area under the
curve (AUC) analysis showed higher levels in NonTg Ch- mice than their ChN counterparts (p = 0.0042), and 3xTg-AD Ch- mice had higher
levels than their ChN counterparts (p <0.0001). (g) Ch- significantly reduced plasma choline levels (p <0.0001). Line graphs are mean +SE.
For box plots, the center line represents the median value the limits represent the 25th and 75th percentile, and the whiskers represent the
minimum and maximum value of the distribution. *p <0.05, **p<0.01, ***p <0.001, ****p <0.0001

The existing guidelines for dietary choline established in 1998 by 2.4 | Ch-reduces hippocampal (Hp) and cortical
the IOM were developed to prevent non-alcoholic fatty liver disease (CtX) choline levels and exacerbates soluble and
(NAFLD; Institute of Medicine, 1998). To determine if adulthood insoluble amyloid-B (AB) pathology and tau
Ch- induced liver disease, we assessed pathology (n = 4 mice/group) hyperphosphorylation
using a Hematoxylin and Eosin (H&E) stain (Figure 3c). Staining for
the ChN mice showed that NonTg mice had healthy livers and one We measured Hp and Ctx (n = 6/group) levels of choline to determine
3xTg-AD mouse showed evidence of NAFLD (Figure 3d). All the the effects of dietary Ch-. Brain choline levels rise at a predicable
NonTg Ch- mice exhibited NAFLD, and three 3xTg-AD Ch- mice rate at post-mortem (Ceder & Schuberth, 1977), thus comparisons
showed non-alcoholic steatohepatitis (NASH). We measured protein between choline plasma levels from live animals and brain levels
levels of PEMT from liver tissue to determine if Ch- led to compen- taken post-mortem should be made with caution. We found a sig-
satory upregulation. We found no significant differences across the nificant main effect of diet for both Hp (Fu, 200= 133.50, p<0.0001)
four groups (Figure 3e, f). Collectively, these results show that a Ch- and Ctx (F(i, 20) = 165.30, p<0.0001) choline levels, where Ch- mice
diet induces pathology in multiple organ systems associated with had significantly lower levels than ChN mice (Figure 4a,b). To un-
metabolic function. derstand the effects of Ch- on AD pathogenesis, we used ELISAs
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to quantify soluble and insoluble A in 3xTg-AD Ch- (n = 8) and ChN
(n = 7) mice. NonTg mice do not display AB or tau pathology and

therefore were excluded from these analyses (Velazquez et al., 2019,
2020). For soluble AB,, fractions, we found no significant differences
in Hp (t(13) =1.712, p = 0.111) or Ctx (t(m = 1.685, p = 0.116) levels
between 3xTg-AD mice (Figure 4c). For soluble AB,,, we found that
3xTg-AD Ch- mice had higher levels in the Hp (t(13) =2.833,p=0.014)
and Ctx (t(13) = 11.59, p<0.0001; Figure 4d). Similarly, for soluble
ApB oligomers, 3xTg-AD Ch- mice had significantly higher levels in

the Hp (t;5 = 3.335, p = 0.0054) and Ctx (t ;5 = 2.648, p = 0.021;
Figure 4e). For insoluble AB,, fractions in the Hp, we found a non-
significant trend where 3xTg-AD Ch- had higher levels than ChN mice
(tys=1.919,p = 0.077; Figure 4f). In the Ctx (t ;5) = 2.398, p = 0.032),
3xTg-AD Ch- mice exhibited significantly higher levels of insoluble
AB,, (Figure 4f). For insoluble Ap,, fractions, 3xTg-AD Ch- mice had
significantly higher levels in the Hp (t(13) = 2.357, p = 0.035) and Ctx
(t(13) = 13.90, p<0.0001; Figure 4g). Lastly, we stained tissue for
Thioflavin S to quantify Ap sheets in the dorsal subiculum (DS) of the

@ ®) (c) HBE of Liver tissue FIGURE 3 Ch-induces cardiac and
20 4 Cottati Myh7 iNppa 2 liver pathology. (a) 3xTg-AD mice had
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ChN Ch- CIN Ch CiNonTg ChN < ChN mice and both NonTg and 3xTg-AD
NonTg 3xTg-AD Egl:TnTQAsthN 5 8 Ch- mice compared to the NonTg ChN
E3ng-AD Ch- | group (p <0.05). (c) Photomicrographs
of liver tissue stained with Hematoxylin
and Eosin (H&E). (d) Table reporting liver
@ (©) g3- Liver PEMT pathology in Ch- mice. (e,f) Western blot
Genotype _Diet _n/group Normal NAFLD NASH and guantnﬁcatlon for PEMT illustrate
NonTg | ChN 4 4 0 0 § 0.2 no differences act.'oss groups. For box
3xTg-AD | ChN 4 3 1 0 g plots, the center line represents the
NonTg Ch- 4 0 4 0 o E median value the limits represent the 25th
3xTg-AD | Ch- 4 0 1 3 §0.1- @ % and 75th percentile, and the whiskers
NAFLD: non-alchololic fatty liver disease represent the minimum and maximum
NASH: non-alcoholic steatohepatitis 00 values of the distribution. *p <0.05,
O—T—T—TT
ChN Ch- ChN Ch- **p<0.01, ***p<0.001, ***p<0.0001
NonTg 3xTg-AD
() NonTg ChN NonTg Ch- 3xTg-AD ChN 3xTg-AD Ch-
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FIGURE 4 Ch-reduces hippocampal (Hp) and cortical (Ctx) choline levels and exacerbates soluble and insoluble amyloid-p (Ap) fractions
and tau phosphorylation of pathological epitopes. (a, b) Hp (p <0.0001) and Ctx (p <0.0001) choline levels were significantly reduced in the
Ch- mice compared to their ChN counterparts. NonTg mice do not display Ap pathology and were therefore excluded from Ap analyses. (c)
No significant differences were detected in soluble AB,,. (d) Soluble Ap,, levels were significantly elevated in the Hp (p = 0.014) and Ctx
(p<0.0001) of 3xTg-AD Ch- mice. (e) AB oligomer levels were significantly elevated in the Hp (p = 0.0054) and Ctx (p = 0.021) of 3xTg-AD
Ch- mice. (f) For insoluble AB, levels, we found a non-significant trend in the Hp (p = 0.077) and significantly elevated levels in the Ctx

(p =0.032) of 3xTg-AD Ch- mice. (g) Insoluble Ap,, levels were significantly elevated in the Hp (p = 0.035) and Ctx (p <0.0001) of 3xTg-AD
Ch- mice. (h) Thioflavin S A structure count was significantly higher in the dorsal subiculum (DS) of 3xTg-AD Ch- mice. (i) Photomicrographs
of Thioflavin S staining, two representative images per 3xTg-AD group. (j) Soluble levels of phosphorylated tau (pTau) at serine (Ser)181 were
significantly elevated in the Hp (p <0.0001) and Ctx (p = 0.0009) of 3xTg-AD Ch- mice. (k) Soluble levels of pTau at Ser396 were significantly
elevated in the Hp (p<0.0001) and Ctx (p <0.0001) of 3xTg-AD Ch- mice. (I,m) Insoluble levels of pTau at Ser181 were significantly elevated
in the Hp (p = 0.0442) and Ctx (p = 0.0052) of 3xTg-AD Ch- mice. No significant difference was observed for insoluble pTau at Ser396

in the Hp and Ctx. (n) AT8 (Ser202/Threonine (Thr)205)-positive cell numbers were significantly elevated in the CA1 region of the Hp of
3xTg-AD Ch- mice (p = 0.049). (o,p) Photomicrographs of ventral Hp sections stained for AT8 at 2.5x and 10x. For box plots, the center line
represents the median value, the limits represent the 25th and 75th percentile, and the whiskers represent the minimum and maximum value
of the distribution. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Hp of 3xTg-AD mice (n = 4 mice/group, 2 sections per animal). We We also sought to understand the effects of Ch- on tau patho-

found a significantly higher count in 3xTg-AD Ch- mice (t(14) =2.281, genesis via ELISAs to detect soluble and insoluble fractions of phos-
phorylated tau (pTau) in 3xTg-AD mice. For soluble pTau Ser181, we

found significantly higher levels in the Hp (t(13) =13.92, p<0.0001)

p = 0.039; Figure 4h,i), collectively showing that Ch- increases levels
of toxic Ap pathology in 3xTg-AD mice.
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and Ctx (tm) = 4.293, p = 0.0009) of 3xTg-AD Ch- mice (Figure 4j).
For soluble pTau Ser396, we found significantly higher levels in the
Hp (t4 = 9.045, p<0.0001) and Ctx (ty5 = 7.691, p<0.0001) in
3xTg-AD Ch- mice (Figure 4k). For insoluble pTau Ser181, we found
significantly higher levels in the Hp (t(13) = 2.228, p = 0.0442) and
Ctx (t(13) = 3.356, p = 0.0052) in 3xTg-AD Ch- mice (Figure 4l). No
significant differences between 3xTg-AD ChN and Ch- mice were
detected for insoluble pTau Ser396 in Hp (t(13) =0.622, p = 0.545)
or Ctx (t(13) =1.436, p = 0.175) tissue (Figure 4m). Lastly, we stained

against AT8, which is associated with intraneuronal tau filaments

(Dave et al., 2021), and found significantly higher stained cells in
3xTg-AD Ch- mice (t(é) =2.462, p =0.049; Figure 4n-p). Collectively,
these data illustrate that Ch- exacerbates tau pathology in 3xTg-AD

mice.

2.5 | 3xTg-AD ChN mice show protein abundance
changes in Hp proteins related to AD

To further understand how Ch- altered protein networks in the Hp,
we performed LC-MS/MS coupled with LFQ (n = 4/group) and iden-
tified 3544 proteins (Supplemental Figure S2). The threshold for
proteins considered to be differentially abundant for all analysis is
adj. p-value <0.05, -1>Log, FC> 1. We first compared the Hp pro-
teome of 3xTg-AD ChN vs. NonTg ChN mice (Figure S2 and Table S1)
and found 46 differentially abundant proteins, 19 of which were
upregulated, and 27 of which were downregulated. We found well-
known AD-associated proteins altered by the 3xTg-AD genotype,
including upregulation of the amyloid precursor protein (App; Log,
FC = 1.58) and microtubule-associated protein tau (Mapt), although
Log, FC was just under 1 (Log, FC = 0.97), as well as downregulation
of Apolipoprotein Al (Apoal; Log, FC = -1.27), and Neuroplastin
(Nptn; Log, FC = -1.55). App is involved in the production of Ap,
while Mapt is associated with microtubule stability and its gain-
of-function leads to tau pathogenesis (Deture & Dickson, 2019;
Velazquez et al., 2018, 2017). Apoal is the major protein component
of the high-density lipoprotein involved in cholesterol transport,
and its downregulation is implicated in AD. Nptn is a critical protein
for long-term potentiation at Hp excitatory synapses linked to AD
(Deture & Dickson, 2019; llic et al., 2019). These findings support
that the transgenes in the 3xTg-AD model result in a phenotype con-
sistent with human AD (Deture & Dickson, 2019).

2.6 | Ch- alters Hp protein networks associated
with metabolic processing in NonTg mice and
microtubule function and postsynaptic membrane
regulation in 3xTg-AD mice

We compared the Hp proteomes of NonTg Ch- vs. NonTg ChN mice
and 3xTg-AD Ch- vs. 3xTg-AD ChN mice (Figure S2). In the NonTg Ch-
vs. NonTg ChN comparison, 86 differentially abundant proteins were
identified, and in the 3xTg-AD Ch- vs. 3xTg-AD ChN comparison, 249

differentially abundant proteins were identified (Figure 5a,b). Thirty-
four proteins were commonly identified as differentially abundant
due to Ch- in both NonTg and 3xTg-AD mice (Figure 5c; Figure S2).
Next, we performed gene ontology (GO) on the three sets of differ-
entially abundant proteins to understand what biological processes
and molecular functions were represented in these data sets. In
the NonTg Ch- vs. NonTg ChN comparison, GO revealed changes in
pathways associated with the organonitrogen compound metabolic
process, nitrogen compound metabolic process, and cellular meta-
bolic process (Figure 5d; full GO Figure S3), corroborating choline's
well-documented role in metabolic processing (Gao et al., 2017).

In the 3xTg-AD Ch- vs. 3xTg-AD ChN comparison, GO revealed
changes in protein networks closely associated with AD pathology
(Figure 5e; full GO Figure S3). Significant biological processes in-
cluded intermediate filament cytoskeleton organization, cytoskeleton
organization, regulation of vesicle-mediated transport to the plasma
membrane, and vesicle-mediated transport in the synapse. These
pathways are notable because they are directly related to microtu-
bule function, which is closely tied to tau pathology in AD (Deture &
Dickson, 2019). Hyperphosphorylation of tau results in its disassoci-
ation from microtubules, disrupting microtubule stability, and axonal
trafficking (Deture & Dickson, 2019). This data suggests that Ch- may
alter microtubule function in 3xTg-AD Hp and exacerbate microtu-
bule dysfunction caused by tau pathogenesis. GO also revealed a se-
ries of significant biological processes associated with postsynaptic
membrane regulation including protein localization to postsynaptic
membrane, regulation of postsynaptic membrane neurotransmitter
receptors, neurotransmitter receptor transport, protein localiza-
tion to the synapse, receptor localization to the synapse, regulation
of synaptic vesicle exocytosis, and regulation of synaptic plasticity.
These findings corroborate previous work showing that adulthood
dietary choline supplementation modulates the abundance of critical
neuroreceptors in the 3xTg-AD Hp (Velazquez et al., 2019).

Of the 34 proteins that were differentially abundant due to Ch-
in both NonTg Ch- vs. NonTg ChN and 3xTg-AD Ch- vs. 3xTg-AD
ChN comparisons (Figure 5f; Figure S2), 6 were upregulated, 16 were
downregulated, and 12 were expressed in opposing directions. GO
revealed that no biological processes or molecular functions were

represented by these 34 proteins.

2.7 | 3xTg-AD ChN mice show protein abundance
changes in plasma proteins related to AD

To understand the mechanisms by which Ch- may contribute to
systems-wide dysfunction, we performed LC-MS/MS coupled with
LFQ (n = 4/group) of the plasma proteome and identified 734 pro-
teins (Figure S2). We first compared the plasma proteome of 3xTg-
AD ChN vs. NonTg ChN mice (Figure S2 and Table 2), and found 126
differentially abundant proteins, 49 of which were upregulated and
76 downregulated. Notably, we found alterations in levels of pro-
teins that are well-known to be associated with the AD phenotype,
including downregulation of serum amyloid (Sa)al (Log, FC = -2.45),
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FIGURE 5 Ch-alters Hp protein (a)
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networks in both NonTg and 3xTg-AD . .
mice. (a,b) Liquid chromatography-
tandem mass spectrometry followed %
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differentially abundant proteins between 5
3xTg-AD Ch- and 3xTg-AD ChN Hp. (c)
Thirty-four proteins were commonly
identified as differentially abundant due
to Ch- in both NonTg and 3xTg-AD Hp.
(d,e) NonTg Ch- vs. NonTg ChN and 3xTg-
AD Ch- vs. 3xTg- AD ChN gene ontology
(GO) biological process classification
analyses (for (e), the top 15 biological
processes are displayed based on strength
of prediction). (f) List of genes and Log, 86

NonTg Ch-
vs.
NonTg ChN

249 GO-term Description Count in network Strength FDR
i G0:0045109  Intermediate filament organization 60f25 133 0.00057
fold changes correspondi ng to the 34 GO:0035728 Response to hepatocyte growth factor 4of21 123 0.0198
: : GO0:0045104 iate filament izati 8of46 119 000018
proteins overlapping due to Ch- GO:0018149  Peptide cross-linking 40f24 118 0.0278
(adj. p-val < 0.05, -1 > Log, FC > 1) G0:1903539  Protein Iocallu!lon to postsynaptic membrane 6 of 43 1.10 0.0035
2 A i neurotran.. 8 of 62 1.06 0.00057
GO0:0099637 Neurcmansmmev receptor transport 50f39 1.06 0.0160
GO:0035418  Protein localization to synapse 80of 75 0.98 0.0012
GO:0007215 Glutamate receptor signaling pathway 50f47 0.98 0.0292
GO:0097120  Receptor localization to synapse 50f 50 0.95 0.0354
GO:0090630 Activation of gtpase activity 80f90 0.90 0.0030
GO:0098876 Vesicle-mediated transport to the plasma memb.. 6 of 83 081 0.0439
GO:0050772 Positive regulation of axonogenesis 70f 104 078 0.0273
(f) GO:2000300 Regulation of synaptic vesicle exocytosis 7 of 108 077 00313
G0:0048167 ion of synaptic plasticity 14 of 221 076 0.00028
GenelD Ch- overlap

6 643856190

Saa2 (Log, FC = -2.51), and upregulation of voltage-dependent
anion channel (Vdac) 1 (Log, FC = 2.38), Vdac2 (Log, FC = 6.64),
insulin-degrading enzyme (lde; Log, FC = 2.57), and heat shock pro-
tein family D (Hspd) 1 (Log, FC = 6.64) (Jang et al., 2019; Kandimalla
et al.,, 2017; Shoshan-Barmatz et al., 2018; Singulani et al., 2020), in-
dicating that the 3xTg-AD model displays a plasma phenotype that is
representative of human AD (Deture & Dickson, 2019).

2.8 | Ch- alters plasma protein networks
associated with immune response and inflammation
in NonTg mice

We next compared the plasma proteome of NonTg Ch- vs. NonTg
ChN mice and the plasma proteome of 3xTg-AD Ch- vs. 3xTg-AD
ChN mice (Figure S2). In the NonTg Ch- vs. NonTg ChN comparison,
80 differentially abundant proteins were identified. In the 3xTg-AD
Ch- vs. 3xTg-AD ChN comparison, 70 differentially abundant pro-
teins were identified (Figure 6a,b). Twenty-six proteins were com-

monly identified as differentially abundant due to Ch- in both NonTg

Log, Fold change

GO-term Description Count in network Strength FDR

G0:0045861 Negative regulation of proteolysis 9 of 361 0.83 0.0189

GO0:1901564 Organonitrogen compound metabolic process 35 of 4475 0.32 0.0112

G0:0006807 Nitrogen compound metabolic process 42 of 5878 0.28 0.0100

G0:0044237  Cellular metabolic process 45 of 6445 0.27 0.0077

G0:0008152 Metabolic process 50 of 7331 0.26 0.0059

G0:0071704 Organic substance metabolic process 46 of 6824 0.25 0.0100

. A G0:0044238 Primary metabolic process 42 of 6369 0.24 0.0429
BXTg AD Ch G0:0009987 Cellular process 71 of 13330 0.15 0.0059

3xTg-AD ChN (e)

p-value = 0.05 p-value = 0.05
0
T U
5
Log, Fold change
(d)
NonTg Ch-vs. NonTg ChN Biological Process

VvS.

3xTg-AD Ch- vs. 3xTg-AD ChN

Biological Process

5 643856190

-6 proteins upregulated with Ch-
-16 proteins downregulated with Ch-
- 12 proteins showed opposing directions with Ch-

'6.643856190 6.7 37 17 0 17 37 -6.7
3xTg-AD

and 3xTg-AD plasma (Figure 6c; Figure S2). GO of the list of differ-
entially abundant plasma proteins in the NonTg Ch- vs. NonTg ChN
comparison revealed dysregulation of biological processes related
to inflammatory response, including acute-phase response, acute
inflammatory response, response to an inorganic substance, com-
plement activation (alternative pathway), and defense response
(Figure 6d; full GO Figure S3). Importantly, inflammation and immune
dysfunction are relevant in a variety of diseases that affect all or-
gans throughout the body, including AD (Husna Ibrahim et al., 2020;
Kandimalla et al., 2017; Kneeman et al., 2012; Xie et al., 2022; Yang,
Li, et al., 2020; Yang, Jiang, et al., 2020).

2.9 | Ch- alters protein networks associated with
insulin binding and porin activity in 3xTg-AD plasma

Gene ontology for the list of differentially abundant plasma pro-
teins in the 3xTg-AD Ch- versus 3xTg-AD ChN mice revealed that
proteins associated with insulin binding were downregulated by

Ch- (Figure 6e). This is consistent with the glucose metabolism
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FIGURE 6 Ch- alters plasma protein

16 - — 16= . networks in both NonTg and 3xTg-AD
. mice. (a,b) Liquid chromatography-
12+ . o 12 tandem mass spectrometry followed
g 3
s g by label-free quantification (adj. p-
& 8 @ Up (50 proteins) 2 g . @Up (29 proteins) A .
o ' @Non-sig 2 | @Non-sig. value <0.05, -1>Log, FC> 1) identified
o ‘. o . . .
3, . ©Down (30 proteins) - o . 00w (41 proteins) 80 differentially abundant proteins
by / "\ / between NonTg Ch- vs. NonTg ChN
-value = 0.05 p-value = 0.05 . .
P I '\._'_, B L o - / . plasma, and 70 differentially abundant
-5 Loa F |?:| . 5 -5 Lou. F :’ . 5 proteins between 3xTg-AD ChN- vs.
0g, Fold change 09, Fold change .
2 2 3xTg-AD ChN plasma. (c) Twenty-six
(d) proteins were commonly identified as
NonTg Ch-vs.NonTg ChN Biological Process differentially abundant due to Ch- in both
GO-term  Description Count in network  Strength FDR N onTg and 3ng- AD pI asma. (d,e) N onTg
GO:0006957 Ci Il it activation, alte tive.. 3 of 10 21 0.0111
G0:0008000  Fructose meabollc process . 3effd 2.06 0.0111 Ch- vs. NonTg ChN gene ontology (GO)
(C) G0:0019835 Cytolysis 50f24 1.95 8.68e-05
GO:0006953 Acute-ph: 40f40 1.63 0.0111 H 1 11 1 1
G0:0002526 Az:l: iprm.:r:r:le:lzroyn:;spol{se 5:' 76 1.45 0.0085 bIOIOglcaI process CIaSSIfIcatlon analySIS
Sl e () 2| and 3xTg-AD Ch- versus 3xTg-AD ChN
GO:0002250 Adaptive immune response 6 of 280 0.96 0.0472 . “pe .
G0:0010038  Response to metal ion 7of 374 09 00344 GO molecular function classification
NonTg Ch- 3xTg-AD Ch- GOI043603 Calllar amide meabelie process 9 of a8 ors Py analysis. (f) List of genes and Log, fold
VvS. VS. GO:0006952 Defense response 13 of 1133 0.69 0.0085 : 2
NonTg ChN 3XTg-AD ChN GO:0051707 Response to other organism 12 of 1145 0.65 0.0190 Changes Corresponding to the 26 prOteiI’lS
(e) overlapping due to Ch-. (h) Proteins
% ° lapping due to Ch- GO biological
3xTg-AD Ch- vs. 3xTg-Al Molecular Function overlapping aue to - lologica
GO-term _ Description Count in network  Strength FDR process classification anaIyS|s
G0:0015288 Porin activity 20f5 225 0.0307
(adj_ p.val <0.05, -1 > Logz FC > 1) G0:0043559 Insulin binding 20f6 217 0.0375
G0:0051082 Unfolded protein binding 5 of 82 1.43 0.00084
G0:0008144 Drug binding 4 of 116 1.18 0.0390
G0:0042802 Identical protein binding 21 of 1962 0.67 1.56e-06
G0:0036094 Small molecule binding 22 of 2406 0.61 3.78e-06
G0:0000166 Nucleotide binding 16 of 2021 0.54 0.0028
G0:0043168  Anion binding 20 of 2678 0.52 0.00040
G0:0005515 Protein binding 36 of 6764 0.37 3.78e-06
G0:1901363 Heterocyclic compound binding 24 of 4771 0.35 0.0122
G0:0097159  Orgranic cyclic compound binding 24 of 4858 0.34 0.0149
Ch Overlap G0:0005488 Binding 43 of 11199 0.23 0.00015
-6.643856190 6.643856190
-6.643856190 -6.643856190
-6.643856190 -2.388355457
-4.265344567 6.643856190 -6 proteins upregulated with Ch-
083141235 -4.836501268 -4 proteins downregulated with Ch-
g::ggg?g g gjgggglgg - 16 proteins showed opposing directions with Ch-
08232280
-1.590744853
-1.469929258 2.914755850
s (@
3 5747 6.643856190
3416 Biological Process
% g Srosea012e8 GO-term Description Count in network _ Strength FDR
2.251567621 6 GO:0006000 Fructose metabolic process 3of 11 25 0.0025
6.013372926 GO:0006953 Acute-phase response 3of40 1.94 0.0421

6.643856190
6.643856190
6.643856190
6.643856190
6.643856190
6.643856190
6.643856190
6.643856190
6.643856190

NonTg

-6.643856190
6.643856190

3xTg-AD

6.7 37 17 0 17 37 6.7

dysfunction we identified in 3xTg-AD Ch- mice, suggesting that Ch-
may modulate insulin binding proteins in the plasma, and thereby
contribute to glucose metabolism impairments. GO also revealed
that proteins associated with porin activity were downregulated by
Ch- (Figure 6e). These proteins and their roles in mitochondrial dys-
function have been previously associated with cell death and cogni-
tive decline in AD patients (Shoshan-Barmatz et al., 2018).

2.10 | Ch- alters plasma protein networks
associated with the fructose metabolic process and
acute-phase response in both NonTg and 3xTg-

AD mice

Of the 26 proteins whose levels were altered due to Ch- in both
NonTg Ch- versus NonTg ChN and 3xTg-AD Ch- versus 3xTg-AD

ChN comparisons (Figure 6f; Figure S2), 6 were upregulated, 4
were downregulated, and 16 were expressed in opposing direc-
tions. Notably, many of these proteins, such as Sord, Aldob, and
F2, are produced in the liver (Stocks et al., 2022). GO revealed
that this list of 26 proteins represented protein networks asso-
ciated with the fructose metabolic process and acute-phase re-
sponse (Figure 6g). Fructose metabolism is central to obesity and
NAFLD (Stocks et al., 2022), a phenotype observed in both NonTg
and 3xTg-AD Ch- mice. Additionally, the acute-phase response is
a reaction to systemic disturbances in homeostasis, which may be
a result of metabolic differences seen with Ch- (Jang et al., 2019).
Interestingly, both protein networks are consistent with the
known role of choline in the human body, suggesting that Ch-
driven changes in these proteins may be part of the mechanisms
by which choline deficiency causes obesity, NAFLD, and metabolic

dysfunction.
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3 | DISCUSSION

We find that dietary choline deficiency (Ch-) throughout adulthood
led to motor impairments, weight gain, impaired glucose metabo-
lism, cardiac pathology, and liver disease, in both NonTg and 3xTg-
AD mice, and elevations of AD pathology in the 3xTg-AD mouse. We
confirmed significantly lower levels of choline in plasma and brain
tissue with Ch- and found no compensation of liver PEMT for dietary
choline deficiency. Notably, postmenopausal females and males do
not respond to low choline supply due to a lack of PEMT induction,
however, premenopausal females have been shown to be protected
from low choline (Fischer et al., 2007). This is in part due to interac-
tions between PEMT and estrogen (Fischer et al., 2007). Rodents do
not become acyclic (have low estrogen) until 18-24 months, thus our
mice, which were cycling throughout the study, were still unable to
compensate for dietary Ch-.

We observed motor deficits in the Ch- mice compared to the
ChN counterparts. Choline is a precursor to acetylcholine, and there
is a relationship between choline intake, acetylcholine, and motor
function (Tabassum et al., 2017). It is important to note that Ch-
mice did weigh significantly more than ChN animals, and heavier
weight may be associated with the likelihood to fall off the spin-
ning rod faster. 3xTg-AD Ch- mice showed elevated Af pathology
and tau phosphorylation in the Hp and Ctx, however, this elevation
of AD pathology did not correspond to worse performance in the
MWM. Our previous work has shown that adulthood choline sup-
plementation, in similar-aged mice, improved both AD pathology and
cognitive performance in the MWM (Velazquez et al., 2019). Here,
we hypothesize that further impairment of spatial learning and ref-
erence memory in the 3xTg-AD Ch- mice did not occur because of
ceiling effects in the MWM performance of the 3xTg-AD ChN mice
(Velazquez et al., 2019).

Hyperinflammation, mitochondrial dysfunction, and glucose me-
tabolism impairments are observed in AD (Kandimalla et al., 2017;
Velazquez et al., 2017). These dysfunctions are not unique to the
brain and are seen across the entire body. Ch- mice had higher body
weights than their ChN counterparts despite similar food consump-
tion. Although 3xTg-AD mice typically show glucose metabolism im-
pairments relative to NonTg mice (Velazquez et al., 2017), 3xTg-AD
Ch- mice showed elevated glucose intolerance above that of their
ChN counterparts. Notably, 3xTg-AD mice ubiquitously express the
PS1 M146V knockin mutation, while APPswe and MAPT P301L are
predominantly expressed in the CNS (Velazquez et al., 2017). Since
metabolic dysfunction was exacerbated in 3xTg-AD Ch- mice, the
ubiquitously expressed PS1 M146V knockin and Ch- may contrib-
ute to the dysregulated peripheral body defects in 3xTg-AD mice.
Dietary choline deficiency and PS1 knockin interactions should be
investigated in future experiments. Further, NonTg Ch- mice also
showed glucose metabolism impairments, compared to their ChN
counterparts, and in fact, NonTg Ch- mice had similar dysfunction to
that seen in 3xTg-AD ChN mice. Choline plays an important role in
energy metabolism (Zeisel, 2017), suggesting that Ch- can contrib-
ute to the development of a diabetic state. Type 2 diabetes mellitus
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(T2D) is a significant risk factor for AD (Kandimalla et al., 2017;
Velazquez et al., 2017) and the two conditions are strongly intercon-
nected (Kandimalla et al., 2017). 3xTg-AD Ch- mice not only showed
the most severe weight gain and glucose metabolism impairments

but also had the highest pathological burden, suggesting that me-
tabolism impairments may have contributed to exacerbated AD
pathology.

Ch- has been linked to clinical markers of cardiovascular disease
(Millard et al., 2018), and there is an established link between cardio-
vascular disease and the development of dementias, including AD
(Yang, Li, et al., 2020; Yang, Jiang, et al., 2020). In the present study,
we found that the 3xTg-AD phenotype and the Ch- diet led to car-
diac hypertrophy, with 3xTg-AD Ch- mice showing the most severe
cardiac hypertrophy. The expression of genes associated with car-
diac pathology (Collal, Myh7, and Nppa) was elevated in all groups
except the NonTg ChN mice, illustrating that Ch- was sufficient to
induce cardiac hypertrophy in NonTg mice, and further exacerbate
cardiac hypertrophy in 3xTg-AD mice, collectively highlighting that
Ch- may increase the risk for cardiac dysfunction.

Unsurprisingly, we detected markers of liver disease in Ch- mice;
NonTg mice showed NAFLD as evidenced by hepatic steatosis, while
3xTg-AD mice progressed to NASH, with evidence of inflammation
and scarring alongside hepatic steatosis. Notably, while Ch- can
induce NAFLD, work has shown that obesity, diabetes, and insulin
resistance can also induce this phenotype, which was observed in
both Ch- groups and may have also contributed to liver pathology
(Kneeman et al., 2012). A healthy liver is critical for the clearance
of circulating Ap in the periphery and hepatic disease reduces the
clearance of peripherally-circulating Ap (Estrada et al., 2019). The
peripheral clearance of Af by the liver helps reduce the accumula-
tion of AB into plaques (Estrada et al., 2019). We found that A pa-
thology was increased in the brains of 3xTg-AD Ch- mice, and failure
to effectively clear Ap due to liver disease may partially contribute to
the increased burden, although future work is necessary to further
interrogate this hypothesis.

Proteomics analysis of Hp tissue identified Ch- induced changes
in key proteins linked to AD-related biological processes. Protein ex-
pression of Hp Mapt was upregulated in 3xTg-AD ChN compared
to NonTg ChN mice (Log, FC = 0.97) and was downregulated (Log,
FC = -1.45) in 3xTg-AD Ch- mice compared to the 3xTg-AD ChN
mice. This is notable given the important role of healthy tau in mi-
crotubule stabilization, protein transport, synaptic plasticity, and
learning and memory (Velazquez et al., 2018). The proteomic anal-
ysis also revealed Ch- induced modulation of Hp protein networks
associated with postsynaptic membrane regulation, suggesting that
Ch- may also be linked to the synaptic dysfunction observed in AD.
Interestingly Nptn, a critical protein for long-term potentiation at Hp
excitatory synapses, also linked to AD (llic et al., 2019), was downreg-
ulated in 3xTg-AD ChN mice compared to NonTg ChN counterparts
(Log, FC = -1.55), and Ch- downregulated this protein in both NonTg
(Log2 FC = -2.13) and 3xTg-AD mice (Log, FC = -3.44). Moreover,
proteins that modulate AMPA receptors Cacng8 (Log, FC = -1.00),
Lrrtm1 (Log, FC = -1.34), Frrsil (Log, FC = -1.38), as well as NMDA
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receptors Grin2a (Log, FC = -1.49), ClIstn1 (Log, FC = -1.05), were
also downregulated by Ch- (Bhouri et al., 2018; Roy et al., 2016;
Stewart et al., 2019), suggesting that Ch- can contribute to postsyn-

aptic membrane dysfunction in AD. Previous work has shown that
choline modulates the expression of alpha7 nicotinic acetylcholine
and Sigma-1 receptors (Velazquez et al., 2019). Our results corrobo-
rate these previous findings that adulthood choline supplementation
regulates the expression of postsynaptic receptors and suggest that
choline alters postsynaptic receptor abundance through additional
pathways outside of acetylcholine. Altogether, these results provide
significant evidence that Ch- exacerbates AD pathology and synap-
tic dysfunction.

Given the systems-wide dysfunction observed, we performed
comparative proteomics on plasma and found that Ch- modulates
key inflammatory, immune response, acute-phase response, and
fructose metabolic process pathways. Within the acute inflammatory
and phase response pathways, 3xTg-AD ChN mice show downregu-
lation of Saal (Log, FC = -2.45) and Saa2 (Log, FC = -2.51) com-
pared to NonTg counterparts. Ch- upregulated Saal (Log, FC = 2.02)
and Saa2 (Log, FC = 2.91) in 3xTg-AD mice, but downregulated Saal
(Log, FC = -1.59) and Saa2 (Log, FC = -1.47) in NonTg mice. These
two serum amyloid proteins are produced peripherally as an inflam-
matory response to environmental insults (Jang et al., 2019). Saal has
been shown to prime microglia for ATP-dependent interleukin-1B
release, which is associated with AD onset (Jang et al., 2019). These
findings are particularly insightful, as they corroborate previous lit-
erature that adulthood choline supplementation in an AD mouse
model decreases disease-associated microglial activation (Velazquez
et al., 2019). Previous literature also indicates that glial cell popu-
lations are responsive to Saal secretion in the blood and that Saal
overexpression increases amyloid aggregation and glial activation in
an AD mouse model (Jang et al., 2019). This suggests that Ch- mod-
ulates Saal/2 secretion in the plasma, causing glial hyperactivation,
increased neuroinflammation, and potentially increased Ap aggrega-
tion. Pertaining to fructose metabolic processing, Ch- led to upreg-
ulation of Aldob and Sord in both NonTg (Log2 FC = 2.25,1.62) and
3xTg-AD (Log, FC = 1.65, 1.67) mice, which are both produced in the
liver. Obesity and liver pathology have been linked to fructose met-
abolic processing and an upregulation of Aldob (Stocks et al., 2022),
suggesting that Ch- may induce obesity and liver pathology pheno-
types, leading to the upregulation of these proteins. Relative to glu-
cose metabolism impairments caused by Ch- in healthy aging and
AD, we find that a plasma protein network associated with insulin
binding (containing insulin-degrading enzyme (lde) and heat shock
protein family D (Hspd1, also known as Hsp60)) was altered due to
Ch- in 3xTg-AD mice (Log, FC = -1.92, -1.81, respectively). Notably,
both ide (Log, FC = 2.57) and Hspd1 (Log, FC = 6.64) were upregu-
lated in 3xTg-AD ChN mice compared to NonTg ChN. Ide degrades
insulin, is directly related to insulin resistance, and also degrades
Ap (Kandimalla et al., 2017). Ide and its impact on insulin resistance
have been linked to cognitive impairment (Yang, Li, et al., 2020;
Yang, Jiang, et al., 2020). Additionally, there is growing evidence

that Hspd1 modulates diabetes-induced inflammation and protects
against AB oligomer-induced synaptic toxicity (Liyanagamage &
Martinus, 2020; Marino et al., 2019). This is particularly interesting
given the large body of literature that demonstrates the negative ef-
fects of T2D on brain insulin resistance, oxidative stress, and cogni-
tive decline (Kandimalla et al., 2017). Taken together, Ch- modulates
key insulin-binding proteins, which may contribute to the diabetes-
like pathology observed in AD cases. Finally, mitochondrial dysfunc-
tion has emerged as another driver of AD pathology (Kandimalla
et al., 2017). Our results show that 3xTg-AD ChN mice exhibit up-
regulation of two plasma proteins involved in porin binding, Vdacl
(Log, FC = 2.38) and Vdac2 (Log, FC = 6.64) compared to NonTg
ChN mice, consistent with literature showing increases in AD models
(Shoshan-Barmatz et al., 2018). Ch- in 3xTg-AD mice downregulates
Vdac1 (Log, FC = -6.64) and Vdac2 (Log, FC = -2.84): these two
proteins have also been linked to mitochondrial dysfunction and
AD pathology (Shoshan-Barmatz et al., 2018; Singulani et al., 2020).
This suggests that Vdac1 and Vdac2 modulation by Ch- may induce
mitochondrial dysfunction in AD mouse models. Vdacl has been
shown to mediate Af toxicity in the brain, and its overexpression
triggers cell death (Shoshan-Barmatz et al., 2018). Additionally,
Vdacl interacts with several AD-relevant proteins, including pTau,
AB, and gamma-secretase (Shoshan-Barmatz et al., 2018). Vdac2 has
been shown to decrease with age and with increased pathology in
3xTg-AD, suggesting that Ch- may downregulate this protein, con-
tributing to mitochondrial dysfunction (Singulani et al., 2020).

In conclusion, adequate choline intake is important for health
across a variety of bodily systems; metabolic, cardiac, liver, and neu-
rological. If generalized to humans, these findings may help mitigate
the estimated increase in the prevalence of AD and illustrate the im-
portance of adequate dietary choline intake throughout adulthood

to offset disease occurrence for the general population.

4 | MATERIALS AND METHODS
4.1 | Animals and study design

3xTg-AD homozygous mice were generated as previously described
(Velazquez et al., 2017). C57BL6/129Svj mice were used as non-
transgenic controls (NonTg). Only female 3xTg-AD mice were used
because males do not display consistent neuropathology (Velazquez
etal., 2017). Mice were kept on a 12-h light/dark cycle at 23°C with ad
libitum access to food and water and group-housed, four to five per
cage. Mice were randomly assigned to one of two diets at 3months
of age; a standard laboratory AIN76A diet (Envigo Teklab Diets,
Madison WI) with normal choline levels (ChN; 2.0 g/kg; #TD.180228),
based on the human ADI or an AIN76A choline-deficient (Ch-; 0.0 g/
kg; #TD.110617) diet. Diet start age was selected due to choline's
important role in the developing brain (Blusztajn, 1998). All animal
procedures were approved in advance by the Institutional Animal
Care and Use Committee of Arizona State University.
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4.2 | Behavioral testing

At 10 months of age, mice underwent 3days of rotarod testing
(AccuScan Instruments Inc.) to assess motor ability as previously de-
scribed (Velazquez et al., 2018). Mice received 6 trials/day for 3days.
During the two training days, a rod increased by 0.75rpm/s over
20s for a maximum speed of 15rpm, and then remained constant
at 15rpm for the remaining 70s. On the probe day, the rod acceler-
ated at a steady increase of 1 rpm/s for up to 90s. Mice were then
tested in the Morris water maze (MWM), to assess hippocampal-
dependent spatial learning and memory, as previously described
(Velazquez et al., 2019, 2020). All mice underwent 4 trials/day/5 days
for training. The location of the hidden platform remained constant,
but the start location pseudo-randomly varied across trials. Mice
were given 60s/trial to locate the hidden platform. Twenty-four
hours after the last training session, the platform was removed, and
mice were returned to the MWM for 60s to assess spatial reference
memory. Data were analyzed via EthoVisionXT (Noldus Information

Technology).

4.3 | Weight, food consumption, and glucose
tolerance (GTT) test

Weight was measured biweekly. A food consumption test was
performed in 9-month-old mice as previously described (Ellacott
et al., 2010). Mice were housed in 18 cages balanced for genotype
and diet. Food was added in equal amounts on Day 1 and weighed
every 24h for 6days to assess intake, measuring food consumed
per day/number of mice in a cage. A GTT was performed as previ-
ously described prior to euthanasia (Velazquez et al., 2017). Animals
were fasted overnight for 16 h, and baseline fasting glucose levels
were taken. Animals received a 2.0 mg/kg glucose intraperitoneal
(i.p.) injection and blood glucose was sampled from the tail using a
TRUEtrack glucose meter and TRUEtrack test strips (Trividia Health)
at 15, 30, 45, 60, 90, 120, and 150 min following the injection.

4.4 | Blood collection and plasma extraction

Mice were fasted for 16 h, and blood was collected via the submandib-
ular vein. 150-200pl (<10% of the subject's body weight) of blood was
collected and placed into EDTA-lined tubes (BD K,EDTA #365974)
and inverted eight times to assure anticoagulation. Tubes were kept on
ice for 60-90min and then centrifuged at 2200 RPM for 30 min at 4°C
to separate phases. The top layer was collected and frozen at -80°C.

4.5 | Tissue harvesting and processing
Mice were euthanized at an average of 12 months of age. One set

of mice was perfused with 1X PBS and had brains and livers ex-

tracted and fixed in a glass vial filled with 4% paraformaldehyde for

Aging

48h. The remaining non-perfused mice had their Hp and Ctx tissue
dissected and prepared for protein assays as previously described
(Velazquez et al., 2019, 2017). Hearts were removed, weighed,
and immediately flash-frozen in dry ice. Heart total RNA was ex-
tracted from the left ventricular extract using the RNeasy Mini
Kit (Qiagen) as previously described (Blackwood et al., 2019). All
qPCR probes were obtained from Integrated DNA Technologies.

4.6 | ELISA, western blots, and choline assays

We used commercially available ELISA kits (Invitrogen-ThermoFisher
Scientific) to quantify soluble and insoluble levels of AB, and levels
of pTau at Ser181 and Ser396 as previously described (Velazquez
et al.,, 2019, 2017). Choline levels were quantified using commer-
cially available kits (Abcam, ab219944). Western blots were per-
formed under reducing conditions as previously detailed (Velazquez
et al., 2017) to probe for PEMT (dilution 1:1000, Thermo Fisher
Scientific, PA5-42383) and loading control GAPDH (dilution 1:5000,
Abcam ab8245).

4.7 | Tissue sectioning and histology

Liver fixed tissue was sectioned at 20 um using a vibratome (Leica
VT1000S), stained using a Hematoxylin and Eosin (H&E) kit (Abcam,
ab245880), and imaged on a light microscope at 40X (Zeiss Axio
Imager M2) to score for pathology as previously described (Liang
et al., 2014). Brain hemispheres were sectioned into 50 um coronal
sections using a vibratome and stored in specimen plates in PBS with
0.02% sodium azide. For Thioflavin S staining, tissue sections were
incubated in 4% paraformaldehyde for 15min, filtered 1% aque-
ous Thioflavin S for 10 min at room temperature, washed twice in
80% ethanol, once in 95% ethanol, and 3 times in ddH20O. Images
were taken at 5x on a fluorescence microscope (Leica Thunder) and
quantified using Image J for structure number. AT8 immunohisto-
chemistry was performed as previously described (Dave et al., 2021)
with the appropriate antibodies (1:1000 dilution, Thermo Fisher
Scientific, catalog# MN1020).

4.8 | Unbiased stereology

Stereoinvestigator 17-software (Micro-BrightField, Cochester, VT)
optical fractionator method was used to quantify AT8-positive
CA1 cells in the Hp as previously described (Dave et al., 2021).
Counts were performed at predetermined intervals; Grid size (X and
Y = 158um), counting frame (X and Y = 50pum), superimposed on
the live image of the tissue sections. The sections were analyzed
using a 63xx1.4 PlanApo oil immersion objective. Gunderson's
score remained <0.08. The average tissue thickness was 26 pum.
Dissector height was set at 22 um, with a 2-pm top and 2-pm bottom

guard zone. Seven sections were evaluated per animal. Bright-field
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photomicrographs were taken with a Zeiss Axio Imager. The AT8 an-

tibody penetrated the full depth of the section, allowing for an equal
probability of counting all objects.

4.9 | Liquid chromatography-tandem mass
spectrometry (LC-MS/MS)

For LC-MS/MS, solubilized Hp mouse brain and plasma proteins
were quantified (Thermo Fisher EZQ Protein Quantitation Kit or
the Pierce BCA). Proteins were reduced with 50mM dithiothreitol
(Sigma-Aldrich) final concentration at 95°C for 10 min and alkylated
with iodoacetamide (Pierce,40mM final 30min). Proteins were
digested using 2.0 pg of MS-grade porcine trypsin (Pierce) and
peptides were recovered using Protifi S-trap Micro Columns per
manufacturer directions. Recovered peptides were dried via speed
vac and resuspended in 30 ul of 0.1% formic acid.

All data-dependent mass spectra were collected in posi-
tive mode using an Orbitrap Fusion Lumos mass spectrometer
(Thermo Scientific) coupled with an UltiMate 3000 UHPLC (Thermo
Scientific). One pL of the peptide was fractionated using an Easy-
Spray LC column (50cmx75um ID, PepMap C18, 2 pm particles,
100A pore size, Thermo Scientific) with an upstream 300 umx 5 mm
trap column. Electrospray potential was set to 1.6 kV and the ion
transfer tube temperature to 300°C. The mass spectra were col-
lected using the “Universal” method optimized for peptide analysis
provided by Thermo Scientific. Full MS scans (375-1500m/z range)
were acquired in profile mode with the following settings: Orbitrap
resolution 120,000 (at 200m/z), cycle time 3 seconds and mass
range “Normal;” RF lens at 30% and the AGC set to “Standard”; max-
imum ion accumulation set to “Auto;” monoisotopic peak determi-
nation (MIPS) at “peptide” and included charge states 2-7; dynamic
exclusion at 60s, mass tolerance 10 ppm, intensity threshold at
5.0e% MS/MS spectra acquired in a centroid mode using quadrupole
isolation at 1.6 (m/z); collision-induced fragmentation (CID) energy
at 35%, activation time 10 ms. Spectra were acquired over a 240-min
gradient, flow rate 0.250 pul/min as follows: 0-3 min at 2%, 3-75min
at 2%-15%, 75-180min at 15%-30%, 180-220min at 30%-35%,
220-225min at 35%-80% 225-230 at 80% and 230-240 at 80-5%.

4.10 | Label-free quantification (LFQ) and gene
ontology (GO)

Raw spectra were loaded into Proteome Discover 2.4 (Thermo
Scientific) and protein abundances were determined using the
Uniprot (www.uniprot.org) Mus musculus database (Mmus_
UP000000589.fasta). Protein abundances were determined using
raw files and were searched using the following parameters: Trypsin
as an enzyme, maximum missed cleavage site 3, min/max peptide
length 6/144, precursor ion (MS1) mass tolerance at 20ppm, frag-
ment mass tolerance at 0.5 Da, and a minimum of 1 peptide iden-
tified. Carbamidomethyl (C) was specified as fixed modification,

and dynamic modifications set to Acetyl and Met-loss at the N-
terminus, and oxidation of Met. A concatenated target/decoy strat-
egy and a false-discovery rate (FDR) set to 1.0% were calculated
using Percolator. Accurate mass and retention time of detected ions
(features) using the Minora Feature Detector algorithm were then
used to determine the area-under-the-curve (AUC) of the selected
ion chromatograms of the aligned features across all runs and the
relative abundances calculated. GO analyses for biological process
classification and molecular function classification were performed
using STRINGv11.5 (Search Tool for the Retrieval of Interacting
Genes/Proteins) as previously described (Szklarczyk et al., 2019).

4.11 | Statistical analyses

Two-way factorial Analysis of variance (ANOVA; for genotype and
diet) was used to analyze the physiological and pathological ex-
periments, followed by Bonferroni's corrected post hoc tests when
appropriate. Repeated measures ANOVA was used to analyze the
behavior and GTT data. Student's unpaired t-tests were utilized for
comparison of 3xTg-AD Ch- vs. ChN mice. Levene's test for homo-
geneity of variance revealed no significant effects. Significance was
set at p<0.05.
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