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Age is the most prominent nongenetic risk factor for
Alzheimer’s disease (AD), with incidence doubling every 5 years
beyond age 65. Protein aggregation is one of the most consistent
features of age-progressive diseases, as well as normal aging.
Many age-associated diseases add disease-specific aggregates
on top of those observed in the healthy aged—including essen-
tially all neurodegenerative diseases, diverse myopathies, lung
disease, and chronic kidney disease. Such data are consistent
with, but do not prove, the hypothesis that aggregation may be
a common mechanism driving both aging and the numerous path-
ologies that accompany it.

Anew study by Ganne et al.” reports that ezetimibe, a drug they
had selected for its disruption of aggregates in silico and in diverse
preclinical models of age- and Alzheimer’s-associated pathology,
reduced the prospective risk of Alzheimer’s Disease and Related
Dementias (ADRD) by sevenfold in the general population and
eightfold among heart-disease patients for whom the risk of sub-
sequent ADRD was roughly doubled. Ezetimibe was approved by
the FDA in 2002 for reduction of circulating cholesterol levels.
The authors note that, while the controls (nearly 1 million sub-
jects not taking ezetimibe) were well matched to ezetimibe recip-
ients for age, gender, and established ADRD risk factors such as
hypertension, diabetes, and kidney disease, the groups were
not matched for cholesterol levels. It would not be unreasonable
to assume that the patients prescribed ezetimibe had initiated it
due to relatively high serum cholesterol levels, so these research-
ers point out that double-blind randomized trials of newly
enrolled patients would have to be conducted to establish a causal
connection. There is ample evidence that high LDL-cholesterol
increases AD risk™, suggesting that statins could achieve the
greatest risk reduction among such patients.

A recent meta-analysis across 21 studies, comprising 1.2M sub-
jects, calculated a 32% reduction in relative risk of AD for patients
on statins versus untreated subjects, that is, OR = 0.68 with a 95%
confidence interval of 0.56-0.81*. The OR for all dementias,
derived from 36 studies and over 5M subjects, was lower
(although not significantly so) at 0.80 with a 95% CI of
0.75-0.86". Reduction in cholesterol could thus account for only
a fraction (certainly less than half) of the 86% ADRD risk reduc-
tion (95% CI 0.06-0.34) observed by Ganne et al., implying that

other factors are also involved. There have been several previous
studies implying that ezetimibe has targets unrelated to hyperlipi-
demia: it decreases neuronal apoptosis by activating autophagy in
a rat model of arterial occlusion®; improves diabetic nephropathy
and glucose tolerance by protecting pancreatic beta cells in a
mouse model of diabetes®’; and prevents muscle wasting in a
mouse model of muscular dystrophy®. Induction of autophagy
is a contributory mechanism supported by the studies of Ganne
et al., in that ezetimibe restored autophagy in human neuroblas-
toma cells exposed to rapamycin'.

This putative mechanism is consistent with the protein—protein
interaction implicated as a “lynchpin” in AD aggregate cohe-
sion"?, for which ezetimibe was predicted (and confirmed) to tar-
get the 14-3-3G::hexokinase 1 interface'. Both of these proteins
are markedly elevated in human hippocampi from AD patients’
and also in those from heart-disease patients'—for which
ADRD risk is elevated-'°. Their co-occurrence in brain aggregates
was found only in AD and heart disease subjects’. Evidence sup-
porting ezetimibe disruption of 14-3-3 interaction with hexoki-
nase in vivo was convincing, but of necessity limited to the
observation that their co-immuno-pulldown from human neuro-
blastoma cell cultures was reduced 2.5-fold by this drug®.

Autophagy is the principal route by which larger aggregates can
be cleared'’, and it is stimulated by 14-3-3 paralogs'*'3, so the
sparing of 14-3-3 proteins from aggregation would ameliorate
their conspicuous deficiency in AD'*. We are left with the conclu-
sion that three mechanisms of opposing Alzheimer’s are possible
and that any or all may apply: (a) reduced intestinal uptake of cho-
lesterol and thus of its plasma levels, the mechanism shared with
statins; (b) reduction in aggregate accumulation, lowering inflam-
mation via a vicious cycle (dubbed the “aggregation-inflamma-
tion cycle”); and (c) rescue of autophagy, the loss of which
either precedes or accompanies AD and other neurodegenerative
diseases.

There is one minor caveat to this argument: mammals possess a
small family of seven 14-3-3 proteins, and it is left in doubt
whether 14-3-3G (gamma) was the sole paralog implicated.
Most antibodies to 14-3-3 target the central, conserved “cradle,”
so it may be conjectured that 14-3-3Z (zeta) is also a candidate
partner to hexokinase, given that this paralog has been previously
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implicated in AD through its affinity for hyperphosphorylated
tau'>'®, That uncertainty does not detract from the importance
of this remarkably thorough and compelling paper.

The route taken by Ganne et al. to discovery of this unheralded
property of ezetimibe is an interesting and instructive one. They
began with data from proteomic analyses of AD aggregates and
their internal cross-links and then used bioinformatic procedures
to prioritize them by their “influence” over aggregate cohesive-
ness (i.e., the total degree). This led them to the highly influential
14-3-3(G?)::HK1 interface, which was next screened in silico for
affinity of binding FDA-approved drugs. From among the top
drugs, ezetimibe was selected based on its clinical record of very
rare and minor side effects over the 22-year history of its clinical
availability. There may well be other drug candidates, not yet
approved by the FDA, that will eventually supersede or augment
ezetimibe to ultimately eliminate the threat of AD entirely. That
process and the goal it suggests are still many years away.
However, the recent discovery by this group of a small molecule
that negates the elevated AD risk to carriers of the APOE4 gene
(four to fivefold per allele copy)'” further enhances the prospect
that one day, Alzheimer’s will no longer be the scourge that it is
currently.

References

1. Ganne A., Mainali N., Balasubramaniam M., Atluri R., Pahal S., Asante J.J.,
... Ayyadevara S. (2024). Ezetimibe lowers risk of Alzheimer’s and related
dementias over sevenfold, reducing aggregation in model systems by
inhibiting 14-3-3G::hexokinase interaction. Aging Biol. 2, €20240028.
PMID: 39263528; doi: 10.59368/agingbio.20240028.

2. Shepardson N.E., Shankar G.M., & Selkoe D.J. (2011). Cholesterol level and
statin use in Alzheimer disease: I. Review of epidemiological and
preclinical studies. Arch. Neurol. 68(10), 1239-1244. PMID: 21987540;
doi: 10.1001/archneurol.2011.203.

3. Iwagami M., Qizilbash N., Gregson J., Douglas L., Johnson M., Pearce N., ...
Pocock S. (2021). Blood cholesterol and risk of dementia in more than 1-8
million people over two decades: A retrospective cohort study. Lancet
Healthy Longev. 2(8), e498-e506. PMID: 36097999; doi: 10.1016/S2666-
7568(21)00150-1.

4. Olmastroni E., Molari G., De Beni N., Colpani O., Galimberti F., Gazzotti M.,
... Casula M. (2022). Statin use and risk of dementia or Alzheimer’s disease:
A systematic review and meta-analysis of observational studies. Eur. J.
Prevent. Cardiol. 29(5), 804-814. PMID: 34871380; doi: 10.1093/eurjpc/
zwab208.

5. YuJ., Wang W.N., Matei N., Li X., Pang J.W., Mo J., ... Zhang J.H. (2020).
Ezetimibe attenuates oxidative stress and neuroinflammation via the

2 AgingBio, 2, 20240037, October 23, 2024

10.

11.

12.

13.

14.

15.

16.

17.

AMPK/Nrf2/TXNIP pathway after MCAO in rats. Oxid. Med. Cell Longev.
2020, 4717258. PMID: 31998437; doi: 10.1155/2020/4717258.

. Zhong Y., Wang J., Gu P., Shao J., Lu B., & Jiang S. (2012). Effect of

ezetimibe on insulin secretion in db/db diabetic mice. Exp. Diabetes Res.
2012, 420854. PMID: 23118741; doi: 10.1155/2012/420854.

. Tamura Y., Murayama T., Minami M., Matsubara T., Yokode M., & Arai H.E.

(2012). Ameliorates early diabetic nephropathy in db/db mice. J.
Atheroscler Thromb. 19(7), 608-618. PMID: 22498767; doi: 10.5551/jat.
11312.

. White Z., Theret M., Milad N., Tung L.W., Chen W.W., Sirois M.G., ...

Bernatchez P. (2022). Cholesterol absorption blocker ezetimibe prevents
muscle wasting in severe dysferlin-deficient and mdx mice. J. Cachexia
Sarcopenia Muscle 13(1), 544-560. PMID: 34927367; doi: 10.1002/jcsm.
12879.

. Ganne A., Balasubramaniam M., Mainali N., Atluri P., Shmookler Reis

R.J., & Ayyadevara S. (2022). Physiological consequences of targeting
14-3-3 and its interacting partners in neurodegenerative diseases.
Int. J. Mol Sci. 23(24), 15457. PMID: 36555098; doi: 10.3390/
ijms232415457.

Brain J., Greene L., Tang E.Y.H., Louise J., Salter A., Beach S., ... Tully P.J.
(2023). Cardiovascular disease, associated risk factors, and risk of
dementia: An umbrella review of meta-analyses. Front. Epidemiol. 3,
1095236. PMID: 38455934; doi: 10.3389/fepid.2023.1095236.

Koszta O. & Solek P. (2024). Misfolding and aggregation in
neurodegenerative diseases: Protein quality control machinery as
potential therapeutic clearance pathways. Cell Commun. Signal 22(1),
421. PMID: 39215343; doi: 10.1186/512964-024-01791-8.

Jia H., Liang Z., Zhang X., Wang J., Xu W., & Qian H. (2017). 14-3-3
proteins: An important regulator of autophagy in diseases. Am. J. TransL
Res. 9(11), 4738-4746. PMID: 29218076.

Pozuelo-Rubio M. (2012). 14-3-3 proteins are regulators of autophagy. Cells
1(4), 754-773. PMID: 24710529; doi: 10.3390/cells1040754.

Gu Q., Cuevas E., Raymick J., Kanungo J., & Sarkar S. (2020).
Downregulation of 14-3-3 proteins in Alzheimer’s disease. Mol
Neurobiol. 57(1), 32-40. PMID: 31487003; doi: 10.1007/512035-019-
01754-y.

XuS., Brunden K.R., Trojanowski J.Q., & Lee V.M. (2010). Characterization
of tau fibrillization in vitro. Alzheimers Dement. 6(2), 110-117. PMID:
20298971; doi: 10.1016/j.jalz.2009.06.002.

Lu Y. (2022). Early increase of cerebrospinal fluid 14-3-3¢ protein in the
alzheimer’s disease continuum. Front. Aging Neurosci. 14, 941927. PMID:
35966774; doi: 10.3389/fnagi.2022.941927.

Balasubramaniam M., Narasimhappagari J., Liu L., Ganne A., Ayyadevara
S., Atluri R., ... Griffin S.T. (2024). Rescue of ApoE4-related lysosomal
autophagic failure in Alzheimer’s disease by targeted small molecules.
Nature Commun. Biol. 7, 60. PMID: 38191671; doi: 10.1038/s42003-024-
05767-9.


http://www.ncbi.nlm.nih.gov/pubmed/39263528?dopt=Abstract
https://doi.org/10.59368/agingbio.20240028
http://www.ncbi.nlm.nih.gov/pubmed/21987540?dopt=Abstract
https://doi.org/10.1001/archneurol.2011.203
http://www.ncbi.nlm.nih.gov/pubmed/36097999?dopt=Abstract
https://doi.org/10.1016/S2666-7568(21)00150-1
https://doi.org/10.1016/S2666-7568(21)00150-1
http://www.ncbi.nlm.nih.gov/pubmed/34871380?dopt=Abstract
https://doi.org/10.1093/eurjpc/zwab208
https://doi.org/10.1093/eurjpc/zwab208
http://www.ncbi.nlm.nih.gov/pubmed/31998437?dopt=Abstract
https://doi.org/10.1155/2020/4717258
http://www.ncbi.nlm.nih.gov/pubmed/23118741?dopt=Abstract
https://doi.org/10.1155/2012/420854
http://www.ncbi.nlm.nih.gov/pubmed/22498767?dopt=Abstract
https://doi.org/10.5551/jat.11312
https://doi.org/10.5551/jat.11312
http://www.ncbi.nlm.nih.gov/pubmed/34927367?dopt=Abstract
https://doi.org/10.1002/jcsm.12879
https://doi.org/10.1002/jcsm.12879
http://www.ncbi.nlm.nih.gov/pubmed/36555098?dopt=Abstract
https://doi.org/10.3390/ijms232415457
https://doi.org/10.3390/ijms232415457
http://www.ncbi.nlm.nih.gov/pubmed/38455934?dopt=Abstract
https://doi.org/10.3389/fepid.2023.1095236
http://www.ncbi.nlm.nih.gov/pubmed/39215343?dopt=Abstract
https://doi.org/10.1186/s12964-024-01791-8
http://www.ncbi.nlm.nih.gov/pubmed/29218076?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24710529?dopt=Abstract
https://doi.org/10.3390/cells1040754
http://www.ncbi.nlm.nih.gov/pubmed/31487003?dopt=Abstract
https://doi.org/10.1007/s12035-019-01754-y
https://doi.org/10.1007/s12035-019-01754-y
http://www.ncbi.nlm.nih.gov/pubmed/20298971?dopt=Abstract
https://doi.org/10.1016/j.jalz.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/35966774?dopt=Abstract
https://doi.org/10.3389/fnagi.2022.941927
http://www.ncbi.nlm.nih.gov/pubmed/38191671?dopt=Abstract
https://doi.org/10.1038/s42003-024-05767-9
https://doi.org/10.1038/s42003-024-05767-9

	Hiding in Plain Sight: FDA-Approved Cholesterol Drug Ezetimibe as a Treatment for Alzheimer's
	References


