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Abstract

Background Epidemiological data suggests statins could reduce the risk of dementia, and more specifically, Alz-
heimer’s disease (AD). Pre-clinical data suggests statins reduce the risk of dementia through their pleiotropic effects
rather than their cholesterol lowering effects. While AD is a leading cause of dementia, it is frequently found co-
morbidly with cerebral small vessel disease and other vascular contributions to cognitive impairment and dementia
(VCID), which are another leading cause of dementia. In this study, we determined if atorvastatin ameliorated hyper-
homocysteinemia (HHcy)-induced VCID.

Methods Wild-type (C57BI6/J) mice were placed on a diet to induce HHcy or a control diet each with or without
atorvastatin for 14 weeks. Mice underwent novel object recognition testing before tissue collection. Plasma total
cholesterol and total homocysteine as well as related metabolites were measured. Using gPCR and NanoString tech-
nology, we profiled glial cell-associated gene expression changes. Finally, microglial morphology, astrocyte end feet,
and microhemorrhages were analyzed using histological methods.

Results Atorvastatin treatment of HHcy in mice led to no changes in total cholesterol but decreases in total homo-
cysteine in plasma. While HHcy decreased expression of many glial genes, atorvastatin rescued these gene changes,
which mostly occurred in oligodendrocytes and microglia. Microglia in HHcy mice with atorvastatin were trending
towards fewer processes compared to control with atorvastatin, but there were no atorvastatin effects on astrocyte
end feet. While atorvastatin treatment was trending towards increasing the area of microhemorrhages in HHcy mice
in the frontal cortex, it only slightly (non-significantly) reduced the number of microhemorrhages. Finally, atorvastatin
treatment in HHcy mice led to improved cognition on the novel object recognition task.

Conclusions These data suggest that atorvastatin rescued cognitive changes induced by HHcy most likely
through lowering plasma total homocysteine and rescuing gene expression changes rather than impacts on vascular
integrity or microglial changes.
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Background

Alzheimer’s disease (AD) and vascular contributions
to cognitive impairment and dementia (VCID) are two
leading causes of dementia and are frequently found co-
morbid with the other. Epidemiologic data suggests that
statins could reduce the risk of AD and dementia [1-3].
One retrospective cohort study in the United States
reported that patients who used statins had a lower inci-
dence of AD, dementia, Parkinson’s disease, and amyo-
trophic lateral sclerosis [4]. In another study looking
at the dose response relationship between statins and
incidence of AD, the authors found that persistent and
adherent statin use was associated with a decreased risk
of AD [5]. While there is evidence to support statins
decrease the risk of dementia, there is also conflicting
data suggesting statins either provide no benefit or in fact
increase risk of dementia. One study looking at Korean
adults over the age of 60, found that less persistent sta-
tin use was associated with increased risk of AD [5]. Sev-
eral other studies and meta-analyses report no effects of
statins on dementia risk [6—8]. While clinical trials are
required to determine the efficacy, if any, of statins to
reduce the risk of dementia, there have already been pre-
clinical studies investigating the mechanism behind their
possible role in reducing risk. Although their cholesterol
lowering ability is beneficial and can help lower Ap levels
[9], the off-target effects of statins may play a bigger role
in reducing the risk of dementia. Statins have been shown
to have anti-inflammatory effects, with one study show-
ing atorvastatin treatment caused a switch of microglia
phenotype from pro- to anti-inflammatory after a trau-
matic brain injury [10]. In aged beagles, atorvastatin was
also shown to reduce brain oxidative stress [11]. While
the majority of research has focused on statins reduc-
ing the risk of dementia in general, the mechanism of
statins reducing AD pathologies, or the benefits of statins
through lowering cholesterol, we were interested in the
ability of statins to reduce the risk of VCID through their
anti-inflammatory effects.

One risk factor for VCID is hyperhomocysteinemia
(HHcy), which occurs when plasma levels of homocyst-
eine are elevated above 15 pmol/L. The most common
cause of HHcy in the elderly is malabsorption of B vita-
mins, which are key co-factors required for the metabo-
lism of homocysteine to and from methionine and for
homocysteine conversion to cysteine [12—14]. There
have been several studies investigating the mechanisms
for how HHcy induces VCID. In our model of HHcy,
induced via a diet deficient in B vitamins and enriched
in methionine, one of the first pathologies we see is an
increase in pro-inflammatory cytokines with an increase
in microglia staining that eventually leads to loss of
astrocyte end-feet, microhemorrhages and cognitive
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impairment [15, 16]. Since pre-clinical data for statins
suggests an anti-inflammatory effect, we were interested
in determining if statins would be effective in preventing
the vascular pathology seen in our HHcy mouse model,
and, therefore, would be a potential therapeutic treat-
ment in the clinic.

In this study, we placed C57Bl6/] mice on a diet to
induce HHcy or a control diet with or without atorv-
astatin for 14 weeks. We measured plasma total cho-
lesterol and total homocysteine (tHcy) levels as well as
hippocampal gene expression changes. We also identi-
fied changes in microglia and astrocyte end feet using
immunohistochemistry. Finally, we measured microhe-
morrhages and cognitive changes using the novel object
recognition task. Ultimately, atorvastatin rescued gene
expression and cognitive changes induced by HHcy while
having limited effects on microglial process length and
number, did not alter astrocyte end feet and was only
trending towards increased microhemorrhage area in the
frontal cortex.

Methods

Animals

Fifty-four male and female C57Bl6/] mice were pur-
chased from Jackson Laboratory and aged to 6 months
before being placed on a diet deficient in vitamins B6, B9
and B12 and enriched in methionine (HHcy diet; n=_8F,
7M; TD.130867, Envigo, Indianapolis, IN) or a diet with
normal levels of B vitamins and methionine (control diet;
n=6F, 6F; TD.01636, Envigo) with or without Atorvasta-
tin (HHcy + ATO; n=8F, 7M; TD.200023; control + ATO;
n=>5F, 7M; TD.200022, Envigo) for 14 weeks. Atorvasta-
tin calcium was obtained from Sigma (cat no: PHR1422,
St. Louis, MO) and 100 ppm were added to each diet
so that the mice were dosed with 20 mg/kg/day, which,
based on the body surface area normalization method,
equates to an intermediate dosage used in humans [17—
19]. This study was approved by the University of Ken-
tucky Institutional Animal Care and Use Committee and
conformed to the National Institutes of Health Guide for
the Care and Use of Animals in Research.

Novel object recognition

Three days before euthanasia, animals were tested on the
novel object recognition task. The testing apparatus con-
sisted of a 40 cm x40 cm x40 cm open field box with four
chambers set up and recorded from simultaneously. Mice
were allowed to acclimate to the room for 30 min before
testing began each day. On day one, mice were placed in the
center of the container and were allowed to freely explore
for 15 min. On day two, for the first trial, two identical
objects were placed in opposite corners of the container.
Each mouse was placed in the center of the container and
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allowed to explore freely for 5 min. Four hours later, one
object was replaced with a novel object and the mouse was
again placed in the center of the container and allowed to
explore freely for 5 min. Interaction with the object was
defined as the time the nose of the mouse was within 3 cm
and facing the object. Time that animals spent standing on
the object was excluded. Animals that spent less than 10 s
total with either object were excluded from analysis. The
percent time with the novel object was calculated as:
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mice at 12 weeks on diet as previously described using
the liquid chromatography-mass spectrometry method
[20].

RNA and NanoString

RNA was extracted from the right hippocampus using
the E.ZN.A. total RNA kit II (Omega-Bio-Tek, Nor-
cross, GA) according to the manufacturer’s instruc-
tions. RNA quality and quantity was analyzed using the

% Time with Novel Object = (Time with Novel Object - Time with Both Objects) x 100

Tissue collection and processing

Following a lethal injection of Euthanasia-III, blood was
collected retro-orbitally into EDTA tubes, spun at 4 °C for
15 min at 1000g, plasma collected and stored at —80 °C.
Mice were perfused with 20 mL normal saline, brains
were rapidly removed and bisected down the midsagit-
tal plane. The right side was dissected into frontal and
posterior cortex, hippocampus, striatum, thalamus, cer-
ebellum and rest of brain and flash frozen in liquid nitro-
gen and stored at —80 °C. The left side was fixed in 4%
paraformaldehyde for 24 h for histology and then passed
through 10%, 20% and 30% sucrose gradients prior to
sectioning. On a sliding microtome, 25 pm frozen hori-
zonal sections were collected and stored in 1xDPBS with
sodium azide at 4 °C.

Cholesterol assay

Mice underwent a blood draw every 4 weeks on diet.
Blood was collected in EDTA tubes and spun at 4 °C
for 15 min at 1000g, plasma was collected and stored at
—80 °C. Using a commercial kit, total cholesterol levels
were measured on plasma taken from mice at 12 weeks
on diet (Cholesterol Liquid Reagent Set and Cholesterol
Standard, Pointe Scientific, Canton, MI). Briefly, 100 pL
of cholesterol standards and sample (plasma samples
diluted at 1:20 in distilled water) were added to a 96
well plate. 100 pL of the Cholesterol Liquid Reagent was
added to each well and then incubated at 37 °C for 45 min
and then absorbance at 500 nm was measured (Synergy
HTOX Multimode Reader, Aligent, Santa Clara, CA).

tHcy and metabolites

tHcy, methionine, S-adenosyl methionine (SAM),
S-adenosyl homocysteine (SAH), cystathionine, betaine
and choline were measured on plasma obtained from

Aligent 2100 Bionanalyzer, located in the Genomics
Core at the University of Kentucky. Normalized sam-
ples (10 ng/puL) were run on the NanoString Technolo-
gies nCounter Mouse Glial Profiling Panel, also located
in the Genomics Core (NanoString, Seattle, WA).

NanoString gene expression changes were confirmed
using qPCR. Using the High-Capacity cDNA kit, 100 ng
RNA was reverse transcribed to cDNA according to the
manufacturer’s instructions (Life Technologies, Carls-
bad, CA). qPCR was performed as previously described
[20]. All genes were normalized to 18s rRNA and the
—AACt method was used for analysis.

Immunohistochemistry and histology

Eight sections spaced 600 pm apart were used for
immunohistochemistry. Immunohistochemistry was
performed as previously described for ionized calcium
binding adaptor molecule 1 (IBA-1, primary 1:1000,
Wako, Osaka, Japan; rabbit secondary 1:3000), aqua-
porin 4 (AQP4, primary 1:1000, MyBioSource, San
Diego, CA; rabbit secondary 1:5000), and dystrophin
71 (DP71, primary 1:1000, Abcam, Cambridge, UK;
rabbit secondary, 1:5000) on an n=4 or 5/group [20].
Stained sections were mounted, allowed to air dry over-
night and then coverslipped in DPX (Electron Micros-
copy Sciences, Hatfield, PA). Slides were scanned using
Nikon’s Bio-Pipeline and analyzed on Nikon Elements
AR image analysis system (Nikon Instruments, Mel-
ville, NY). For AQP4 and DP71 vessel analysis, using
the Nikon GA3 analysis, a threshold was set to deter-
mine positive stained area. From this, a binary area of
positive stain was created, and each object/vessel was
identified. The length and area of each vessel was cal-
culated, then averaged over the frontal cortex and
hippocampus.

Eight sections spaced 600 pum apart were stained
using the Prussian blue protocol for microhemorrhages
as previously described [20]. For analysis of micro-
hemorrhages, using Indica Lab’s HALO software, a
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threshold was set to identify positive blue stain in the
frontal cortex and hippocampus. Positive blue stain
that was within two cell lengths from a vessel were
included in the analysis, while ones that were not next
to a vessel were excluded. Multiple positive blue stain
along one vessel was counted as one microhemorrhage.
The number of microhemorrhages were averaged per
section and used for final analysis.

NanoString analysis

Gene expression for all endogenous genes was investi-
gated using multivariable linear regression models. For
each regression model, the outcome was taken to be the
log2 gene expression values for a particular gene and the
predictors were taken to be the log2 of the sum of all
positive control gene counts (to normalize the expression
data), and an indicator for the appropriate comparisons
made for the desired volcano plots. The overall effects of
the comparisons’ p-values were converted to g-values to
account for the large number of comparisons that were
being made. There were not any statistically significant
gene differences following multiple comparisons adjust-
ment. All tests were two-sided. Observations with miss-
ing values were excluded on an analysis-by-analysis basis.
All analyses were done in R programming language,
version 4.0.4 (R Foundation for Statistical Computing,
Vienna, Austria).

Data analysis

All remaining data are represented as mean + SEM. Sta-
tistical analysis was performed using JMP. Outliers were
removed using the repeated Grubb’s test. Data were
tested for normality. When data were normally distrib-
uted, a Tukey HSD was used to determine between group
differences and control for multiple comparisons. When
data was not normally distributed, a Steel-Dwass test
was used to determine between group differences and
control for multiple comparisons. Although all group
comparisons were analyzed, only differences between
control vs HHcy, control+ATO vs HHcy+ATO and
HHcy vs HHcy+ATO were included in the figures
except for the week 14 weight and the ERBB3 data. For
the ERBB3 data, which was not normally distributed, a
Steel test with one control, the control group, was per-
formed since the NanoString data showed that ERBB3
was downregulated in all groups compared to the control
group. For the remaining qPCR data, a t-test or Wilcoxon
test was used to compare the two groups as there was
only one comparison.
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Results

Weekly weights were taken for each mouse while on diet
and the percent weight loss was calculated for each ani-
mal (Fig. 1A). While the mice on control diet continued
to gain weight over the course of the study, the mice on
control+ ATO also gained weight, but not to the extent
of the control mice (Fig. 1B). The mice on HHcy diet and
HHcy+ ATO diet lost weight compared to their control
groups, but atorvastatin treatment did not rescue this
weight loss by week 14 (Fig. 1B). Although we did not test
for motor deficits or anxiety, we did not notice any gen-
eral health problems in any groups of mice.

Plasma taken 3 months post diet induction was used
to test total cholesterol and total homocysteine lev-
els as well as related homocysteine metabolites. Mice
on the HHcy diets (regardless of atorvastatin inclusion)
had significantly lower total cholesterol levels compared
to their control diets, but there was no effect of ator-
vastatin on cholesterol (Fig. 1C). Atorvastatin signifi-
cantly lowered plasma total homocysteine in the HHcy
diet group but was still within a moderate HHcy range
(HHcy: 162.8 umol/L, HHcy+ATO:73.1 pmol/L; 55%
decrease in tHcy) (Fig. 1D). There were no significant
changes in methionine, but the HHcy diet was trend-
ing towards increased SAM levels compared to controls
(control: 279 nmol/L, HHcy: 346.1 nmol/L; 24% increase
in SAM), with no changes due to atorvastatin (Fig. 1E,
F). SAH levels were trending towards an increase in the
HHcy group compared to control (control: 23.6 nmol/L,
HHcy: 30.5 nmol/L; 29% increase in SAH), while atorvas-
tatin was trending towards lowered SAH levels compared
to the HHcy group (HHcy: 30.5 nmol/L, HHcy+ ATO:
24.6 nmol/L; 19% decrease in SAH) (Fig. 1G). Due to the
subtle changes in SAM and SAH levels, the mice on the
HHcy with atorvastatin diet were also trending towards
an elevated SAM/SAH ratios compared to the HHcy diet
mice (HHcy: 11.9, HHcy+ ATO: 13.7; 15% increase in
SAM/SAH ratio) (Fig. 1H). The HHcy diet also increased
cystathionine levels compared to both control groups
(control: 1074 nmol/L, HHcy: 16344 nmol/L; 1421%
increase in cystathionine; control+ ATO: 1043.4 nmol/L,
HHcy+ATO: 11736.7 nmol/L; 1024% increase in cys-
tathionine) with a significant decrease due to atorvas-
tatin in the HHcy group (Fig. 1I). HHcy significantly
lowered choline levels compared to its control (con-
trol: 14.8 nmol/L, HHcy: 11.7 nmol/L; 20% decrease
in choline), while atorvastatin did not (control+ ATO:
13.8 nmol/L, HHcy+ ATO: 13.5 nmol/L; 2% decrease in
choline) (Fig. 1J). Atorvastatin did not rescue changes
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Fig. 1 Atorvastatin altered the homocysteine pathway but not total cholesterol levels. Percent weight change over the course of the diet (A),
and the final weight change at week 14 (B) are shown. Total cholesterol (C), plasma total homocysteine (D), methionine (E), S-adenosyl methionine
(SAM) (F), S-adenosyl homocysteine (SAH) (G), SAM/SAH ratio (H), cystathionine (1), choline (J), and betaine (K) levels are shown. * indicates P < 0.05,

**indicates P<0.01, *** indicates P <0.001, **** indicates P < 0.0001

in betaine (control: 25.4 nmol/L, HHcy: 12.2 nmol/L;
52% decrease in betaine; control+ATO: 28.3 nmol/L,
HHcy+ATO: 15.4 nmol/L; 45% decrease in betaine)
(Fig. 1], K).

To determine glial gene expression changes asso-
ciated with atorvastatin treatment, we performed
NanoString’s Glial Profiling Panel on hippocampal RNA

and confirmed with qPCR. While no genes passed false
discovery rate (FDR) correction, there were trends in
gene expression changes due to diet and treatment that
were confirmed with qPCR. Receptor tyrosine-protein
kinase erbB-3 (ERBB3), an activator of the MAPK and
PI3K/Akt pathways, was significantly downregulated
in the HHcy mice compared to control mice and was
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Fig. 2 Hyperhomocysteinemia-induced downregulation of genes was rescued by atorvastatin. FRBB3 (A), MAG (B), OLMF3 (C), OLIGT (D) and PLP1
(E) gene expression levels compared to mice on control diet or mice on the HHcy diet. * indicates P <0.05

trending towards a decrease in the HHcy plus atorvas-
tatin group (Fig. 2A). When compared to the control
diet, HHcy significantly induced down regulation of
myelin associated glycoprotein (MAG), olfactomedin
3 (OLFM3), and oligodendrocyte transcription factor
1 (OLIG1), and there was a trending decrease in pro-
teolipid 1 (PLPI), most of which are related to oligo-
dendrocytes (Fig. 2B-E). Atorvastatin with HHcy was
trending towards increases in PLPI and OLIGI when
compared to HHcy alone (Fig. 2D, E). The remaining
NanoString gene expression changes with significant P
values can be found in Additional file 1: Tables S1-S4.
While atorvastatin was trending towards glial
gene expression changes, we were also interested
in microglia morphology and staining changes.

Immunohistochemistry for all microglia using IBA-1
showed no significant changes in percent area in the
frontal cortex or hippocampus (Fig. 3A-E, I). The micro-
glial area, average number of process endings per micro-
glia, and average process length were trending towards a
decrease in the HHcy with atorvastatin mice compared
to control with atorvastatin in the frontal cortex, but
not in the hippocampus, suggesting possible different
regional responses to atorvastatin (Fig. 3E-L).

In addition to microglia, we also investigated changes
in astrocyte end-feet using AQP4 and DP71 immunohis-
tochemistry. AQP4 is a water channel that is localized to
the astrocyte end-foot while DP71 is part of an anchoring
complex with dystroglycan and actin to help anchor the
astrocyte end-foot to the basement membrane. We were
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Fig. 3 Hyperhomocysteinemia with atorvastatin leads to limited microglial changes  in the frontal cortex. Representative images of IBA-1 staining
in the frontal cortex of mice on control (A), control+ATO (B), HHcy (C), and HHcy + ATO diet (D). Scale bar in A=50 um and is for images A-D.
Percent microglia area (E), average microglia area (F), process endings (G) and average process length (H) in the frontal cortex are shown. Percent
microglia area (1), average microglia area (J), process endings (K) and average process length (L) in the hippocampus are shown

(See figure on next page.)

Fig. 4 Atorvastatin does not alter astrocyte end-feet. Representative images of AQP4 staining in the frontal cortex of mice on control (A),
control+ATO (B), HHcy (C), and HHcy +ATO diet (D). Percent area (E), average vessel area (F), average vessel length (G) and vessels/mm? (H)

in the frontal cortex are shown for AQP4. Percent area (1), average vessel area (J), average vessel length (K) and vessels/mm? (L) in the hippocampus
are shown for AQP4. Representative images of DP71 staining in the frontal cortex of mice on control (M), control +ATO (N), HHcy (O),

and HHcy +ATO diet (P). Scale bar in A and M =100 um; scale bar in A is for images A-D and scale bar in M is for images M-P. Percent area (Q),
average vessel area (R), average vessel length (S) and vessels/mm? (T) in the frontal cortex are shown for DP71. Percent area (U), average vessel area
(V), average vessel length (W) and vessels/mm? (X) in the hippocampus are shown for DP71
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interested in measuring both as one (AQP4) is related
to the function of astrocyte end-feet while the other is a
structural component (DP71). There were no significant
changes in AQP4 in the frontal cortex or hippocampus
(Fig. 4A-L). Similarly, there were no significant differ-
ences in DP71 in the frontal cortex or hippocampus
(Fig. 4M-X).

We also wanted to determine if atorvastatin could
prevent microhemorrhages induced by the HHcy diet,
so we investigated changes in the number and size of
microhemorrhages in frontal cortex and hippocam-
pus. The HHcy with atorvastatin mice were trending
towards fewer microhemorrhages compared to the

HHcy mice but only in the frontal cortex (Fig. 5A-E).
However, the average area of the microhemorrhages
were trending larger in the HHcy with atorvastatin
mice compared to the control with atorvastatin in
the frontal cortex (Fig. 5C). There were no significant
changes in microhemorrhage number or area in the
hippocampus (Fig. 5D, E).

Finally, we ascertained changes in cognition using
the novel object recognition task. HHcy with atorvas-
tatin mice spent significantly more time with the novel
object compared to HHcy mice (Fig. 5F), suggesting
atorvastatin improved cognition.
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Discussion

Considering the population of people 60 years and
older is expected to double by 2050 and, with it, the
number of dementia cases will triple, it is crucial to
identify ways to treat and reduce the risk of demen-
tia [21]. Because statins are already an approved FDA
drug, and with epidemiological evidence suggesting
that statins reduce the risk of dementia, repurpos-
ing statins for treatment and prevention of dementia
is a more rapid path for therapeutics than gaining full
approval for new drugs. However, pre-clinical studies
investigating the mechanisms and types of dementia
statins may benefit are still needed. In this study, we
used atorvastatin to treat HHcy-induced VCID in mice.
Atorvastatin did not reduce plasma total cholesterol
levels, not an unexpected finding since none of the mice
had elevated plasma cholesterol, it did significantly
reduce plasma total homocysteine levels and rescued
gene expression changes induced by HHcy. While ator-
vastatin didn’t impact astrocyte end feet, microglia, and
slightly increased the size of microhemorrhages in the
frontal cortex, it ultimately rescued cognitive deficits.

In mice, the majority of cholesterol is in the high den-
sity lipoprotein (HDL) form due to the lack of choles-
teryl ester transfer protein that shuttles cholesteryl esters
from HDL to other lipoproteins like low density lipopro-
tein (LDL) or very low density lipoprotein (VLDL) [22].
Since atorvastatin mainly lowers LDL levels, it has been
shown to not change total cholesterol levels in mice [23—
25], which aligns with what we have shown in our study.
Although we did not have any total cholesterol changes
due to atorvastatin in our study, there was a diet effect
on cholesterol, with HHcy causing a significant decrease
in total cholesterol levels. Animal studies have shown
that Hcy increases cholesterol biosynthesis and secretion
but decreases protein synthesis of apolipoprotein Al, the
main apolipoprotein of HDL, thus decreasing HDL lev-
els [26, 27]. Human studies show similar findings, where
HHcy is associated with increased LDL and triglycerides
but negatively associated with HDL [28, 29]. Since the
majority of cholesterol is in the HDL form in mice, this
may explain why the HHcy diet caused a decreased in
total cholesterol in our study.

While atorvastatin did not alter cholesterol levels in
our study, it did significantly reduce tHcy in the HHcy
diet mice, although levels were still in range of moderate
levels of HHcy (30-100 pmol/L tHcy) in the HHcy with
atorvastatin group. This aligns with the patient literature,
which has shown that statins reduce tHcy in plasma. In
women with polycystic ovarian syndrome, treatment
with atorvastatin or simvastatin led to decreased serum
tHcy levels and in another study, patients with hyper-
cholesterolemia who were treated with simvastatin had
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decreased plasma tHcy [30, 31]. Statins have also been
shown to reduce tHcy in patients with the methylene-
tetrahydrofolate reductase C677T polymorphism that
induces HHcy [32]. We also investigated related metabo-
lites to tHcy and found that atorvastatin caused a trend-
ing increase in the SAM/SAH ratio compared to HHcy
mice. This is a critical finding since SAM is a global
methyl donor important for DNA methylation and SAH
is an inhibitor of SAM [33]. The SAM/SAH ratio is an
indicator of DNA methylation potential, with a lower
ratio indicating less DNA methylation potential, sug-
gesting altered methylation patterns and gene expression
changes. A change in the SAM/SAH ratio in the HHcy
with atorvastatin group could indicate gene expression
changes.

Our previous work has shown that HHcy significantly
alters gene expression in a glial dependent manner, so we
were interested in the glial response to atorvastatin treat-
ment of HHcy [34]. Although NanoString gene expres-
sion profiling of glial cells didn’t yield any changes that
passed FDR correction, some interesting trends were
apparent. The majority of gene changes with a signifi-
cant P value occurred between control and HHcy mice
(35 genes) and between HHcy and HHcy with atorvasta-
tin mice (108 genes). Interestingly, the HHcy diet caused
reduced gene expression of every significant gene, similar
to what we have previously reported in human brain tis-
sue with HHcy, while atorvastatin increased gene expres-
sion [35]. A possible explanation for this could be due to
the SAM/SAH ratio and the restored DNA methylation
potential. When broken down by cell type, oligodendro-
cytes had the most gene expression changes associated
with atorvastatin, followed by microglia. HHcy has been
shown to have a dose response association with white
matter lesions and is associated with increased white
matter hyperintensity volume, so the majority of gene
changes being associated with oligodendrocytes is not
surprising [36, 37]. When we put the list of 35 significant
genes between control vs HHcy into STRING-db, we
saw that one of the nodes centered around several oligo-
dendrocyte markers (MAG, MBB OLIGI, GFAB PLPI,
SOX10) that would again suggest significant oligodendro-
cyte changes due to HHcy (Additional file 1: Fig. S1). The
other node centered around IL1f and its related inflam-
matory markers and microglia were the second glial cell
type with the most gene expression changes which aligns
with the anti-inflammatory effects of atorvastatin and the
pro-inflammatory effects of the HHcy diet [10, 11, 38].
Although when we look at the morphology of the micro-
glia, the trends towards reduced area, process endings
and process length in the frontal cortex due to atorvas-
tatin treatment in the HHcy mice compared to controls
with atorvastatin would suggest that the microglia are not
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homeostatic. Further analysis of activated vs non acti-
vated microglia with a larger N for staining is required to
determine the effect of atorvastatin with HHcy on micro-
glial morphology.

Additional analysis into the NanoString genes using
STRING-db allowed us to look at connected genes for
the significant genes in the HHcy vs HHcy + ATO group.
Similar to the control vs HHcy group, one node centered
around oligodendrocyte genes (OLIG1, MBE MAG,
PLPI1, SOX10, S100b, GFAB AQP4, DMD, SOX2) (Addi-
tional file 1: Fig. S2). However, unlike control vs HHcy,
atorvastatin increased expression of these genes, suggest-
ing rescue of these oligodendrocyte changes due to the
HHcy diet. Another major node had several genes related
to intracellular signaling (MAPKI14, JAK2, STAT2, AKT3,
KRAS, PAKI). Increases in MAPK signaling have been
shown to occur due to atorvastatin treatment, although
this was not seen in our control vs control+ATO group
[39], suggesting this is due to combined HHcy with ator-
vastatin. With the widespread effects of MAPK signaling,
it is difficult to determine the effects of increased MAPK
signaling due to atorvastatin treatment, but it presents
several different possible avenues for future mechanisms
of atorvastatin. Finally, similarly to the control vs HHcy
NanoString results, the HHcy vs HHcy+ATO had a
node with several inflammatory related genes. Atorvas-
tatin rescued the gene expression decreases in MSRI and
FCGRI that were seen in control vs HHcy; however, ator-
vastatin with HHcy increased complement genes (Clgc,
Clga) which was not seen in control vs HHcy. This was
surprising since previous data shows that statins either
had no effect on complement or attenuated the inflam-
matory response after complement activation [40, 41].
Further study into the effects of atorvastatin with HHcy
into the complement cascade would be necessary to
determine if these effects extend to the protein level and
if they are beneficial or not.

The majority of epidemiologic data suggests statins
reduce the risk of dementia, so we were interested if atorv-
astatin can prevent cognitive changes induced by the HHcy
diet. Using the novel object recognition task, mice on the
HHcy diet treated with atorvastatin spent more time with
the novel object compared to the HHcy diet mice alone,
suggesting they had improved cognition due to atorvas-
tatin treatment. We were also interested if this improved
cognition was due to changes in vascular integrity, which
is known to be degraded due to the HHcy diet [15, 16, 38].
There were no significant changes in astrocyte end-feet,
either due to the HHcy diet or the HHcy diet with atorv-
astatin, but our N for immunohistochemistry was low, so
further studies are required to be sure of this conclusion.
There were slight changes in the number of microhem-
orrhages, with small increases due to HHcy alone (with
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large variability) and a small reduction in the HHcy mice
with atorvastatin, although nothing was significant. How-
ever, the area of microhemorrhages were trending larger
in the frontal cortex in the HHcy mice with atorvastatin
compared to the control mice with atorvastatin. Evidence
regarding the association of statins and microbleeds is still
unclear, with some studies suggesting no association and
others suggesting statins increase microbleeds in a region-
specific manner [42, 43]. In our study, the combination of
HHcy and atorvastatin trending towards region specific
increases in the area of microhemorrhages suggests a role
for HHcy in the role of statin associated microhemor-
rhages. However, the lack of vessel integrity changes sug-
gest that atorvastatin improved cognition through another
mechanism outside improving the vasculature or even
microglial changes.

Conclusions

While there was a dietary effect of HHcy, atorvastatin did
not change total cholesterol levels, suggesting that any
effects seen are due to the pleiotropic effects of atorvas-
tatin. Overall, treatment of HHcy with atorvastatin led
to decreased plasma tHcy, increased glial gene expres-
sion levels, no changes in astrocyte end-feet or microglial
changes, and minimal changes in microhemorrhages, yet
led to improved cognition. The lack of vascular changes
suggest that the reduced tHcy and the rescued gene
expression changes could be the potential mechanism
behind the improved cognition in the HHcy mice treated
with atorvastatin. While improved cognition is a promis-
ing outcome, further studies are required to understand
the mechanism behind this improvement and whether
statins are a potential therapeutic treatment for HHcy
patients who do not respond to B vitamin supplements.

Abbreviations

AD Alzheimer’s disease

AQP4 Aquaporin 4

DP71 Dystrophin 71

ERBB3 Receptor tyrosine-protein kinase erbB-3
FDR False discovery rate

HDL High density lipoprotein

HHcy Hyperhomocysteinemia

IBA-1 lonized calcium binding adaptor molecule 1
LDL Low density lipoprotein

MAG Myelin associated glycoprotein

OLIG1 Oligodendrocyte transcription factor 1

OLFM3 Olfactomedin 3

PLP1 Proteolipid 1

SAH S-adenosyl homocysteine

SAM S-adenosyl methionine

tHey Total homocysteine

VCID Vascular contributions to cognitive impairment and dementia
VLDL Very low density lipoprotein



Weekman et al. Journal of Neuroinflammation (2023) 20:199

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512974-023-02883-x.

Additional file 1: Table S1. List of significant genes for control vs con-
trol+ ATO. Figure S1. STRING interaction network based off significant
genes for control vs HHcy. The list of significant genes with the fold
change were put into STRING-db.org to determine connections. A high
confidence (0.7) interaction score was applied and disconnected genes
were excluded. The depth of color of the halo around each gene is
respective of that genes fold change. Table S2. List of significant genes
for control vs HHcy. Table S3. List of significant genes for control vs
HHcy + ATO. Figure S2. STRING interaction network based off significant
genes for HHcy vs HHcy + ATO. The list of significant genes with the fold
change were put into STRING-db.org to determine connections. A high
confidence (0.7) interaction score was applied and disconnected genes
were excluded. The depth of color of the halo around each gene is respec-
tive of that genes fold change. Table S4. List of significant genes for HHcy
vs HHcy +ATO.

Acknowledgements

Thank you to Jeanna Bennett-Firmin in Teodoro Bottiglieri's laboratory at
Baylor Scott and White Research Institute for running the tHcy and related
metabolite assays.

Author contributions

EMW, SNJ, CBR and TLS performed the research; KX and DWF performed the
NanoString analysis; EMW analyzed the remaining data; QQ and DWF con-
sulted on the data analysis; TB measured tHcy and the metabolites; EMW and
DMW designed the research and wrote the manuscript. The authors read and
approved the final manuscript.

Funding
This work was supported by the National Institutes of Health NINDS Grant
TROTNS097722 (DMW).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its supplementary files.

Declarations

Ethics approval and consent to participate

All animal procedures conformed to the National Institutes of Health Guide for
the Care and Use of Animals in Research and were approved by the University
of Kentucky Institutional Animal Care and Use Committee.

Consent for publication
Not applicable.

Competing interests
The authors declare they have no competing interests.

Author details

'Sanders-Brown Center on Aging, University of Kentucky, Lexington, KY 40536,
USA. 2Present Address: Stark Neurosciences Research Institute, Indiana Univer-
sity School of Medicine, Indianapolis, IN 46202, USA. *Center of Metabolomics,
Institute of Metabolic Disease, Baylor Scott and White Research Institute,
Dallas, TX 75204, USA.

Received: 21 March 2023 Accepted: 28 August 2023
Published online: 01 September 2023

Page 12 of 13

References

1. Poly TN, Islam MM, Walther BA, Yang HC, Wu CC, Lin MC, et al. Association
between use of statin and risk of dementia: a meta-analysis of observa-
tional studies. Neuroepidemiology. 2020;54(3):214-26.

2. Cheng YW, Chiu MJ, Chen YF, Cheng TW, Lai YM, Chen TF. The contribu-
tion of vascular risk factors in neurodegenerative disorders: from mild
cognitive impairment to Alzheimer’s disease. Alzheimers Res Ther.
2020;12(1):91.

3. Olmastroni E, Molari G, De Beni N, Colpani O, Galimberti F, Gazzotti M,
et al. Statin use and risk of dementia or Alzheimer’s disease: a systematic
review and meta-analysis of observational studies. Eur J Prev Cardiol.
2022;29(5):804-14.

4. Torrandell-Haro G, Branigan GL, Vitali F, Geifman N, Zissimopoulos JM,
Brinton RD. Statin therapy and risk of Alzheimer’s and age-related neuro-
degenerative diseases. Alzheimers Dement (N'Y). 2020;6(1): e12108.

5. Jeong SM, Shin DW, Yoo TG, Cho MH, Jang W, Lee J, et al. Association
between statin use and Alzheimer’s disease with dose response relation-
ship. Sci Rep. 2021;11(1):15280.

6. Zhou Z,Ryan J, Ernst ME, Zoungas S, Tonkin AM, Woods RL, et al. Effect of
statin therapy on cognitive decline and incident dementia in older adults.
J Am Coll Cardiol. 2021;77(25):3145-56.

7. McGuinness B, Craig D, Bullock R, Passmore P. Statins for the prevention of
dementia. Cochrane Database Syst Rev. 2009;2: CD03160.

8. Arvanitakis Z, Schneider JA, Wilson RS, Bienias JL, Kelly JF, Evans DA, et al.
Statins, incident Alzheimer disease, change in cognitive function, and
neuropathology. Neurology. 2008;70(19 Pt 2):1795-802.

9. Ostrowski SM, Wilkinson BL, Golde TE, Landreth G. Statins reduce
amyloid-beta production through inhibition of protein isoprenylation. J
Biol Chem. 2007,282(37):26832-44.

10. Xu X, GaoW, Cheng S, Yin D, Li F, Wu Y, et al. Anti-inflammatory and
immunomodulatory mechanisms of atorvastatin in a murine model of
traumatic brain injury. J Neuroinflamm. 2017;14(1):167.

11. Barone E, Cenini G, Di Domenico F, Martin S, Sultana R, Mancuso C, et al.
Long-term high-dose atorvastatin decreases brain oxidative and nitrosa-
tive stress in a preclinical model of Alzheimer disease: a novel mechanism
of action. Pharmacol Res. 2011;63(3):172-80.

12. Hoey L, Strain JJ, McNulty H. Studies of biomarker responses to interven-
tion with vitamin B-12: a systematic review of randomized controlled
trials. Am J Clin Nutr. 2009;89(6):19815-51996.

13. Joosten E, van den Berg A, Riezler R, Naurath HJ, Lindenbaum J, Stabler
SP, et al. Metabolic evidence that deficiencies of vitamin B-12 (cobala-
min), folate, and vitamin B-6 occur commonly in elderly people. Am J Clin
Nutr. 1993;58(4):468-76.

14. Kjeldby IK, Fosnes GS, Ligaarden SC, Farup PG. Vitamin B6 deficiency
and diseases in elderly people-a study in nursing homes. BMC Geriatr.
2013;13:13.

15. Weekman EM, Sudduth TL, Price BR, Woolums AE, Hawthorne D, Seaks CE,
et al. Time course of neuropathological events in hyperhomocysteinemic
amyloid depositing mice reveals early neuroinflammatory changes that
precede amyloid changes and cerebrovascular events. J Neuroinflamm.
2019;16(1):284.

16. Sudduth TL, Weekman EM, Price BR, Gooch JL, Woolums A, Norris CM,
et al. Time-course of glial changes in the hyperhomocysteinemia model
of vascular cognitive impairment and dementia (VCID). Neuroscience.
2017;341:42-51.

17. Lastuvkova H, Faradonbeh FA, Schreiberova J, Hroch M, Mokry J, Faistova
H, et al. Atorvastatin modulates bile acid homeostasis in mice with diet-
induced nonalcoholic steatohepatitis. Int J Mol Sci. 2021,22(12):6468.

18. Liao J, Chung YT, Yang AL, Zhang M, Li H, Zhang W, et al. Atorv-
astatin inhibits pancreatic carcinogenesis and increases survival
in LSL-KrasG12D-LSL-Trp53R172H-Pdx1-Cre mice. Mol Carcinog.
2013;52(9):739-50.

19. Reagan-Shaw S, Nihal M, Ahmad N. Dose translation from animal to
human studies revisited. FASEB J. 2008;22(3):659-61.

20. Seaks CE, Weekman EM, Sudduth TL, Xie K, Wasek B, Fardo DW, et al.
Apolipoprotein E epsilon4/4 genotype limits response to dietary


https://doi.org/10.1186/s12974-023-02883-x
https://doi.org/10.1186/s12974-023-02883-x

Weekman et al. Journal of Neuroinflammation

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

(2023) 20:199

induction of hyperhomocysteinemia and resulting inflammatory signal-
ing. J Cerebr Blood Flow Metab. 2022;42(5):771-87.

Alzheimer’s disease facts and figures. Alzheimer's Dementia.
2022;18(4):700-89

Camus MC, Chapman MJ, Forgez P, Laplaud PM. Distribution and charac-
terization of the serum lipoproteins and apoproteins in the mouse. Mus
musculus J Lipid Res. 1983;24(9):1210-28.

Bot I, Jukema JW, Lankhuizen IM, van Berkel TJ, Biessen EA. Atorvastatin
inhibits plague development and adventitial neovascularization in ApoE
deficient mice independent of plasma cholesterol levels. Atherosclerosis.
2011;214(2):295-300.

Graham KL, Lee LY, Higgins JP, Steinman L, Utz PJ, Ho PP. Failure of oral
atorvastatin to modulate a murine model of systemic lupus erythemato-
sus. Arthr Rheum. 2008;58(7):2098-104.

Park HS, Jang JE, Ko MS, Woo SH, Kim BJ, Kim HS, et al. Statins increase
mitochondrial and peroxisomal fatty acid oxidation in the liver and
prevent non-alcoholic steatohepatitis in mice. Diabetes Metab J.
2016;40(5):376-85.

Liao D, Tan H, Hui R, Li Z, Jiang X, Gaubatz J, et al. Hyperhomocysteinemia
decreases circulating high-density lipoprotein by inhibiting apolipopro-
tein A-l Protein synthesis and enhancing HDL cholesterol clearance. Circ
Res. 2006,99(6):598-606.

Werstuck GH, Lentz SR, Dayal S, Hossain GS, Sood SK, Shi YY, et al. Homo-
cysteine-induced endoplasmic reticulum stress causes dysregulation of
the cholesterol and triglyceride biosynthetic pathways. J Clin Investig.
2001;107(10):1263-73.

Momin M, Jia J, Fan F, Li J, Dou J, Chen D, et al. Relationship between
plasma homocysteine level and lipid profiles in a community-based
Chinese population. Lipids Health Dis. 2017;16(1):54.

Niu X, Chen J,Wang J, Li J, Zeng D, Wang S, et al. A cross-sectional study
on the relationship between homocysteine and lipid profiles among
Chinese population from Hunan. Lipids. 2021;56(1):93-100.

Kaya C, Cengiz SD, Berker B, Demirtas S, Cesur M, Erdogan G. Comparative
effects of atorvastatin and simvastatin on the plasma total homocysteine
levels in women with polycystic ovary syndrome: a prospective rand-
omized study. Fertil Steril. 2009;92(2):635-42.

Luftjohann D, Sigit JI, Locatelli S, von Bergmann K, Schmidt HH. High-
dose simvastin (80 mg/day) decreases plasma concentrations of total
homocyst(e)ine in patients with hypercholesteromia. Atherosclerosis.
2001;155(1):265-6.

Jiang S, Chen Q, Venners SA, Zhong G, Hsu YH, Xing H, et al. Effect of sim-
vastatin on plasma homocysteine levels and its modification by MTHFR
C677T polymorphism in Chinese patients with primary hyperlipidemia.
Cardiovasc Ther. 2013;31(4):e27-33.

Hoffman DR, Cornatzer WE, Duerre JA. Relationship between tissue levels
of S-adenosylmethionine, S-adenylhomocysteine, and transmethylation
reactions. Can J Biochem. 1979;57(1):56-65.

Weekman EM, Woolums AE, Sudduth TL, Wilcock DM. Hyperhomocyst-
einemia-induced gene expression changes in the cell types of the brain.
ASN Neuro. 2017;9(6):1759091417742296.

Weekman EM, Winder Z, Rogers CB, Abner EL, Sudduth TL, Patel E, et al.
Genetic expression changes and pathologic findings associated with
hyperhomocysteinemia in human autopsy brain tissue. Alzheimers
Dement (N'Y). 2022;8(1): e12368.

Yuan'Y, Cai X, Liu Y, Li N. Dose-response association between plasma
homocysteine and white matter lesions in patients with hypertension: a
case-control study. Hypertens Res. 2022;45(11):1794-801.

Wright CB, Paik MC, Brown TR, Stabler SP, Allen RH, Sacco RL, et al. Total
homocysteine is associated with white matter hyperintensity volume: the
Northern Manhattan Study. Stroke. 2005,;36(6):1207-11.

Sudduth TL, Powell DK, Smith CD, Greenstein A, Wilcock DM. Induc-

tion of hyperhomocysteinemia models vascular dementia by induc-
tion of cerebral microhemorrhages and neuroinflammation. J Cereb.
2013;33(5):708-15.

JinY, Sui HJ, Dong Y, Ding Q Qu WH, Yu SX, et al. Atorvastatin enhances
neurite outgrowth in cortical neurons in vitro via up-regulating the
Akt/mTOR and Akt/GSK-3beta signaling pathways. Acta Pharmacol Sin.
2012,33(7):861-72.

Guo J, LiM,Yang Y, Zhang L, Zhang LW, Sun QY. Pretreatment with atorv-
astatin ameliorates cobra venom factor-induced acute lung inflammation
in mice. BMC Pulm Med. 2020;20(1):263.

41.

42.

43.

Page 13 of 13

Lappegard KT, Hvassing T, Mollnes TE. Statin drugs do not affect serum
complement activation in vitro. Scand J Immunol. 2004;60(1-2):178-83.
Katsanos AH, Lioutas VA, Charidimou A, Catanese L, Ng KKH, Perera K,

et al. Statin treatment and cerebral microbleeds: a systematic review and
meta-analysis. J Neurol Sci. 2021;420: 117224,

Haussen DC, Henninger N, Kumar S, Selim M. Statin use and micro-
bleeds in patients with spontaneous intracerebral hemorrhage. Stroke.
2012/43(10):2677-81.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Atorvastatin rescues hyperhomocysteinemia-induced cognitive deficits and neuroinflammatory gene changes
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Animals
	Novel object recognition
	Tissue collection and processing
	Cholesterol assay
	tHcy and metabolites
	RNA and NanoString
	Immunohistochemistry and histology
	NanoString analysis
	Data analysis

	Results
	Discussion
	Conclusions
	Anchor 21
	Acknowledgements
	References


