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Ketogenic diet regulates Uch-L1(C) to improve cerebral energy
metabolism and cognitive function in Alzheimer's disease mice

Nana Bao,'* Min Zhang,!** Ming Tang,' Ziyi Shen,' Shenglin Wang,' Guohui Jiang!

'Department of Neurology, Affiliated Hospital of North Sichuan Medical College; Institute of Neurological Diseases, North Sichuan
Medical College, Nanchong, Sichuan; 2Rehabilitation Treatment Center, Zigong Mental Health Center, Zigong, Sichuan, China

*These authors contributed equally to this work.

The ketogenic diet (KD), a high-fat, low-carbohydrate diet, can effectively regulate energy metabolism in the
brain. The regulation of cerebral energy metabolism in patients with Alzheimer's disease (AD) has attracted the
attention of researchers. Recent studies have shown that ubiquitin carboxyl terminal hydrolase L1 (Uch-L1)
deficiency leads to neurodegeneration by increasing energy demand and endoplasmic reticulum stress.
However, the effect of Uch-L1 on AD remains to be explored. This study first combined Uch-L1 with cerebral
energy metabolism to explore its role in long-term KD in AD. We found that AD mice with long-term KD
showed better spatial recognition and working memory. KD promoted Uch-L1(C) and Mfn2 expression by
inhibiting oxidative stress in the hippocampus of mice, improved mitochondrial function, increased ATP con-
tent, and significantly reduced neuronal apoptosis. In conclusion, KD can increase Uch-L1(C) and Mfn2
expression in the brain, and improve cerebral energy metabolism and cognitive function in AD mice.
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Introduction

Alzheimer’s disease (AD) is a common group of progressive
and fatal neurodegenerative diseases in older population character-
ized by the accumulation of amyloid B-protein in the form of extra-
cellular plaques and intracellular neurofibrillary tangles.! In addi-
tion, it was found that there were obvious energy metabolism in
the hippocampus, occipital visual area, posterior cingulate cortex
and other brain areas of AD patients by means of fluorodeoxyglu-
cose positron emission tomography (FDG-PET).? The regulation
of cerebral energy metabolism in AD patients has attracted the
attention of researchers.

In aging neurodegenerative diseases, brain glucose metabolism
is depleted in a progressive, region-specific and disease-specific
manner at the beginning of the disease, which is the most typical
pathological feature of AD.®> Mitochondria damage in neurons
leads to energy metabolism disturbance, which is a mark of neu-
rodegenerative diseases including AD.* Studies have shown that
mitochondria are essential for the brain to provide sustained and
effective energy supply, so maintaining mitochondrial homeostasis
can promote the formation and progression of AD.>

Ketogenic diet (KD), a high-fat, low-carbohydrate diet (carbo-
hydrate content within 5%), provides ketone bodies instead of glu-
cose as energy substrates for human in cases of meeting nutritional
requirements. KD can induce and sustain a state of chronic ketosis,
so that the body mainly uses ketone bodies instead of glucose to
supply energy and alleviate the impact of impaired glucose
metabolism.® Pavon et al.” concluded that ketone body metabolites
increase the score of the AD Assessment Scale, and KD-induced
ketosis may alleviate the damage in AD or improve cognition.”$ Tt
has been suggested that ketogenic diet provides energy in the form
of ketone bodies and fatty acids rather than glucose, and plays a
protective role in brain neurons in neurodegenerative diseases,
nerve damage and epilepsy by regulating oxidative stress, neuroin-
flammation, insulin receptor sensitivity and synaptic plasticity.’!!
The latest study found that KD can lead to ketone metabolism to
improve mitochondrial function, reduce the regulator that mediates
apoptosis, oxidative stress and inflammation, and increase avail-
able energy.'>!* Thus, it shows the potential to maintain homeosta-
sis of neural networks and improve brain functioning.

Ubiquitin carboxyl terminal hydrolase L1 (Uch-L1) is a deu-
biquitinase that is highly expressed in neurons (accounting for 1-
5% of the total neuroproteins).'* Previous studies have shown that
Uch-L1(C) functions as a key soluble de-ubiquitinase in the cyto-
plasm, playing a role in maintaining neuronal homeostasis and
alleviating oxidative damage. However, the membrane-bound
Uch-L1(M) lacks these protective functions and is more associated
with the pathology of Parkinson’s disease. Therefore, Uch-L1 is
gradually becoming a diagnostic and therapeutic target for neu-
rodegenerative diseases and nerve injuries.!® In an animal experi-
ment, researchers found that inhibition of Uch-L1 activity led to
memory and environmental regulation dysfunction in mice.'¢ After
protein profiling of the frontal cortex from AD donors, Chen J, etc.
had found that the level of Uch-L1in the cytoplasm of patients with
AD was significantly decreased, indicating the important interven-
tion effect of Uch-L1 on AD.!” Follow-up studies have shown that
Uch-L1 deficiency leads to accelerate protein renewal in the early
stage, which leads to neurodegeneration by increasing energy
demand and endoplasmic reticulum stress. Recent clinical cohort
studies further support this, demonstrating that variations in serum
Uch-L1 levels correlate significantly with cognitive decline sever-
ity in AD patients, reinforcing its viability as a reliable diagnostic
and prognostic tool.'® However, the function and molecular mech-
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anism are still in the preliminary exploration stages.

Butterfield DA asserts that the changes of oxidation and nitro-
sation of Uch-L1 are the primary targets to the mechanism of neu-
ronal death in AD and its early mild cognitive impairment (MCI)."
After oxidation and nitrosation modification, Uch-L1 function is
destroyed, thus reducing the expression level of Uch-L1 in AD
brain. As oxidative stress can affect the morphology and function
of Uch-L1 in vivo, the cysteine residue 152 (Cys!3?) of Uch-L1, as
an antioxidant, binds to H,O, to maintain its protein spatial confor-
mational stability and deubiquitinase activity under a certain inten-
sity of oxidative stress.? If the oxidative stress is too strong, the
Cys'? of Uch-L1 can transmit -NO, and finally transfer -NO to
mitochondrial dynamic related proteins (Drpl) to cause its exces-
sive activation, leading to mitochondrial breakage.?' It should be
noted that the C-terminal of Uch-L1 plays a key role in protein sta-
bility. As is well known, Uch-L1 exists in neurons in two forms:
one is soluble in the cytoplasm (Uch-L1 (C)) and the other is
bound to the cell membrane after farnesylation of UCH-LI1 at
Cys220 (Uch-L1 (M)).?2 The level of Uch-L1 (C) decreased in the
brain of patients with AD, while Uch-L1 (M) is not only unable to
stabilize proteins, but also related to the occurrence and develop-
ment of Parkinson’s disease (PD) (a-synuclein dysfunction).?® This
suggests that Uch-L1 (C) is the effective form of Uch-L1 to play
key role of deubiquitinase.

Gegg et al. found that the mitochondrial fusion protein
(Mitofusin-2, Mfn2) connects ubiquitin monomer at site K48 that
could be removed by Uch-L1.>* In addition, previous studies have
shown that the knockdown of the corresponding Uch-L1 homolog
will reduce the level of Mfn2, indicating that Mfn2 is directly
affected by Uch-L1%, thus confirming that Uch-L1 can act as a
deubiquitinase for Mfn2.

Since ketogenic diet can improve oxidative stress in the body,
and oxidative stress does play a significant role in the morphology
and function of Uch-L1 (C) in vivo, Uch-11 (C) regulates mito-
chondrial morphology and function by regulating mitochondrial
Mifn2, which is one of the feasible pathways to regulate neuronal
energy metabolism. Therefore, we hypothesized that Uch-L1 (C) is
also involved in the pathway of increasing nervous system energy
metabolism by ketogenic diet in AD. In order to test our hypothe-
sis, we analyzed the cognitive behavioral performance and oxida-
tive stress status of brain tissue, mitochondrial morphology and
function, Uch-L1 (C) and Mfn2 related protein expression of trans-
genic mice in AD model after long-term KD intervention.

Materials and Methods

Animals

The experimental animals used included 6-week-old male
APP/PS1 transgenic mice and wild-type (WT) C57BL/6 control
mice matched with their genetic background, which were pur-
chased from Changzhou Cavens Laboratory Animal Co., Ltd. In
this model, the mice are based on the C57BL/6 background that is
consistent with the wild-type control, and the Alzheimer’s disease-
related phenotypes (such as Ab lipid deposition and cognitive
impairment) typically begin to manifest at 6 months of age. To
reduce the effects of hormonal and sex differences on the results,
we only used male mice in this study. Mice were housed in the
Laboratory Animal Center of North Sichuan Medical College
according to a protocol approved by the Animal Care and Use
Committee of North Sichuan Medical College, with a light/dark
cycle of 12/12 h and free access to water. After one week of adap-
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tation, the amount of feed required by random diet of mice per day
was measured, and the mice were divided into groups and treated
with diet intervention after one week: mice in WT group and
APP/PS1 transgenic mice in standard diet group (APP con)
received standard diet (SD) every day, while APP/PS1 transgenic
mice in KD group (APP KD) received ketogenic diet with the same
calories as normal diet every day. The ketogenic diet feed was pro-
vided by the Experimental Animal Center of the North Sichuan
Medical College. The diet consists of approximately 75% fat, 15%
protein, and 5% carbohydrates by weight. The dietary intervention
lasted for 40 weeks. Behavioral trials including Y-Maze test and
Morris Water Maze test (MWM) were conducted after the dietary
intervention. Besides, the mice in APP KD group continued to be
fed ketogenic diet after 40 weeks. The mice were then euthanized
by injection of sodium pentobarbital, and the brains were harvested.

Y-maze test

The Y-maze alternating test was performed to evaluate the
working memory performance. As earlier described,?® the Y-maze
device consists of three arms (one starting arm and two target
arms) of 30 x 10 x 20 cm connected by an intersection. At the
beginning of the test, each mouse was placed at the end of a cen-
ter-facing maze arm and was allowed to explore the maze for 10
minutes. The entry of arms was recorded by the observers who did
not know the experimental group in front of the camera screen. If
the mice did not enter the new arm within 2 min or entered the
number of arms less than 12 times during the 10-min exploration,
they were excluded from the analysis. The number of mice that
were excluded due to insufficient exploration of the arm area (n=3
for the WT group, and n=6 for the APP con group). Successful
alternation is defined as entering a new arm continuously before
returning to the two previously visited arm, and the maximum
number of alternations is equal to the total number of arm entries -
2. Percentage of alternation = number of alternations / (total num-
ber of arm entries - 2).

Morris water maze test

The Morris water maze test was performed to evaluate spatial
memory performance. As previously mentioned,?” several refer-
ences with different black patterns were painted on the walls of the
water maze, and the water was dyed white with a non-toxic dye to
facilitate the camera system to identify black mice. The opaque
platform with a diameter of 10 cm was located 1 cm below the sur-
face of the water. The entire experiment lasted for six days. During
the first five training days, mice were placed in the maze and swam
freely until they found a hidden platform for up to 60 s, and the
mice completed four trails a day with an interval of at least 20 min
between the two training sessions so that the mice can have a full

Table 1. The related primary antibodies used in this study.

rest. If the mice fail to reach the platform within 60 s, they will be
gently guided to the platform and stay there for 15 s. The latency
and average swimming speed of finding the platform were record-
ed. On the 6" day, the free exploration experiment was carried out
with an interval of at least 5 h. The platform was removed from the
pool and the mice searched the platform for 180 s. The number and
time of passing through the platform area and the time spent in the
platform and contralateral quadrant was recorded and analyzed by
using the computer video imaging analysis system (Guangzhou
enclave).

Weight, blood glucose and blood ketone

The mice were weighed on a scale and then their weights were
read. Mice were fixed with a small animal holder, the tails were
fully exposed, and the distal tail was repeatedly wiped with 75%
alcohol cotton balls and left to dry. The scissors cut the tail tip
Imm and saw blood flow from the broken end. One drop of whole
blood was added to blood glucose or blood ketone strip, and blood
glucose and blood B-hydroxybutyrate were tested by blood glucose
/ blood ketone detector. After blood collection, the tail was disin-
fected with 75% alcohol cotton balls, and the dry cotton ball com-
pressed the broken end to stop bleeding.

Western blotting

Proteins were extracted from the hippocampus and cortex
stored in the refrigerator at -80°C and separated using 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Subsequently, the proteins were transferred to nitrocellulose mem-
brane. After successful transfer, the TBST buffer was gently shak-
en and washed for 3 times, and the nitrocellulose membrane was
sealed with TBST buffer containing 5% skimmed milk powder for
1 h. After sealing, rinsed and incubated with primary antibody
(1:1000) at 4°C overnight, and then incubated them with secondary
antibody (1:1000) at 37°C for 1 h. Finally, the bands were exposed
after washing with TBST buffer for 3 times. Using B-actin as the
control band (1:1000), the value used for statistical analysis is
expressed as the ratio of the gray value of each protein band to its
upper sample. The related primary antibodies used in this study are
listed in Table 1.

Transmission electron microscopy

The hippocampus CA1 was immediately placed in 2.5% glu-
taraldehyde electron microscope fixed solution (TED PELLA)
diluted by PBS and fixed at room temperature for 1 h. The hip-
pocampus area (particles whose side length was smaller than 2
mm) was dehydrated and embedded, and the images were per-
formed on transmission electron microscope (TEM) (Hitachi,
HT7700). The morphology of mitochondria in the image was mea-

Manufacturer Identification Dilution
Uch-L1 R&D MAB60072 1:200 (IF)
1:1000 (WB)
Mifn2 Abcam ab124773 1:200 (IF)
1:500 (WB)
8-OHdG Abcam ab183393 1:200
4-HNE Stressmarq SMC-511D 1:200 (IF)
1:1000 (WB)
B-actin Beyotime AF5003 1:5000
DAPI Servicebio G1012 1:20000
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sured by using ImageJ software. First, trace both the outer mito-
chondrial membrane and the ER membrane. Next, to obtain ER-
mitochondria interface length, draw a line with the length of the
contact site, and then use ROI Manager to measure the length. To
obtain ER-mitochondria contact distance, draw a line between the
two organelles and measure it.® All the statistical analyses were
conducted on the pyramidal neurons in the CA1 region of the hip-
pocampus.

ATP assay

ATP assay kit (FF2000; Promega, Madison, WI, USA) was
used to analyze the concentration of ATP in mouse brain. First, the
frozen hippocampal and cortical tissues were crushed with a
grinder by adding boiled double distilled water at 1:10 by weight,
in which 0.5% TCA was added as a lytic. After 10 min of boiling
water bath, the supernatant was centrifuged (3500 r/min, 10 min),
and then added with Tris buffer to adjust the PH value to an appro-
priate value (PH7.75). Finally, after adding 100 pL sample or stan-
dard solution with proper solubility to the opaque white 96-well
plate, the fluorescence reaction was carried out immediately and
detect the fluorescence intensity by spectrophotometer
(SpectraMax Paradigm; Molecular Devices, Cardiff, UK).

Immunostaining

In order to evaluate the morphology and apoptosis of nerve
cells, the paraffin sections of mouse brain (coronal section) were
dewaxed and repaired with citrate repair solution (ZLI-9065;
Beijing Zhongshan Jingiao, Beijing, China), and then sealed with
goat serum for 20 min. Then, incubated with primary antibody as
described in Table 1, at 4°C overnight, then incubated with the sec-
ondary antibody (AP-9001/9002; Beijing Zhongshan Jingiao,) at

37°C for 30 min, and finally developed color with concentrated
DAB kit (K135925C; Beijing Zhongshan Jingiao). TdT-mediated
dUTP Nick-End Labeling (TUNEL) (49330900; Roche, Basel,
Switzerland) was used to detect apoptosis of nerve cells. OlyVIA
software was used for image acquisition and processing, and
ImageJ software was used to quantify nuclear co-localization
labeling and quantitative analysis of apoptotic cells. The related
primary antibodies used in this study are listed in Table 1.

Statistical analysis

Statistical analysis was performed by Statistic Package for
Social Science (SPSS) 23 statistical software (IBM, Armonk, NY,
USA). Before the intervention, the mice were divided into three
groups by digital random method, data normality was assessed
using the Shapiro-Wilk test and the differences between different
groups were analyzed by one-way analysis of variance followed by
Tukey’s post-hoc test. The results were represented by mean =+
SEM, and p<0.05 indicated that the difference was statistically sig-
nificant.

Results

Effects of a 40-week ketogenic diet intervention on
body weight, blood glucose, and blood ketone lev-
els in APP/PS1 mice

To verify how ketogenic diet changed the glucose metabolism
and the ketone body metabolism in APP/PS1 mice, we observed
the body weight, blood glucose and blood ketone of APP/PS1 mice
after intervention of ketogenic diet for 40 weeks. As shown in
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Figure 1. Experimental schematic of dietary intervention and behavioral tests in mice (A). Body weight (B), blood glucose (C) and blood
ketone (D) value in mice after 40 weeks of dietary intervention. The “box” depicts the median and the 25" and 75" quartiles and the

“whisker” shows the 5" nd 95" percentile. n=10, ***p<0.001.

OPEN 8ACCE55

[European Journal of Histochemistry 2026; 70:4548]



Article

Figure 1 A,B, after 40 weeks of diet intervention, the body weight
and blood glucose of APP KD group were significantly lower than
those of WT and APP con group, while the blood ketone was on
the contrary. But there was no significant difference between WT
and APP con groups. The results showed that long-term KD could
decrease the glucose metabolism and increase the ketone body
metabolism in APP/PS1 mice, and significantly reduce the body
weight of mice.

Ketogenic diet improves spatial memory and
working memory in APP/PS1 mice

To investigate the effect of ketogenic diet intervention on cog-
nitive function in AD mice, the Y-maze test was performed to eval-
uate the working memory and MWM test was used to detect the
spatial memory of AD mice. As can be seen from the MWM
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(Figure 2 A-G), Compared with WT, AD mice need more time to
find the hidden platform in the water, and it is more difficult to
locate the hidden platform accurately in free exploration mode.
Compared with the APP con, the latent period of searching for the
platform of APP KD was significantly shorter, and it was more
accurate to locate the hidden platform in free exploration. In order
to exclude the influence of motor ability on the results, we per-
formed a statistical analysis of the average speed and total distance
traveled during the exploration phase. We found no statistical dif-
ference in average speed between the three groups, and the total
distance travelled of APP group was significantly greater than that
of WT and APP KD group.

Similarly, the APP KD group in the Y-maze showed better
working memory than its control group (Figure 2H). These results
suggest that long-term ketogenic diet intervention can improve the
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Figure 2. Behavioral data of mice. A-G) Behavioral data of mice in Morris Water Maze. Average latency of searching platform every day
during training (A). Movement trajectory diagram of mice during the exploration phase of water maze (B). The escape latency of searching
platform during the exploration phase (C). Total distance travelled during the exploration phase (D). Average swimming speed during the
exploration phase (E). Times of crossing the platform area during the exploration phase (F). Retention time of platform area during the
exploration phase (G). Percentage of alternations in the Y maze test (H). The “box” depicts the median and the 25th and 75th quartiles
and the “whisker” shows the 5th and 95th percentile. n=10, *»<0.05, **p<0.01.
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cognitive functions such as spatial memory and working memory
in AD mice.

Ketogenic diet reduces oxidative stress in the
brain of APP/PS1 mice

Based on the enhancement of oxidative stress in AD,? in order to
study the level of oxidative stress in the brain of mice, we analyzed
the expression of 8-OHdG and 4HNE in temporal cortex and hip-
pocampus. Through immunohistochemical fluorescence staining, we
found that compared with WT, 8-OHdG and 4HNE of APP con sig-
nificantly increased in temporal cortex and hippocampus. Compared
with APP con, 8-OHdG and 4HNE of APP KD significantly
decreased in temporal cortex and hippocampus (Figure 3 A-F). In
addition, we also performed Western blot (WB) of 4HNE, which con-
firmed the immunofluorescence results (Figure 4 A-B,E-F).
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These results suggest that oxidative stress in the brain of AD mice
is significantly higher than that of WT mice, and long-term KD
intervention can improve the oxidative stress in the brain of AD
mice.

Ketogenic diet increases the expression of
Uch-L1(C) and Mfn2 in APP/PS1 mice

Excessive oxidative stress can destroy the function of UCH-
L1(C), thereby reducing the expression level of UCH-L1(C) in AD
brain. And the expression of Mfn2 is regulated by Uch-L1(C).* In
order to verify whether KD increases the expression of Uch-L1(C)
and Mfn2 in mice, we analyzed the expression of Uch-L1(C) and
Mifn2 in temporal cortex and hippocampus by WB. Compared with
WT group, the expression level of Uch-L1(C) and Mfn2 in hip-
pocampus in APP con group decreased significantly. In addition,
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Figure 3. Detection of oxidative stress in the hippocampus and cortex of mice brain. A,B) Expression of 8-OHdG and 4-HNE in hip-
pocampus and temporal cortex in different groups examined by immunofluorescence images (n=3). C,D) Analysis of fluorescence inten-
sity of 8-OHdG in hippocampus and temporal cortex respectively. E,F) Analysis of fluorescence intensity of 4HNE in hippocampus and

temporal cortex, respectively. n=3, *p<0.05, **p<0.01, ***p<0.001.
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the expression level of Uch-L1(C) and Mfn2 in hippocampus in
APP KD group was significantly higher than that in APP con group.
Unfortunately, there was no significant difference in temporal cor-
tex among the three groups (Figure 4 C-D,G-J). Subsequently, the
expression of Uch-L1(C) and Mfn2 in different brain regions was
also analyzed by immunofluorescence staining whose result was
consistent with WB (Figure 5 A-F). There was also no significant
difference in temporal cortex among the three groups. Besides, we
found there existed common labeling of Uch-L1(C) and Mfn2.
These results suggest that long-term KD intervention can increase
the expression of Uch-L1(C) and Mfn2 in hippocampus in AD
mice, and there is interaction between Uch-L1(C) and Mfn2.

Ketogenic diet improves endoplasmic reticulum-
mitochondrial cross-linking in APP/PS1 mice

To examine the effect of long-term KD intervention on mito-
chondrial morphology and function, the mitochondria of hip-
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pocampal neurons of three groups of mice were observed by trans-
mission electron microscope (TEM). First, the mitochondria in
hippocampal neurons of APP con group were longer than WT
group and APP KD group. Given the important role of endoplas-
mic reticulum (ER)-mitochondria contact in mitochondrial func-
tion, we analyzed the ER-mitochondrial contact. Compared with
WT group, the distance between ER and mitochondria in hip-
pocampal neurons of APP con group was farther, and the degree of
cross-linking was lower (Figure 6 A,C), which was significantly
improved in APP KD group. And then we used the ER—mitochon-
dria contact coefficient (ERMICC) to objectively quantify ER-
mitochondria cross-linking (Figure 6 B,D).>* The larger the
ERMICC value, the better the ER-mitochondria cross-linking.
Since the effective tether length between ER-mitochondrial con-
nection is within 30 nm,*' we only included the distance within
30nm to calculate the ERMICC. The results show that long-term
KD intervention can improve the ER-mitochondrial contact in AD.
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Figure 4. Expression of 4HNE, Uch-L1(C) and Mfn2 in hippocampus and cortex in APP/PS1 mice by Western blotting. Results of Western
blotting (A-D) and gray value analysis (E-J) of 4HNE, Uch-L1(C) and Mfn2, respectively (n=5/group). n=3, *p<0.05, **p<0.01,

*#%p<0.001.
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Ketogenic diet increases ATP energy supply and
reduces neuronal apoptosis in the brain of
APP/PS1 mice

Brain energy is mainly supplied continuously by ATP, most
produced by oxidative phosphorylation in mitochondria, supple-
mented by anaerobic glycolysis in the cytoplasm.’ In order to
detect the cerebral energy metabolism of mice, we detected the
ATP values of cortex and hippocampus of three groups of mice by
ELISA (Figure 7 D,E).*> As expected, the ATP values in the cere-
bral cortex and hippocampus of mice in the AD con group were
significantly lower than WT group, while the brain ATP values in
the AD KD group were significantly increased.

To analyze the apoptosis of cerebral neurons in the three
groups of mice, we performed fluorescent TUNEL detection on the
paraffin sections of the three groups of mouse brain (Figure 7 A-
C). Compared with the WT group, there were significantly more
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apoptotic cells in the cerebral cortex and hippocampus in the APP
con group, but fewer apoptotic cells in the APP KD group, which
is consistent with the ATP test. These indicate that long-term keto-
genic diet intervention can increase cerebral energy metabolism
and reduce neuronal apoptosis in AD mice.

Discussion

With the acceleration of the global population aging process,
the situation of AD has been not optimistic.33* Although there has
been a little progress in conquering AD worldwide, the way to cure
it has not been found so far. Therefore, it is urgent to find effective
ways to prevent or slow down the process of AD.

In this study, we tested spatial learning ability through Morris
water maze and working memory through Y maze. Brownlow et
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Figure 5. Expression of Uch-L1(C) and Mfn2 in hippocampus and cortex in APP/PS1 mice by immunofluorescence. A,B) Expression of
Uch-L1(C) and Mfn2 in hippocampus and temporal cortex in different groups examined by immunofluorescence images (n=3).
C-F) Corresponding data analysis of immunofluorescence analysis. n=3, *p<0.05, **p<0.01, ***p<0.001.
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al. found that 4-month KD intervention may enhance motor perfor-
mance but not cognition in APP/PS1 and Tg4510 mice by acceler-
ating rotarod, open field test, Y-maze and radial arm water maze.*
Xu et al. studied that four months of ketogenic diet could improve
spatial learning and working memory in 5XFAD mice by Barns
maze and T maze.** Next, it may be meaningful to conduct KD
intervention in other AD animal models such as 3xTg-AD and
Tg2576 mice with more behavioral experiments. In our previous
study, it was shown that the ketogenic diet reduces the deposition
of Ab.3” Although previous studies have explored the beneficial
effect of KD on AD, for instance, ketogenesis can increase avail-
able energy,'?* enhance mitochondrial function,'?> prevent amyloid
protein from entering nerve cells,?® regulate intestinal microorgan-
ism,* and so on, the specific molecular mechanism of enhancing
energy metabolism is still blank. In this study, we considered the
direct relationship and molecular mechanism between oxidative
stress and energy metabolism for the first time.

The result about weight in this study shows that long-term KD
intervention can control the weight of aged mice within a stable
and healthy range.*’ Studies have shown that obesity and excess
weight may be associated with the incidence and progression of
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AD. The ketogenic diet can reduce body weight, which may reduce
inflammatory response and improve insulin sensitivity, thus may
have a positive impact on the pathological process of AD.*' From
the results about blood glucose and blood ketones, we can know
that after long-term KD intervention, the metabolic pathway in AD
mice has been transformed from glucose metabolism to KB
metabolism.*> KB metabolism reduces the production of ROS by
increasing mitochondrial uncoupling proteins.* The ketogenic diet
improves glucose metabolism in the brain by lowering blood glu-
cose levels and reducing insulin secretion. In addition, reducing
glucose intake can suppress the inflammatory response and reduce
amyloid deposition, and improve cognitive function of AD.
However, maintaining moderate blood glucose levels is essential
for brain function. In some cases, too low a blood glucose level can
lead to cognitive decline and nerve damage. Although long-term
ketogenic diet has shown neuroprotective effects, its impact on
liver function, electrolyte balance, and intestinal microbial com-
munity dysbiosis still requires careful monitoring in future preclin-
ical and clinical studies. Meanwhile, when it comes to the effects
of a ketogenic diet on AD gradually, it is necessary to balance
blood ketone and blood glucose levels to ensure adequate energy
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Figure 6. Ketogenic diet increases endoplasmic reticulum-mitochondrial cross-linking in APP/PS1 mice. A) Transmission electron
microscopy images of hippocampal neurons mitochondria of the three groups (scale bars: 2 pum) and enlarged view of hippocampal neu-
rons mitochondria of the three groups (scale bars: 200 nm). B) Description of the ER- mitochondria contact index (ERMICC); scale bars:
200 nm. C) Mean + SEM of mitochondria-ER distance calculated in ten independent experiments as in panel A. D) Mean + SEM of
ERMICC calculated from ten independent experiments performed as in panel A. The “box” depicts the median and the 25" and 75" quar-
tiles and the “whisker” shows the 5" and 95™ percentile. All the statistical analyses were conducted on the pyramidal neurons in the CA1

region of the hippocampus. n=3, *p<0.05, **p<0.01, ***p<0.001.
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supply in brain.*** Therefore, we found two oxidative stress mark-
ers (8-OHdG and 4HNE) decreased after long-term KD interven-
tion, confirming that the KB metabolism caused by long-term KD
intervention can improve brain oxidative stress in AD mice.
Besides, the expression of Uch-L1 (C) was decreased in the APP
con group with enhanced oxidative stress, while increased in the
APP KD group with attenuated oxidative stress. Excessive oxida-
tive stress will also lead to changes in S-glutathionylation of mito-
chondrial Mfn2. Ubiquitination of Mfn2 by Parkin (an E3 ubiqui-
tin ligase) or the S-glutathione is closely related to mitochondrial
division and cellular oxidative stress.***® Therefore, we found that
the expression of Mfn2 and Uch-L1 were both increased in the
APP KD group with reduced oxidative stress. The immunofluores-
cence confirmed that Uch-L1(C) and Mfn2 were co-labeled, prov-
ing that there is an interaction between them. We speculate that the
possible effects of Uch-L1 (C) on Mfn2 are as follows: i) Cys152
of Uch-L1(C) acts as an antioxidant binding to H,0, to protect

Mfn2 from S-glutathione and maintain THE activity of Mfn2
under oxidative stress; ii) Uch-L1(C) blocks the degradation of
Min2 by the ubiquitin-proteasome system by deubiquitinating the
K48 site of Mfn2. Our future work may further validate the effect
of Uch-L1 (C) on Mfn2.

ER-mitochondria cross-linking is an important part controlling
mitochondrial Ca?" uptake, autophagosome formation and apopto-
sis, closely related to mitochondrial function.*-3! Mfn2 is a recog-
nized GTPase protein that regulates the ER-mitochondria cross-
linking.>'->3 And it has also been proved to be the physical chain of
ER-mitochondria cross-linking.*® The result of transmission elec-
tron microscopy and WB confirmed that Uch-L1(C) and Mfn2
could regulate endoplasmic reticulum-mitochondrial cross-linking.
Long-term KD intervention can improve ER- mitochondrial cross-
linking by increasing the expression of Uch-L1(C) and Mfn2, fur-
ther improving mitochondrial function. Mitochondria are the main
source of ATP. When the mitochondria function improves, the
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Figure 7. ogenic diet increases ATP energy supply and reduces neuronal apoptosis in mouse brain. A) Fluorescent TUNEL staining of
brain neurons of mice in the three groups. B,C) Fluorescence intensity in cortex and hippocampus in three groups analyzed by Imagel
software. D,E) Analysis of actual detected ATP content in cortex and hippocampus (detected by ATP kit Promega, FF200). n=3, *p<0.05,

**p<0.01, ***p<0.001.
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energy produced increases.>*5 The result of ATP assay confirmed
that long-term ketogenic diet intervention can enhance energy
metabolism in the brain of AD mice. And we found that the num-
ber of apoptotic neurons in APP KD group decreased in TUNEL
staining, so we confirmed that restoring brain energy can reduce
neuronal apoptosis in neurodegenerative diseases.’

Our experimental results affirmed the previous conjecture:
long-term KD intervention increased the expression of Mfn2 along
with Uch-L1(C) by reducing oxidative stress in vivo. Specifically,
the metabolic mode of KD may reduce the production of reactive
oxygen species (ROS) by upregulating endogenous antioxidant
enzymes and by enhancing mitochondrial uncoupling, thereby
alleviating oxidative stress. Therefore, the improvement of mito-
chondria morphology and function to produce more energy could
reduce the neuronal apoptosis due to energy crisis and then
improve the cognitive function in AD. After searching for Uch-L1
gene from AlzData and AlzCode, some high-throughput histologi-
cal databases about AD, we found that compared with the control
group, the expression level of each brain region in the AD group
was lower. Besides, in our previous clinical studies, we found that
serum Uch-L1 was related to various cognitive scores, which
proved its significance in nervous system.*® And in clinical trials,
serum Uch-L1 has been proved to be useful in diagnosing intracra-
nial injury and evaluating immediate and delayed memory perfor-
mance after injury,’’>® which is promising to become a new
biomarker of AD.

There are already studies of KD and AD. Similarly to other
studies, we explored the regulation of KD on cognitive function in
AD mice. However, this is the first study to link cerebral energy
metabolism with Uch-L1 in the mechanism of KD improving AD,
which fills the blank of molecular mechanism in KD improving
AD energy metabolism. Of course, this exciting study still has
some limitations. First, animal model used in this study is not
entirely suitable for human. Although the genetically modified AD
model used in this study simulates human familial AD in many
aspects, sporadic AD (ADs) in human is not in this category.”
Therefore, we are considering using sporadic AD (such as 3xTg-
AD mice) in future studies to verify the general applicability of the
research results. This study exclusively employed male mice to
avoid hormonal fluctuations; however, given the critical role of sex
differences in AD pathology, this is a major limitation that must be
addressed in subsequent research. Then, the experimental group
lacks the group that knock out the Uch-L1 gene, which makes us
lack strong verification of the key role of Uch-L1 in KD improving
AD. But the results of this experiment show that the deficiency of
Uch-L1 is an important factor in the energy metabolism crisis in
AD, so we will continue our work in the future. In terms of cell
apoptosis detection, our TUNEL assay can indicate DNA degrada-
tion, but it may produce non-specific markers. In future research,
we must use precise markers (such as cleaved caspase-3, BAX and
Bcl-2) to accurately verify the regulatory role of specific apoptotic
pathways to avoid drawing unverified conclusions. Finally, the diet
used is semi-synthetic diet we purchased, which may have slightly
different effect on those that consume natural foods directly in
clinic. However, despite the limitations of this study, the results
can also provide a valuable reference for the study of KD in the
prevention or delay of human AD.

To sum up, this study shows that KD can regulate the expres-
sion of Uch-L1(C) in AD mice and subsequently improve cerebral
energy metabolism and cognitive function. Importantly, this is the
first study to identify Uch-L1(C) as a key molecular mediator link-
ing ketogenic diet to mitochondrial function and neural energy
homeostasis, providing a concise mechanistic explanation for how
KD alleviates neurodegenerative changes. By demonstrating that

[European Journal of Histochemistry 2026; 70:4548]

KD restores Uch-L1(C)-dependent Mfn2 stability, enhances ER—
mitochondria coupling, and increases ATP supply, our work fills a
critical gap in understanding the metabolic mechanism of KD in
AD and highlights Uch-L1(C) as both a potential therapeutic target
and biomarker of energy-related neural dysfunction. However, we
noted that successful clinical translation will face challenges, par-
ticularly the need to ensure adequate blood-brain barrier (BBB)
penetration of targeted therapeutics and the necessity of minimiz-
ing potential off-target effects of systemic Uch-L1 modulators. In
the future, pharmacological modulation of Uch-L1(C) may offer a
promising strategy for treating neurodegenerative diseases driven
by impaired mitochondrial and metabolic regulation.

References

1. Joe E, Ringman JM. Cognitive symptoms of Alzheimer's dis-
ease: clinical management and prevention. BMJ 2019;367:
16217.

2. Herholz K, Haense C, Gerhard A, Jones M, Anton-Rodriguez
J, Segobin S, et al. Metabolic regional and network changes in
Alzheimer's disease subtypes. J Cereb Blood Flow Metabol
2018;38:1796-806.

3. Cunnane SC, Trushina E, Morland C, Prigione A, Casadesus
G, Andrews ZB, et al. Brain energy rescue: an emerging ther-
apeutic concept for neurodegenerative disorders of ageing. Nat
Rev Drug Discov 2020;19:609-33.

4. Kingwell K. Turning up mitophagy in Alzheimer disease. Nat
Rev Drug Discov 2019:10-1038.

5.Li W, Kui L, Demetrios T, Gong X, Tang M. A Glimmer of
hope: maintain mitochondrial homeostasis to mitigate
Alzheimer's disease. Aging Dis 2020;11:1260-75.

6. Broom GM, Shaw IC, Rucklidge JJ. The ketogenic diet as a
potential treatment and prevention strategy for Alzheimer's
disease. Nutrition 2019;60:118-21.

7. Pavon S, Lazaro E, Martinez O, Amayra I, Lopez-Paz JF,
Caballero P, et al. Ketogenic diet and cognition in neurological
diseases: a systematic review. Nutr Rev 2021;79:802-13.

8. Poftf AM, Moss S, Soliven M, D'Agostino DP. Ketone supple-
mentation: meeting the needs of the brain in an energy crisis.
Front Nutr 2021;8:783659.

9. Wtodarek D. Role of ketogenic diets in neurodegenerative dis-
eases (Alzheimer's disease and Parkinson's disease). Nutrients
2019;11:169.

10. Jensen NJ, Wodschow HZ, Nilsson M, Rungby J. Effects of
ketone bodies on brain metabolism and function in neurode-
generative diseases. Int J Mol Sci 2020;21:8767.

11. Vinciguerra F, Graziano M, Hagnéds M, Frittitta L, Tumminia
A. Influence of the Mediterranean and ketogenic diets on cog-
nitive status and decline: a narrative review. Nutrients
2020;12:1019.

12. Rusek M, Pluta R, Utamek-Koziot M, Czuczwar SJ. Ketogenic
diet in Alzheimer's disease. Int J Mol Sci 2019;20:3892.

13. Mujica-Parodi LR, Amgalan A, Sultan SF, Antal B, Sun X,
Skiena S, et al. Diet modulates brain network stability, a
biomarker for brain aging, in young adults. P Natl Acad Sci
USA 2020;117:6170-7.

14. Bishop P, Rocca D, Henley JM. Ubiquitin C-terminal hydro-
lase L1 (UCH-L1): structure, distribution and roles in brain
function and dysfunction. The Biochemical Journal
2016;473:2453-62.

15. Wang KK, Yang Z, Sarkis G, Torres I, Raghavan V. Ubiquitin
C-terminal hydrolase-L1 (UCH-L1) as a therapeutic and diag-

OPEN aACCESS



Article

16.
17.
18.
19.
20.
21.

22.
23.

24.

25.
26.

27.

28.
29.

30.

OPEN 8ACCE55

nostic target in neurodegeneration, neurotrauma and neuro-
injuries. Expert Opin Ther Tar 2017;21:627-38.

Gong B, Cao Z, Zheng P, Vitolo OV, Liu S, Staniszewski A, et
al. Ubiquitin hydrolase Uch-L1 rescues beta-amyloid-induced
decreases in synaptic function and contextual memory. Cell
2006;126:775-88.

Chen J, Huang RY, Turko IV. Mass spectrometry assessment of
ubiquitin carboxyl-terminal hydrolase L1 partitioning between
soluble and particulate brain homogenate fractions. Anal Chem
2013;85:6011-7.

Reinicke AT, Laban K, Sachs M, Kraus V, Walden M, Damme
M, et al. Ubiquitin C-terminal hydrolase L1 (UCH-L1) loss
causes neurodegeneration by altering protein turnover in the
first postnatal weeks. P Natl Acad Sci USA 2019;116:7963-72.
Butterfield DA. Ubiquitin carboxyl-terminal hydrolase L-1 in
brain: Focus on its oxidative/nitrosative modification and role
in brains of subjects with Alzheimer disease and mild cognitive
impairment. Free Radical Bio Med 2021;177:278-86.

Puri S, Hsu SD. Cross-over loop cysteine C152 acts as an
antioxidant to maintain the folding stability and deubiquitinase
activity of UCH-L1 under oxidative Stress. J Mol Biol
2021;433:166879.

Nakamura T, Oh C, Liao L, Zhang X, Lopez KM, Gibbs D, et
al. Noncanonical transnitrosylation network contributes to
synapse loss in Alzheimer's disease. Science 2021;371:
eaaw(843.

Bishop P, Rubin P, Thomson AR, Rocca D, Henley JM. The
ubiquitin C-terminal hydrolase L1 (UCH-L1) C terminus plays
a key role in protein stability, but its farnesylation is not
required for membrane association in primary neurons. J Biol
Chemi2014;289:36140-9.

Liu Z, Meray RK, Grammatopoulos TN, Fredenburg RA,
Cookson MR, Liu Y, et al. Membrane-associated farnesylated
UCH-L1 promotes alpha-synuclein neurotoxicity and is a ther-
apeutic target for Parkinson's disease. P Natl Acad Sci USA
2009;106:4635-40.

Gegg ME, Cooper JM, Chau K, Rojo M, Schapira AHYV,
Taanman J. Mitofusin 1 and mitofusin 2 are ubiquitinated in a
PINK1/parkin-dependent manner upon induction of
mitophagy. Hum Mol Genet 2010;19:4861-70.

Cerqueira FM, von Stockum S, Giacomello M, Goliand I,
Kakimoto P, Marchesan E, et al. A new target for an old DUB:
UCH-L1 regulates mitofusin-2 levels, altering mitochondrial
morphology, function and calcium uptake. Redox Biol
2020;37:101676.

Suryavanshi PS, Ugale RR, Yilmazer-Hanke D, Stairs DJ,
Dravid SM. GluN2C/GIuN2D subunit-selective NMDA recep-
tor potentiator CIQ reverses MK-801-induced impairment in
prepulse inhibition and working memory in Y-maze test in
mice. Brit J Pharmacol 2014;171:799-809.

Lauretti E, Nenov M, Dincer O, Iuliano L, Pratico D. Extra vir-
gin olive oil improves synaptic activity, short-term plasticity,
memory, and neuropathology in a tauopathy model. Aging Cell
2020;19:e13076.

Lam J, Katti P, Biete M, Mungai M, AshShareef S, Neikirk K,
et al. A universal approach to analyzing transmission electron
microscopy with ImagelJ. Cells 2021;10:2177.

Cioffi F, Adam RHI, Broersen K. Molecular mechanisms and
genetics of oxidative stress in Alzheimer's disease. J
Alzheimers Dis 2019;72:981-1017.

Naon D, Zaninello M, Giacomello M, Varanita T, Grespi F,
Lakshminaranayan S, et al. Critical reappraisal confirms that
Mitofusin 2 is an endoplasmic reticulum-mitochondria tether.
P Natl Acad Sci USA 2016;113:11249-54.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Csordas G, Renken C, Varnai P, Walter L, Weaver D, Buttle
KF, et al. Structural and functional features and significance of
the physical linkage between ER and mitochondria. J Cell Biol
2006;174:915-21.

Wang Q, Kong Y, Wu D, Liu J, Jie W, You Q, et al. Impaired
calcium signaling in astrocytes modulates autism spectrum dis-
order-like behaviors in mice. Nat Commun 2021;12:3321.

Jia L, Quan M, Fu Y, Zhao T, Li Y, Wei C, et al. Dementia in
China: epidemiology, clinical management, and research
advances. Lancet Neurol 2020;19:81-92.

Kim K, Lee CH, Park CB. Chemical sensing platforms for
detecting trace-level Alzheimer's core biomarkers. Chem Soc
Rev 2020;49:5446-72.

Brownlow ML, Benner L, D'Agostino D, Gordon MN, Morgan
D. Ketogenic diet improves motor performance but not cogni-
tion in two mouse models of Alzheimer's pathology. PloS One
2013;8:€75713.

XuY, Jiang C, Wu J, Liu P, Deng X, Zhang Y, et al. Ketogenic
diet ameliorates cognitive impairment and neuroinflammation
in a mouse model of Alzheimer's disease. CNS Neurosci Ther
2022;28:580-92.

Qin Y, Bai D, Tang M, Zhang M, Zhao L, Li J, et al. Ketogenic
diet alleviates brain iron deposition and cognitive dysfunction
via Nrf2-mediated ferroptosis pathway in APP/PS1 mouse.
Brain Res 2023;1812:148404.

Yin JX, Maalouf M, Han P, Zhao M, Gao M, Dharshaun T, et
al. Ketones block amyloid entry and improve cognition in an
Alzheimer's model. Neurobiol Aging 2016;39:25-37.
ChuC,YuL,QiG,MiY, WuW, Lee, et al. Can dietary pat-
terns prevent cognitive impairment and reduce Alzheimer's
disease risk: Exploring the underlying mechanisms of effects.
Neurosci Biobehav Rev 2022;135:104556.

Corrigan JK, Ramachandran D, He Y, Palmer CJ, Jurczak MJ,
Chen R, et al. A big-data approach to understanding metabolic
rate and response to obesity in laboratory mice. Elife
2020;9:e53560.

Qizilbash N, Gregson J, Johnson ME, Pearce N, Douglas I,
Wing K, et al. BMI and risk of dementia in two million people
over two decades: a retrospective cohort study. Lancet
Diabetes Endocrinol 2015;3:431-6.

Paoli A, Rubini A, Volek JS, Grimaldi KA. Beyond weight
loss: a review of the therapeutic uses of very-low-carbohydrate
(ketogenic) diets. Eur J Clin Nutr 2013;67:789-96.

Sullivan PG, Rippy NA, Dorenbos K, Concepcion RC,
Agarwal AK, Rho JM. The ketogenic diet increases mitochon-
drial uncoupling protein levels and activity. Ann Neurol
2004;55:576-80.

Croteau E, Castellano CA, Fortier M, Bocti C, Fulop T, Paquet
N, et al. A cross-sectional comparison of brain glucose and
ketone metabolism in cognitively healthy older adults, mild
cognitive impairment and early Alzheimer's disease. Exp
Gerontol 2018;107:18-26.

Cunnane SC, Courchesne-Loyer A, St-Pierre V, Vandenberghe
C, Pierotti T, Fortier M, et al. Can ketones compensate for
deteriorating brain glucose uptake during aging? Implications
for the risk and treatment of Alzheimer's disease. Ann NY
Acad Sci 2016;1367:12-20.

Chen H, Detmer SA, Ewald AJ, Griffin EE, Fraser SE, Chan
DC. Mitofusins Mfnl and Mfn2 coordinately regulate mito-
chondrial fusion and are essential for embryonic development.
J Cell Biol 2003;160:189-200.

McLelland G, Goiran T, Yi W, Dorval G, Chen CX, Lauinger
ND, et al. Mfn2 ubiquitination by PINK 1/parkin gates the p97-
dependent release of ER from mitochondria to drive

[European Journal of Histochemistry 2026; 70:4548]



Article

48.

49.

50.

mitophagy. Elife 2018;7:¢32866.

Che L, Yang C, Chen Y, Wu Z, Du Z, Wu J, et al.
Mitochondrial redox-driven mitofusin 2 S-glutathionylation
promotes neuronal necroptosis via disrupting ER-mitochon-
dria  crosstalk in cadmium-induced neurotoxicity.
Chemosphere 2021;262:127878.

Hailey DW, Rambold AS, Satpute-Krishnan P, Mitra K,
Sougrat R, Kim PK, et al. Mitochondria supply membranes for
autophagosome  biogenesis during starvation. Cell
2010;141:656-67.

Hamasaki M, Furuta N, Matsuda A, Nezu A, Yamamoto A,
Fujita N, et al. Autophagosomes form at ER-mitochondria con-
tact sites. Nature 2013;495:389-93.

54.

55.

56.

57.

Akbari M, Kirkwood TBL, Bohr VA. Mitochondria in the sig-
naling pathways that control longevity and health span. Ageing
Res Rev 2019;54:100940.

Chen X, Hao B, Li D, Reiter RJ, Bai Y, Abay B, et al.
Melatonin inhibits lung cancer development by reversing the
Warburg effect via stimulating the SIRT3/PDH axis. J Pineal
Res 2021;71:e12755.

Zhang M, Chen M, Wang S, Ding X, Yang R, Li J, et al.
Association of ubiquitin C-terminal hydrolase-L1 (Uch-L1)
serum levels with cognition and brain energy metabolism. Eur
Rev Med Pharmacol 2022;26:3656-63.

Bazarian JJ, Biberthaler P, Welch RD, Lewis LM, Barzo P,
Bogner-Flatz V, et al. Serum GFAP and UCH-L1 for prediction

51. Degechisa ST, Dabi YT, Gizaw ST. The mitochondrial associ- of absence of intracranial injuries on head CT (ALERT-TBI): a
ated endoplasmic reticulum membranes: A platform for the multicentre observational study. Lancet Neurol 2018;17:782-9.
pathogenesis of inflammation-mediated metabolic diseases. 58. Lippa SM, Gill J, Brickell TA, French LM, Lange RT. Blood
Immun Inflamm Dis 2022;10:e647. biomarkers relate to cognitive performance years after trau-

52. de Brito OM, Scorrano L. Mitofusin 2 tethers endoplasmic matic brain injury in service members and veterans. J Intl
reticulum to mitochondria. Nature 2008;456:605-10. Neuropsychol Soc 2021;27:508-14.

53. Chandhok G, Lazarou M, Neumann B. Structure, function, and 59. Igbal K, Grundke-Igbal I. Alzheimer's disease, a multifactorial

regulation of mitofusin-2 in health and disease. Biol Rev Camb
Philos Soc 2018;93:933-49.

disorder seeking multitherapies. Alzheimers Dement

2010;6:420-4.

Received: 19 February 2026. Accepted: 24 March 2026.
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0).
©Copyright: the Author(s), 2026

Licensee PAGEPress, Italy
European Journal of Histochemistry 2026, 70:4548
doi:10.4081/ejh.2026.4548

Publisher's note: all claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those
of the publisher, the editors and the reviewers. Any product that may be evaluated in this article or claim that may be made by its manufacturer is not guaranteed

or endorsed by the publisher.
[European Journal of Histochemistry 2026; 70:4548] OPEN aACCESS



