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Alzheimer’s Disease (AD) is a progressive neurodegenerative disease for which no curative treatment has
yet been established. We applied cytokine-induced neurogenesis treatment to a 73-year-old female AD
patient carrying APOE €4 /¢4 alleles to regenerate residual neuronal stem cells, resulting in the successful
regeneration of the atrophied hippocampus, which was associated with improved cognitive functions and
the resolution of electrophysiological abnormalities. We also investigated the gut microbiota to clarify the
modifiers that influence the progression of AD. Microbiota analysis showed the specific dysbiosis signature
of Mild Cognitive Impairment (MCI), but this patient had milder dysbiosis than other MCI patients, which
may modify the progression of AD pathology.
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Abbreviations: AD: Alzheimer’s Disease; MCI: Mild Cognitive Impairment; FTD: Frontotemporal
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NMDS: Nonmetric Multidimensional Scaling; GCSF: Granulocyte Colony Stimulating Factor; VEGF: Vascular
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Introduction

ral precursor cells can regenerate atrophied brains with AD and Fron-
totemporal Dementia (FTD) and found that a particular combination

Alzheimer’s Disease (AD) is a progressive neurodegenerative dis-
ease for which no curative treatment has yet been established [1,2].
Regenerative approaches to AD treatment have been extensively
researched, but they are still in the early phase of preclinical trials
[3]. A recent pathological study, however, clearly showed that neural
precursor cells were detected in the hippocampi of 18 participants
with a mean age of 90.6 years, including persons with Alzheimer’s
disease, suggesting that hippocampal neurogenesis persists in aged
and diseased human brains [4]. In the previous study, we explored the
possibility that cytokines inducing the differentiation of residual neu-

of cytokines successfully regenerated the atrophied hippocampus of
patients with AD and FTD [5]. In another previous study, we reported
evidence that cytokine-induced neurogenesis can reverse cognitive
decline in AD patients who are APOE g4 /¢4 carriers [6]. In the pres-
ent study, we investigated the gut microbiota of AD patients carrying
APOE €4/¢4 alleles to clarify the modifying factors that influence the
progression and clinical efficiency of cytokine-induced neurogenesis
in AD. The results suggested that the specific microbiota signature
may play an important role in the progression of AD.
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Case Description

A 73-year-old housewife developed gradually progressing mem-
ory dysfunction with well-preserved language comprehension, emo-
tional control, and orientation to time and place. On the patient’s first
visit to the Ochanomizu Health and Longevity Clinic in Tokyo on Oc-
tober 27,2020, the Mini-Mental State Examination (MMSE) indicated
cognitive impairment (MMSE 25/30) with mild memory impairment.
Emotional control and language comprehension were well preserved.
Apoprotein E (APOE) genotype analysis showed that the patient was a
homozygous carrier of the APOE €4 allele (genotype €4 /¢4). Cognitive
function examination using Cognitrax on October 27, 2020, showed
normal verbal memory, reaction time, motor speed, sustained atten-
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tion, cognitive flexibility, executive function, reasoning, and working
memory (Figure 1). MRI data acquired on October 27, 2020, showed
moderate atrophy of the cerebral cortex in the parietal lobes and mild
atrophy in the frontal and temporal lobes (Figure 2A). A cross-sec-
tional cortical image showed reduced volumes of both gray matter
and white matter with enlarged sulci in the left parietal lobe (Figure
2C) as well as the left frontal lobe (Figure 2E). In silico endoscopic
views of the left hippocampus (Figure 3A) and right hippocampus
(Figure 3B) showed moderate atrophy in the neck portions of both
hippocampus (Figures 34, 3B). EEG examination on October 27,2020,
showed slow waves at the frontal, central, and parietal leads at rest
(data not shown).
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Figure 1: MMSE and cognitive function before and after cytokine-induced neurogenesis. Cognitive function was evaluated by CognitraxR and
the Mini-Mental State Examination (MMSE) on October 22, 2020; February 19, 2021; August 02, 2021; February 21, 2022; and August 22, 2022.
The MMSE scores are annotated in the upper part of the graph. Cognitrax scores for attention (light blue), working memory (magenta), motor
speed (plum), cognitive flexibility (yellow), executive function (brown), reaction time (green), reasoning (dark blue), and verbal memory (red)
are chronologically illustrated as line graphs with different colors. A Cognitrax score of 100 is the average score among the Japanese population
of the same age. Green indicates the zone of the average + 1 SD, yellow indicates the zone from 1 SD to 2 SD less than the average, red indicates
the zone more than 3 SD less than the average, and blue indicates the zone + 1 SD over the average. Administered cytokines and exosomes are

shown under the graph.
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Figure 2: Morphological evaluations before and after cytokine-induced neurogenesis. MRI scans on October 22, 2020, and on August 22, 2022,
before and after cytokine cocktail treatment.

A,B: 3D structure of the cerebral cortex reconstructed in silico using Expert INTAGER software from MRI T1-weighted images with 1 mm
sagittal slices before and after cytokine cocktail treatment.

C,D: Cut surface images of the parietal lobe as indicated by red lines in A and B show the regeneration of the atrophied cerebral cortex.
E,F: Cut surface images of the frontal lobe as indicated by green lines in A and B show the regeneration of the atrophied cerebral cortex.

Copyright@ : Takuji Shirasawa | Biomed ] Sci & Tech Res | BJSTR. MS.ID.008159. 43082


https://dx.doi.org/10.26717/BJSTR.2023.51.008159

Volume 51- Issue 5

DOI: 10.26717/B]JSTR.2023.51.008159

Before

After

Figure 3: Morphological evaluations of the hippocampus before and after cytokine-induced neurogenesis. A., B. Endoscopic views in silico of the

left hippocampus
(A) And right hippocampus

B) Show atrophy at the neck portion of the hippocampus. C., D. Endoscopic views in silico of the left hippocampus

(
(©) And right hippocampus
(

D) After cytokine treatment showed regeneration of the hippocampus at neck portions.

P300 EEG data analyzed by Neuroscan Software (https://compu-
medicsneuroscan.com/) showed that after a target stimulus of high-
pitched sound, hyperexcitable asymmetric P300 responses were de-
tected at the left frontopolar leads (Figure 4A), red line, indicated by
an arrow). P300 also showed asymmetries at the front lateral leads
between F7 and F8 (Figure 4B), red lines) and reduced voltage in the
T3 and T4 anterior temporal leads as well as the T5 and T6 posterior
temporal leads (Figure 4A). Coherence analysis of P300 showed high
values and low fluctuation in the P3 left parietal lead (Figure 4E) indi-
cated by a red arrow) and in the P4 right parietal lead (Figure 4E) in-
dicated by a blue arrow). The mental flexibility test showed a reduced
reaction with a voltage of 100 uV? and a delayed peak at 100 msec

(Figure 4C) red lines), suggesting that the generation of ideas was
slightly impaired as an early clinical sign of AD. The spatial memory
test revealed a hyperexcitable reaction at the left frontopolar leads
during the spatial memory retrieval task (Figure 4D), red lines, at
FP2), which is also an early clinical sign of AD. Blood chemistry, CBC,
thyroid function, autoantibodies, and HbA1lc, however, failed to indi-
cate any disorders associated with dementia. We therefore diagnosed
this patient as having early-stage AD with an APOE g4/e4 genotype
based on clinical symptoms, morphological abnormalities, and elec-
trophysiological abnormalities, which were compatible with neuro-
degenerative pathology in the cerebral cortex and hippocampus.
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Figure 4: Neurophysiological evaluations before and after cytokine treatment.

(A)

Electrophysiological evaluation of P300 EEG responses before and after cytokine-induced neurogenesis. P300 EEG responses recorded on

October 22, 2020, before treatment, are shown as red lines, and P300 EEG responses recorded on August 22, 2022, after treatment, are shown as

black lines.

(B)
©
D)

(E)

Magnified recordings of frontal leads of (Figure 3A) show that the asymmetrical P300 recorded on October 22, 2020 (red lines), significantly
improved in both frontal leads recorded on August 22, 2022 (black lines; left, left frontolateral leads; right, right frontolateral leads).
Electrophysiological records of the mental flexibility test before and after cytokine treatment. Mental flexibility tests showed that the voltage
recorded on October 22, 2020 (red line), significantly increased on August 22, 2022 (black line).
Visual spatial memory tests before and after cytokine-induced neurogenesis. A hyperexcitable reaction recorded in the left frontopolar lead
on October 22, 2020 (red line), was significantly suppressed on August 22, 2022 (black line).
Coherence analysis of P300 before and after cytokine-induced neurogenesis. Impaired neural network connections recorded on October 22,
2020, in parietal electrodes (P3, as shown by red arrows) were significantly improved on August 22, 2022.
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To induce neurogenesis, we therapeutically applied a cytokine
cocktail containing Hepatocyte Growth Factor (HGF), Granulocyte
Colony Stimulating Factor (GCSF), adiponectin, insulin-like growth
factor-1 (IGF-1), IGF-2, and progranulin from October 27, 2020, to
February 19, 2021 (Figure 1). We then stopped HGF, GCSF, and adi-
ponectin because we confirmed the significant suppression of hyper-
excitability in the P300 EEG signal as well as during the spatial memo-
ry test on October 27,2020 (data not shown). We then therapeutically
added VEGF (Vascular Endothelial Growth Factor) on August 02,2021,
to improve the asymmetries detected in P300 EEG (data not shown)
and added exosomes containing miRNA on February 21, 2021, to im-
prove verbal memory (Figure 1). The cytokine cocktail formulation in
this study was designed and developed by Luis Carlos Aguilar Cobos
at the Livant Neurorecovery Center, Mexico, as described previous-
ly [5]. On August 22, 2022, one year and 10 months after cytokine
cocktail treatment, the patient’s verbal memory function, which had
been in decline on February 21, 2021, recovered with a concomitant
improvement in the MMSE score from 24 /30 to 28/30 (Figure 1). We
then continued cytokine treatment for nearly 2 years and 9 months
until the present, July 2023. The patient’s cognitive functions further
improved along with attention, working memory, cognitive flexibility,
and executive function, while reasoning remained compromised with
an MMSE score of 28/30, as illustrated in (Figure 1).

We reevaluated the patient’s EEG signals on August 22, 2022,
which showed a significant decrease in slow waves (data not shown).
An excessive P300 EEG response was significantly suppressed in the
right frontopolar leads (Figure 4A), black lines), suggesting that in-
hibitory GABAergic interneurons were regenerated to suppress the
hyperexcitable P300 responses evoked by glutamatergic neuronal
activity before treatment, as suggested previously [5]. The asymmet-
rical P300 EEG reactions were improved between F3 and F4 among
the frontal leads, between C3 and C4 among the central leads, and
between P3 and P4 among the parietal leads (Figure 4A), black lines).
Higher magnification of P300 responses in the frontal leads clearly
showed that the voltage of the P300 response significantly increased
after treatment to 20.00 puV? in the left frontal leads at 250 msec (Fig-
ure 4B), black lines, left panel) and to 22.50 pV? in the right frontal
leads at 250 msec (Figure 4B), black lines, right panel). Coherence
analysis of P300 recorded on August 22, 2022, showed an improve-
ment in neural circuit connectivity at P3 (Figure 4E), indicated by a
red arrow), while the P4 lead still showed high values and low fluc-
tuation (Figure 4E), indicated by a blue arrow). The mental flexibility
test showed an enhanced reaction with a voltage of 200 uV? and a
delayed peak at 750 msec (Figure 4C), black lines), implying that the
impairment of idea generation was mitigated by cytokine treatment.

A spatial memory test recorded on August 22, 2022, showed a sig-
nificant suppression of the hyperexcitability that had been observed at
the left frontopolar leads on October 22, 2020, during spatial memory
retrieval (Figure 4D), black lines, at FP2), implying that spatial mem-
ory function was also improved by cytokine treatment. On August 22,
2022, we performed MRI, which showed no remarkable changes in
the volume of the atrophied gyri in the parietal cortex (Figures 2B &
2D) or the frontal cortex (Figure 2B) green lines, 2F). The cut surface
image showed reorganized gray matter in the parietal cortex (Figure
2D) and in the frontal cortex (Figure 2F), suggesting that structural
alterations were induced by cytokine treatment, as suggested previ-
ously [6]. The endoscopic view in silico showed that the previously
observed atrophy was partially reversed in the neck of the left hip-
pocampus (Figure 3C) and in the neck of the right hippocampus after
treatment (Figure 3D), which is clinically compatible with recovered
verbal memory and working memory on August 22, 2022 (Figure 1).
To investigate the modifying factors that influence the progression of
AD, we examined the gut microbiota on September 19, 2021. The pa-
tient’s gut microbiota was analyzed according to the same procedure
we used for the MCI patients in our previous study [7]. In a previous
study, the gut microbiota of 18 Japanese female MCI patients in their
70s with MCI and 23 disease-free controls were compared.

In the Nonmetric Multidimensional Scaling (NMDS) analysis us-
ing the gut microbiota data from the previous study, this case was
plotted in an intermediate position between the MCI and control
groups (Figure 5A). The results suggested that the gut microbiota sig-
nature showed some features in common with the MCI group but also
had some similarity to the normal cognitive function group. As shown
in (Figure 5B), the relative abundance value of Bifidobacterium was
significantly elevated (Figure 5B), line marked by yellow), suggest-
ing the possibility that Bifidobacterium may have been an inhibitory
modifier for the progression of AD in this case. Some of the bacte-
ria reported as more abundant in the MCI group in a previous study
(Hatayama, et al. [7]) such as Erysipelatoclostridium and Eggerthella,
were not detected in this case (Figure 5C), line marked by yellow),
suggesting that the lack of these bacteria may also be an inhibitory
modifier for the progression of AD.

In conclusion, gut microbiota analysis confirmed that the dysbi-
osis signature characteristic of MCI was present in this case, but the
microbiota signature was milder in this patient than in other MCI pa-
tients. This may be related to the clinical manifestation of this case,
with mild progression of AD pathology despite an APOE €4 /¢4 gen-

otype.
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| Agathobacier 0.37 0.01 266 50.0 826
Anaorostipos 1.18 0.50 1.31 1000 | 913
Bifidobactenium 2725 275 .45 84 .4 100.0
Clostridium X\ WD 0.00 0.00 56 217
Coprococcus 143 0.00 0.14 278 565
Haldemaneila ND 0.00 0.00 16.7 391
Lactococeis ND 0.00 0.00 1.1 M8
Louconastoc ND 0.00 0.00 0.0 217
Ligitactobacillus ND 0.00 0.00 56 261
Megamanas HND 0.00 0.00 56 261
Megasphaera ND 0.00 0.00 1.1 .8
Oscillibacter 085 0.00 0.18 50.0 852
Paraprevolslia ND 0.00 0.00 16.7 435
Prevotafia ND 0.00 0.00 16.7 435
Rosebunia ND 0.20 1.18 B1.1 91.3
Stackia 042 0.00 0.00 114 348
Sutterella ND 0.00 0.03 222 565
Veilonells WD 0.00 0.05 33 6.6
Victivailis ND 0.00 0.00 56 2.7

More abundanttaxa  Relative abundance (%) Detection rate (%)
inthe MClgroup  Patient | MCI* |Contro* MCI | Control

Akkermansia ND 0.00 0.00 389 21.7
Anaeromassiibacilus ND 0.04 0.00 66.7 435
Anaarofignum 0.08 0.20 0.04 100.0 65.2
ARSBrofruncus ND 0.00 0.00 44.4 17.4
Bactaroidos 247 1.73 6.69 100.0 100.0
Blautia 447 4.83 321 100.0 100.0
Clostricium _N 0.02 0.02 0.00 55.6 34.8
Clostridium _XVa ND 0.04 0.00 66.7 31
Clastricicm _XVill 0.10 0.10 0.00 78 391
Coprobaciius ND 0.00 0.00 44.4 21.7
Dysosmobactar ND 0.31 0.0 833 52.2
Eggarthelia WD 0.18 0.00 B83.3 435
Efsenborgiala ND 0.00 0.00 50.0 8.7
Enterocloster 0.10 0.13 0.00 889 34.8
Erysipelatoclostridium ND 0.22 0.00 88.9 435
Flavonifractor ND 0.19 0.00 88.9 478
Frisingicoccus ND 0.00 0.00 389 4.3
Fusobaclarium ND 0.00 0.00 44.4 17.4
Gordonibactar 0.06 0.01 0.00 50.0 13.0
Hungatefa ND 0.01 0.00 556 13.0
Thubacter ND 0.00 0.00 389 13.0
Intestinimonas 0.06 0.05 0.00 61.1 281
Massilimicrobicta 021 011 0.03 78 56.5
Merdimaonas ND 0.00 0.00 218 8.7
Negativibacillus 0.25 0.03 0.00 55.6 34.8
Neglecia 207 0.09 001 61.1 52.2
Parabactorokdes 1.91 1.96 1.14 4.4 91.3
Romboutsia a15 0.36 0.04 833 65.2
Ruminococcus 2 027 0.28 0.00 833 43.5
Rutheniiac terium 0.35 0.08 0.00 7.8 34.8
Selimonas 0.08 0.05 0.00 61.1 174
Turicibacter 0.27 0.26 0.00 7.8 43.5

Figure 5: Analysis of the gut microbiota of 18 Japanese female MCI patients in their 70s with MCI and 23 disease-free controls.
(A) Panel A: Nonmetric multidimensional scaling (NMDS) plot based on Jaccard dissimilarity (stress = 0.19). Red and blue dots in the NMDS
plot indicate samples from the MCI and control groups, respectively. A red square indicates the sample of the patient in this case. Ellipses in the

NMDS plot indicate 95% confidence intervals around the centroid.

(B) Panels B and C: These values of relative abundance and detection rate of gut bacteria of MCI and control groups and the patient (*, values
are median). Panels B and C show the results of less and more abundant bacterial taxa (genus level) in the MCI group, respectively. These taxa

were defined in the paper by Hatayama et al. [7]. ND not detected.

Discussion

In the present case report, we showed that cytokine-induced neu-
rogenesis regenerated the atrophied hippocampus of an AD patient
who was an APOE €4 /¢4 carrier, concomitant with the reversal of cog-
nitive declines in domains such as attention, working memory, cogni-
tive flexibility, executive function, verbal memory, and reaction time.
As shown in (Figure 4A), a neurophysiological study showed no typ-
ical premature P300 reactions, which are often observed in AD cases
as described previously [5,6], suggesting that Af deposition in the ce-
rebral cortex is milder than expected from the APOE £4/¢4 genotype
and the age of onset in this case. In addition, P300 hyperexcitability
was localized in the left frontopolar leads (Figure 4A), indicating that
the neuroinflammatory process was compromised in this case. An
MRI study also showed that cortical and hippocampal architectures

were only mildly damaged, while atrophy of the cerebral cortex in the
parietal lobes was moderate (Figures 2 & 3), suggesting that neurode-
generative pathology was progressing more slowly than in typical AD
cases with the APOE €4 /¢4 genotype. The APOE €4 allele is the stron-
gest genetic risk factor for sporadic AD, and recent evidence suggests
that not only Af deposition but also tau neurofibrillary degeneration,
microglia and astrocyte responses, and blood-brain barrier disrup-
tion play an important role in the pathogenesis of AD [8].

Emrani and colleagues also suggested that the heterogeneity
among APOE carriers has a previously unappreciated degree of com-
plexity that may make therapeutic treatment more difficult [9]. In ad-
dition to genetic factors, several other risk factors, such as age, head
injuries, vascular diseases, infections, and environmental factors, play
a role in the progression of AD [10]. Therefore, it is speculated that
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some moderating factors may slow the neurodegenerative pathology,
such as the accumulation of A or neuroinflammation, and thereby
mitigate the clinical symptoms of AD. In this case, we used 6 cytokines,
namely, HGF, GCSF, adiponectin, IGF-1 & IGF-2, progranulin, VEGE as
well as an exosome, as illustrated in (Figure 1). Although these cy-
tokines work synergistically in favor of neurogenesis and cognitive
function [5] [11], the combination of progranulin and an exosome
worked successfully in this case for the improvement of cognitive
functions such as verbal memory, working memory, cognitive flexibil-
ity, and cognitive flexibility (Figure 1). Mutations in the progranulin
gene are closely associated with the development of Frontotempo-
ral Dementia (FTD) and other neurodegenerative diseases [12]. The
clinical application of progranulin successfully induced hippocampal
neurogenesis in FTD as described previously [5]. In clinical applica-
tions for dementia patients, progranulin is one of the most powerful
cytokines to induce cortical neurogenesis in the frontal and temporal
lobes [5,11,13].

In addition, we used IGF-1 and IGF-2 for the clearance of Af that
accumulated in the cerebral cortex in AD patients carrying the APOE
€4 allele [6] based on an animal model in which IGF-1 treatment in
mice overexpressing mutant amyloid markedly reduced their brain
AP burden [14]. Furthermore, in this case, we used an exosome that
was prepared from young adult porcine brain tissue and provided by
Luis Carlos Aguilar Cobos in the Livant Neurorecovery Center, Mexico,
as described previously [13]. The exosome contains miR-124, a pivot-
al microRNA that regulates adult neurogenesis in the subventricular
zone of the adult mammalian brain [15]. It is interesting to note that
attention, working memory, and verbal memory were significantly
improved by treatment with exosomes (Figure 1), suggesting that
these cognitive functions may largely depend on adult neurogenesis
induced by miR-124. Alternatively, miR-124 may alleviate neuro-
degeneration by enhancing A proteolytic breakdown, resulting in
improved cognitive function, as illustrated in a mouse model of re-
petitive mild traumatic brain injury, one of several animal models of
neurodegeneration [16].

In a previous study, we analyzed the gut microbiota of MCI pa-
tients and clarified the specific microbiota signature for MCI; we
found that 5 taxa, namely, Clostridium_XVIII, Eggerthella, Erysipela-
toclostridium, Flavonifractor, and Ruminococcus 2, were more abun-
dant in the MCI group, whereas 5 taxa, namely, Megasphaera, Oscilli-
bacter, Prevotella, Roseburia, and Victivallis, were less abundant than
in the normal cognitive function group [7]. In the present study, we
compared the gut microbiota signature of this case to the MCI signa-
ture (Figure 5A), which showed that the microbiota signature of this
case was milder than that of other MCI patients, suggesting that the
gut microbiota plays a role as a modifier in the progression of AD.
Nagpal et al. Reported that a modified Mediterranean-ketogenic diet
modulates gut microbiota and short-chain fatty acids in association
with Alzheimer’s disease markers in subjects with MCI, suggesting

that the metabolites produced by microbiota may alter A metabo-
lism in the brain, resulting in the alteration of AD progression [17].
Among the environmental factors that modify the progression of AD,
diet is an important modifiable factor [18] and is closely associated
with the gut microbiota signature. An epidemiological study clearly
demonstrated that adherence to the Mediterranean diet was associ-
ated with a reduced risk of mortality from AD [19], suggesting that
dietary intervention is a useful measure for the prevention of AD.

Several intervention studies have shown that Mediterranean diet
intervention lowered global AD pathology, including A load [20]. In
this context, clinical data on gut microbiota and dietary information
from AD cases with an APOE €4/e4 genotype carrier are invaluable
for the effort to develop a preventive dietary protocol for APOE €4
carriers.

Conclusion

Alzheimer’s Disease (AD) is a progressive neurodegenerative dis-
ease for which no curative treatment has yet been established. We
showed here that cytokine-induced neurogenesis regenerated the
hippocampus of AD patients with an APOE €4/g4 genotype, concomi-
tant with the reversal of cognitive decline in domains such as memory
and attention. We also investigated the gut microbiota to clarify the
modifying factors that influence the progression of AD. Gut microbi-
ota analysis showed that the specific signature of Mild Cognitive Im-
pairment (MCI) was present, but to a milder extent than in other MCI
patients, which may modify the progression of AD pathology.
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