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Abstract

Rapamycin is the best-characterized autophagy inducer, which is related to its antiaging and neuroprotective effects. Although
rapamycin is an FDA-approved drug for human use in organ transplantation and cancer therapy, its administration as an
antiaging and neuroprotective agent is still controversial because of its immunosuppressive and reported side effects. There-
fore, it is critical to determine whether the dose that exerts a neuroprotective effect, 35 times lower than that used as an immu-
nosuppressant agent, harms peripheral organs. We validated the rapamycin neuroprotective dosage in a Parkinson’s disease
(PD) model induced with paraquat. C57BL/6 J mice were treated with intraperitoneal (IP) rapamycin (1 mg/kg) three times
per week, followed by paraquat (10 mg/kg) twice per week for 6 weeks, along with rapamycin on alternate days. Rapamycin
significantly decreased dopaminergic neuronal loss induced by paraquat. Since rapamycin’s neuroprotective effect in a PD
model was observed at 7 weeks of treatment; we evaluated its effect on the liver, kidney, pancreas, and spleen. In addition,
we prolonged treatment with rapamycin for 14 weeks. Tissue sections were subjected to histochemical, immunodetection,
and morphometric analysis. Chronic rapamycin administration does not affect bodyweight, survival, and liver or kidney
morphology. Although the pancreas tissular architecture and cellular distribution in Langerhans islets are modified, they may
be reversible. The spleen B lymphocyte and macrophage populations were decreased. Notably, the lymphocyte T population
was not affected. Therefore, chronic administration of a rapamycin neuroprotective dose does not produce significant tissular
alterations. Our findings support the therapeutic potential of rapamycin as a neuroprotective agent.
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Introduction (Selman and Partridge 2012; Comas et al. 2012; Chong and

Maiese 2012; Ru et al. 2012), and neurological disorders

Rapamycin, a lipophilic macrolide antibiotic, is the best-
characterized autophagy inducer, participating in cell
growth, proliferation, and protein synthesis (Jung et al. 2010;
Noda and Ohsumi 1998). Rapamycin is associated with ben-
eficial effects on cancer (Anisimov et al. 2010, 2011; Heuer
et al. 2012; Wang et al. 2013), diabetes (Xie and Herbert
2012; Long et al. 2012), tuberous sclerosis (Rosado et al.
2013; Wataya-Kaneda et al. 2012), cardiovascular diseases
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(Tsang et al. 2007; Chong et al. 2010).

Rapamycin inhibits the serine/threonine kinase mam-
malian target of rapamycin (mTOR), and forms two pro-
tein complexes. The sensitivity of the mTOR complex 1
(mTORC1) and 2 (mTORC?2) to rapamycin varies by cell
line, tissue type, and exposure time. mTORCI is a sensor for
nutrient levels (amino acids and glucose) and insulin (John-
son et al. 2013a; Li et al. 2016; Vander Haar et al. 2007),
while mTORC2 function is mediated by insulin/insulin-
like growth factor 1 (IGF-1) signaling (Guertin et al. 2006;
Garcia-Martinez and Alessi 2008; Ikenoue et al. 2008; Liu
et al. 2014). Interestingly, rapamycin is an acute and chronic
inhibitor of mTORC1 and mTORC?2, respectively.

Importantly, rapamycin immunomodulatory properties
are widely used to prevent graft rejection after organ trans-
plantation by inhibiting T and B cell proliferation (Khanna
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2000; Wicker et al. 1990; Mohacsi and Morris 1992; Leb-
wohl et al. 2013). However, its antiaging and prophylac-
tic usage for neurodegeneration is still debated (Lamming
et al. 2013; Lamming 2016) because of diverse side effects,
including dyslipidemia, glucose intolerance, insulin resist-
ance, new-onset diabetes, and gastrointestinal disorders
(Johnston et al. 2008; McCormack et al 2011; Gyurus et al.
2011; Lamming et al. 2012; Houde et al. 2010).

Rapamycin neuroprotective properties (Jiang et al. 2013;
Malagelada et al. 2010; Ramirez-Moreno et al. 2019) are
related to the autophagy induction (Chong et al. 2012; Grazi-
otto et al. 2012; Mendelsohn and Larrick 2011) and have been
achieved with a rapamycin dose 35 times lower than that used
for immunosuppressive therapy (Jeon et al. 2018; Dominguez
et al. 2000; Kahan et al. 1998; Saunders et al. 2001). Thus, we
performed a peripheral tissular analysis to determine whether
rapamycin neuroprotective dosage affects the liver, kidney,
pancreas, and spleen to reassure its safety as an antiaging and
prophylactic agent against neurodegeneration.

Materials and methods
Parkinson’s disease animal model

C57BL/6 J 8-week-old male mice (Circulo ADN, Mexico City)
were randomly divided into four groups of six subjects each: (1)
control, (2) rapamycin, (3) paraquat, and (4) rapamycin/paraquat.
Mice were subjected to intraperitoneal (IP) injections of rapa-
mycin (rapa) 1 mg/kg or PBS 1 X (control, ctrl) three times per
week. After 1 week, it was followed by 10 mg/kg paraquat twice
per week for six consecutive weeks and continued along with
rapamycin treatment on alternate days. Mice were maintained
on a 12-h light—dark cycle, with free access to Prolab RMH 2500
pellets (#5P14, LabDiet, St. Louis, MO) and drinking water.

Next, mice were anesthetized with an intramuscular injec-
tion of 10 mg/kg xylazine (#Q7833099, PiSA Labs, General
Escobedo, Mexico) and 100 mg/kg ketamine (#Q7833028,
PiSA Labs), followed by an IP injection of sodium pento-
barbital (88 mg/kg). Afterward, mice were perfused intra-
cardially with 4% paraformaldehyde (PFA) in 0.1 M sodium
phosphate buffer (pH 7.4), and the brain was collected and
post-fixed for 24 h in 4% PFA.

Chronic rapamycin neuroprotective dose
administration

Mice were subjected to intraperitoneal (IP) injections of rapa-
mycin (rapa) 1 mg/kg or PBS 1 X (control, ctrl) three times per
week for 7 and 14 consecutive weeks. Mice bodyweight and
survival were recorded weekly. The liver, kidney, pancreas,
and spleen were collected and post-fixed for 24 h in 4% PFA.
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Histological analysis

Fixed organs were processed in an Automated Tissue Processor
(KD-TS3B, Zhejiang Jinhua Kedee Instrumental Equipment,
Zhejiang, China) and embedded in paraffin blocks using a Tissue
Embedding Center and Cooling System (KD-BM, Zhejiang Jinhua
Kedee Instrumental Equipment). Sections of 5 um were obtained
using a sliding microtome (Model RM2235, Leica Biosystems,
Wetzlar, Germany), stained with hematoxylin and eosin (H&E) or
Mallory-Azan’s Trichromic (collagen fibers), and examined in a
Nikon light microscope (Eclipse 50i, Nikon, Melville, NY).

Bright-field images (x40) were acquired using the QCapture
Pro 7™ software (QImaging Corporation, Surrey, BC, Canada).
Morphometric analyses were performed using ImageJ (NIH)
v3.91 software (http://rsb.info.nih.gov/ij). Liver images were used
to count bi-nucleated hepatocyte number. The length of the renal
corpuscle was measured in kidney images. In the pancreas, the
Langerhans islet number with vascular dilation was determined.
Finally, the spleen white pulp relative density was evaluated simi-
larly to the method described by Syrjfinen (1980).

Immunofluorescence

Midbrains were cut into 5-um coronal sections, which
were blocked with 10% normal horse serum (#16,050-122,
Thermo Fisher Scientific) and incubated with rabbit anti-TH
antibody (#ab112, Abcam) overnight at 4 °C. After rinsing,
sections were incubated with secondary Alexa 488 anti-rab-
bit (#ab150077, Abcam) for 1 h at room temperature (RT).

Pancreas sections were incubated with primary rabbit anti-
insulin antibody (#ab181547, Abcam, Cambridge, UK) or
rabbit anti-glucagon (#ab92517, Abcam) overnight at 4 °C.
Next, sections were incubated with secondary Alexa 594
anti-rabbit (#ab150080, Abcam) for 1 h at RT. All antibod-
ies were diluted 1:1000.

Sections were mounted with VECTASHIELD Antifade
Mounting Medium with DAPI. Images were collected on a
Nikon® Eclipse 50i fluorescent microscope and analyzed
using ImageJ software. From midbrain sections, tyrosine
hydroxylase (TH) fluorescence intensity was quantified.

In pancreas sections, islet number with cell disorganization
was determined. Insulin and glucagon fluorescence intensity was
evaluated in four random fields per section. Corrected total cell
fluorescence (CTCF) was obtained with the following formula:

CTCF = Integrated Density — (Area of selected
cell X Mean fluorescence of background readings).

Immunohistochemistry

Pancreas sections were subjected to IHC using primary
rabbit anti-insulin overnight at 4 °C. Spleen sections were
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subjected to IHC using the following antibodies: rabbit anti-
CD3 (#A0452, Dako, EUA), rabbit anti-CD4 (#sc-1140,
Santa Cruz Biotechnology, Dallas, TX), rabbit anti-CD8§
(#sc-7188, Santa Cruz Biotechnology), mouse anti-CD20
(#sc-7735, Santa Cruz Biotechnology), and rabbit anti-CD68
(#ab22506, Abcam) diluted 1:500; secondary rabbit (#sc-
2257, Santa Cruz Biotechnology) and mouse (#ab6789,
Abcam) antibodies were diluted 1:1000.

By using the “polygon” tool, the positive area (mm?) for
every specific antibody signal (T lymphocytes CD3™, cyto-
toxic lymphocytes CD8™, helper lymphocytes CD4*, B lym-
phocytes CD20*, and macrophages CD68") was delimited
in ten random fields (x 10) per subject, in a total of three
subjects per group.

Statistical analysis

All experiments were performed independently on separate
days. The Shapiro—Wilk test determined that our data were
normally distributed. Next, TH fluorescence intensity data
were analyzed by one-way ANOVA with a Sidak’s multi-
ple comparisons test. Bodyweight, bi-nucleated hepatocyte
number, renal corpuscles’ size, islet number with vascular
dilation, white pulp density, and all immunodetection mor-
phometries were analyzed by two-way ANOVA with Tuk-
ey’s multiple comparison test. The survival was assessed
with a Log-rank (Mantel-Cox) test. The number of islets
with alpha-cell disorganization and glucagon fluorescence
intensity was evaluated with a paired #-test, while LC3-II,
phosphorylated (pS2448) mTOR WB'’s, and insulin expres-
sion were evaluated with an unpaired #-test. Data were
plotted as mean values of at least three independent repli-
cas+SEM. A p-value of p <0.05 was considered statistically
significant for all the analyses. Our p-values’ summary is
as follows: ns>0.05, * <0.05, ** <0.001, **** <0.0001.
Statistical software Prism 6 (GraphPad Software, San Diego,
CA) was used.

Results

Rapamycin decreases dopaminergic neuronal loss
in a Parkinson’s disease model

We (Ramirez-Moreno et al. 2019) and others (Jiang et al.
2013; Malagelada et al. 2010) have previously demonstrated
the rapamycin neuroprotective effect in a Parkinson’s dis-
ease model. First, we validated this effect where midbrain
dopaminergic neurons were examined. Figure la shows
the typical dopaminergic neuronal population from the
control group, which was not affected by rapamycin treat-
ment. Parkinson’s disease model was induced with the
herbicide paraquat, which induced a noticeable decrease

in dopaminergic neurons compared to the control group.
Importantly, rapamycin treatment decreased dopaminergic
neuronal loss induced by paraquat. These results were cor-
roborated by quantifying tyrosine hydroxylase (TH) fluores-
cence intensity (Fig. 1b).

Chronic rapamycin exposure does not affect
bodyweight and survival

Because of rapamycin immunosuppressant properties, it is
essential to determine whether chronic exposure to this agent
causes morphological changes in vivo. Mice were randomly
divided into two groups that received PBS 1 X (control) or
rapamycin. Mice bodyweight (Fig. 2a) and survival (Fig. 2b)
were recorded throughout 14 weeks of treatment. Both
groups present a normal distribution without statistical dif-
ference. Therefore, chronic exposure to 1 mg/kg rapamycin
does not affect mice’s bodyweight and survival.

Chronic treatment with rapamycin induces
an increase of the autophagy hallmark LC3-II
in the pancreas

One of the most striking properties of rapamycin is its neu-
roprotective effect (Li 2009) mediated by autophagy, which
has been achieved even with a dose 35 times lower (Ram-
irez-Moreno et al. 2019; Jeon et al. 2018; Dominguez et al.
2000; Kahan et al. 1998; Saunders et al. 2001) than that
used for immunosuppressive purposes. Autophagy mediated
by rapamycin depends on the mammalian target of rapa-
mycin (mTOR) inhibition by direct binding to mTORCI,
a nutrient-sensitive kinase (Schriever et al. 2013; Poiis and
Codogno 2011), and by blocking mTOR phosphorylation
(Malagelada et al. 2010; Sarkar et al. 2008).

The autophagy marker LC3-II and mTOR phosphoryla-
tion were evaluated in the liver (Supplementary Fig. 1a) and
pancreas (Supplementary Fig. 1b) protein extracts by West-
ern blot. LC3-II was increased in the pancreas but not in the
liver. Meanwhile, mTOR phosphorylation decreased with no
statistically significant difference in both organs in response
to rapamycin compared to the control.

Liver morphology is not affected by chronic
administration of rapamycin

Since detoxification of harmful compounds occurs in the
liver, we wanted to determine whether rapamycin affects its
morphology. Normal morphology consisting of sinusoids
traveling and draining toward the central vein surrounded
by hepatocytes strips (Fig. 3a and Supplementary Fig. 2),
and the scarce presence of collagen fibers (Fig. 3b), were
observed at 7 and 14 weeks in both the control and rapamy-
cin-treated groups. Accordingly, the number of bi-nucleated
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«Fig. 1 Dopaminergic neuronal death induced by paraquat is
decreased by rapamycin. a Midbrain sections were subjected to IF
with anti-TH to detect dopaminergic neurons, which were decreased
in response to paraquat, while this effect was prevented by rapamy-
cin. b TH fluorescence intensity was quantified in four random fields
per section. Data were analyzed by one-way ANOVA with a Siddk’s
multiple comparisons test and plotted as mean values of at least three
independent replicas+SEM. A p-value of *p<0.05 was considered
statistically significant. Rapa, rapamycin; PQ, paraquat

hepatocytes was analyzed (Fig. 3c), and there was no change
after 14 weeks. Therefore, rapamycin did not cause any his-
tological alteration in mice livers.

Chronic exposure to rapamycin does not affect
kidney morphology

Because most drugs are excreted through the kidneys, we
asked whether rapamycin alters their tissular architecture.
Kidneys’ regular organization was observed in the control
and rapamycin-treated mice at the indicated times. Rep-
resentative micrographs are shown in Fig. 4a and Supple-
mentary Fig. 3, displaying a renal corpuscle with a central
glomerulus; the Bowman’s space between its visceral and
parietal layers; transverse segments of proximal and distal
convoluted tubules; and short collagen fibers (Fig. 4b). Renal
corpuscles’ size was analyzed (Fig. 4c), and no changes were
observed in both groups. These results indicate that rapamy-
cin did not cause histological alterations in mice kidneys.

Pancreas tissular architecture and cell distribution
are modified in response to chronic rapamycin
administration

mTOR also plays a role in the pancreatic Langerhans islet devel-
opment, beta-cell growth, and insulin processing and secretion
(Bartolome and Guillén 2014; Blandino-Rosano et al. 2017,
Elghazi et al. 2017; Li et al. 2016; Sinagoga et al. 2017). Thence,
we aimed to investigate whether the rapamycin dose we used
impacts the pancreas histological arrangement. Figure 5a and
Supplementary Fig. 4 show the typical pancreatic acini and
Langerhans islets in the control group. The exocrine pancreas
of the rapamycin-treated group did not show histological altera-
tions. However, dilated capillaries were detected in the Langer-
hans islet at 7 weeks of treatment with rapamycin (Fig. 5¢) and
were similar to those of the control group at 14 weeks. Fig-
ure 5b displays the longitudinal arrangement of collagen fibers
forming the pancreatic septum in the control group. Neverthe-
less, septum fibers were distributed within the exocrine and
endocrine pancreas in the rapamycin-treated groups.
Moreover, it has been reported that rapamycin treatment
can lead to glucose intolerance development in rodents
and humans (Houde et al. 2010; Teutonico et al. 2005;

Cunningham et al. 2007). Then, we sought to investigate
whether chronic rapamycin exposure could alter Langerhans
islets’ cellular organization. We used specific antibodies rec-
ognizing insulin and glucagon produced by the beta- and
alpha-cells, respectively. When detected by IHC, the insulin
signal was increased in response to rapamycin compared to
the control (Supplementary Fig. 5). In contrast, IF showed
no differences in the beta-cell population (Fig. 6a).
Interestingly, compared to the control group, where alpha-cells
exhibit the typical distribution in the Langerhans islet periphery,
in response to rapamycin, the alpha-cells pattern was disrupted at
both treatment times, arranged throughout the islet (Fig. 6b). The
number of islets with alpha-cell disorganization (Fig. 6¢) and
glucagon fluorescence intensity (Fig. 6d) analysis show statisti-
cal differences between groups. These results showed that chronic
rapamycin administration induces capillaries dilation, modifies the
collagen distribution, and alters alpha-cell organization.

Spleen lymphocytes B and macrophages population
are altered in response to chronic rapamycin
administration

Due to rapamycin immunosuppressant properties inhibiting T and
B cell proliferation (Khanna 2000; Wicker et al. 1990; Mohacsi
and Morris 1992), we evaluated whether a dose of rapamycin
35 times lower than that used for organ transplantation affects
the spleen, a lymphatic organ. Figure 7a shows the typical spleen
organization in the control group, where the white (lymph nodes)
and red pulp are included and are also preserved in the rapamycin-
treated groups at the analyzed times. Collagen fibers in blue also
show a typical organization and are particularly abundant sur-
rounding arteries (Fig. 7b). Withe pulp density was analyzed, and
no differences were observed between groups (Fig. 7c).

We used specific antibodies recognizing the different
lymphoid lineages to evaluate the possible rapamycin’s
inhibiting effect on T and B cell proliferation. Figure 8
shows IHC detecting (a) T lymphocytes, (c) helper T lym-
phocytes, (e) cytotoxic T lymphocytes, (g) B lymphocytes,
and (i) macrophages. The corresponding morphometric
analyses are shown on the right (Fig. 8b, d, f, h, j), finding a
statistically significant decrease in B lymphocytes and mac-
rophages populations at 14 weeks of treatment with rapa-
mycin. Therefore, chronic rapamycin administration in vivo
does not cause morphological changes in the spleen or alter
the lymphocyte T population. Conversely, rapamycin affects
lymphocytes B and macrophages population.

Discussion
Although rapamycin is an FDA-approved drug for human

use in organ transplantation and cancer therapy, its admin-
istration as an antiaging and neuroprotective agent is still
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Fig.2 Chronic administration of rapamycin in vivo does not alter
body weight or survival. During 7 and 14 weeks, mice were exposed
to rapamycin three times per week, and PBS 1Xxwas administered
to the control group. a Bodyweight and b survival were recorded
throughout 14 weeks of treatment. Both groups present a normal
distribution without statistical difference. n=6 animals per group.
Bodyweight were analyzed by two-way ANOVA with a Tukey’s mul-
tiple comparisons test whereas survival was assessed with a Log-rank
(Mantel-Cox) test. Data were plotted as mean values of at least three
independent replicas+SEM. A p-value of *p<0.05 was considered
statistically significant. Bodyweight and survival p-value ns >0.05

controversial because of its immunosuppressive side effects.
However, rapamycin, wrongly stereotyped as an “immuno-
suppressor,” is, in fact, an immunomodulator (Bravo-San
Pedro and Senovilla 2013; Mannick et al. 2014, 2018;
Blagosklonny 2019).

As mentioned before, rapamycin is a negative regulator
of mTOR; the latter is activated by nutrients and insulin
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leading to insulin signaling inhibition and producing insulin
resistance (Krebs et al. 2007; Tremblay et al. 2005). There-
fore, rapamycin emulates starvation conditions (Longo and
Fontana 2011). Acute (Krebs et al. 2007; Leontieva et al.
2014) and chronic (Deblon et al. 2012) rapamycin treatment
prevented insulin resistance.

Various long-term metabolic effects of rapamycin are
reported in humans (Johnston et al. 2008; McCormack et al
2011; Gyurus et al. 2011; Lamming et al. 2012; Houde et al.
2010). Notably, most of the side effects evidence comes
from relatively ill subjects and studies lacking a placebo
group, and healthy subjects may experience fewer serious
side effects.

Short-term rapamycin treatment is currently used in organ
transplantation and cancer therapy. Organ transplant recipi-
ents are subjected to immunosuppressive therapy to avoid
rejection, which is associated with an increased death inci-
dence from malignancies (Kauffman et al. 2005). However,
rapamycin prevents cancer in organ transplantation patients
(Mathew et al. 2004; Kauffman et al. 2005; Campistol et al.
2006; Lebranchu 2010).

Although there is evidence supporting rapamycin’s
antiaging and neuroprotective effects (Jiang et al. 2013;
Malagelada et al. 2010; Ramirez-Moreno et al. 2019), its
use is not approved for age-related conditions. Most likely,
short-term rapamycin treatment is insufficient for age-related
diseases. Importantly, rapamycin’s antiaging properties,
including its neuroprotective function, demand a long-
term treatment to exert the best results; thus, it is critical to
demonstrate that rapamycin does not have life-threatening
effects. Indeed, many of the rapamycin’s adverse side effects
could be mitigated through intermittent dosing or rapamycin
analogs (Arriola Apelo et al. 2016).

Oral (Barriocanal-Casado et al. 2019; Johnson et al. 2015;
Felici et al. 2017; Siegmund et al. 2017) and intraperitoneal
(IP) (Johnson et al. 2013b; Khan et al. 2017; Civiletto et al.
2018) rapamycin administration results in a life expectancy
improvement. However, there are differences depending on
the time and dosage used.

Using an allometric scaling, we can extrapolate the neu-
roprotective dose of rapamycin used in our model to that
used in humans based on the dose normalization to the body
surface area and considering the treatment scheme (Nair and
Jacob 2016; Volunteers 2002). This approach assumes some
unique characteristics of anatomical, physiological, and bio-
chemical processes among species and the possible differ-
ence in pharmacokinetics/physiological time. This method
is frequently used in research to predict an approximate dose
based on data existing in other species (Nair and Jacob 2016;
Volunteers 2002). So, the neuroprotective dose of rapamycin
(1 mg/kg) used in our model is 35 X lower than the maximum
dose of rapamycin used in humans with low-to-moderate
immunologic risk.
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Fig.3 Chronic administration
of rapamycin in vivo does not
induce morphological changes
in the liver. a H&E staining
shows a central vein (red star)
surrounded by hepatocytes
strips (red lines); between
these strips, sinusoids are
traveling and draining toward
the central vein. No histologi-
cal alteration was observed in
rapamycin-treated mice at the
indicated times. b Mallory-
Azan trichrome staining. The
scarce presence of collagen
fibers, which appear in blue,

is observed in the control and
rapamycin-treated groups. ¢ Sta-
tistical analysis of the number
of bi-nucleated hepatocytes
from 3 independent experi-
ments. Data were analyzed

by two-way ANOVA with a
Tukey’s multiple comparisons
test and plotted as mean values
of at least three independent
replicas + SEM. A p-value of
*p <0.05 was considered statis-
tically significant
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Fig.4 Chronic administration
of rapamycin in vivo does not
affect kidney morphology. a
H&E staining displaying a
renal corpuscle with a central
glomerulus (red star), with

its visceral layer (blue line),
between the latter and the
parietal layer (red line) lays out
the Bowman’s space. Trans-
verse segments of proximal
(red arrowhead) and distal
convoluted tubules (red arrow)
are also seen in the micrograph.
No morphological changes were
observed in rapamycin-treated
mice at the indicated times. b
Mallory-Azan trichrome stain-
ing shows the scarce presence
of collagen fibers in the control
and rapamycin-treated groups,
all with normal histology.

¢ Statistical analysis of the
renal corpuscles’ size from 3
independent experiments. Data
were analyzed by two-way
ANOVA with a Tukey’s multi-
ple comparisons test and plotted
as mean values of at least three
independent replicas + SEM. A
p-value of *p <0.05 was con-
sidered statistically significant.
Renal corpuscles’ size p-value
ns>0.05
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Fig.5 Chronic administration
of rapamycin in vivo causes
morphological changes in

the pancreas. a H&E staining
shows the typical histological
organization of the pancreatic
acini (exocrine, blue line) and
islets of Langerhans (endo-
crine, red line) in the control
group. The exocrine pancreas
of the rapamycin-treated group
does not show any histological
alteration, while the Langerhans
islets’ capillaries are dilated (red
star) after 7 weeks of treatment;
and after 14 weeks are similar
to that of the control. b Mallory-
Azan trichrome staining shows
the longitudinal arrangement

of collagen fibers, forming

the control group’s pancreatic
septum (red arrow). The septum
fibers are distributed within the
exocrine and endocrine (red
arrowhead) pancreas in the
rapamycin-treated groups. ¢ Sta-
tistical analysis of the number
of islets with vascular dilation
from 3 independent experi-
ments. Data were analyzed

by two-way ANOVA with a
Tukey’s multiple comparisons
test and plotted as mean values
of at least three independent
replicas + SEM. A p-value

of *p <0.05 was considered
statistically significant. Islets
with vascular dilation p-value
ns > 0.05
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Fig. 6 Rapamycin alters the
alpha-cell distribution of the
islet of Langerhans. a IF was
used to identify the beta-cell
population with a specific anti-
insulin antibody. Both control
and rapamycin groups present
a normal distribution of cells.
b The alpha-cell population
was identified with a specific
anti-glucagon antibody. The
control group exhibits the
normal distribution of alpha-

Control Rapamycin
cells in the Langerhans islet

periphery, while this pattern

is disrupted in both rapamycin
groups, where alpha-cells are
arranged throughout the islet
(blue arrowheads). ¢ Statistical
analysis of the number of islets
with alpha-cell disorganization
from 3 independent experi-
ments at 7 weeks of treatment. d
Statistical analysis of glucagon
fluorescence intensity from 3
independent experiments at

7 weeks of treatment. Data .
Control Rapamycin

were analyzed by paired ¢ test

and plotted as mean values

of at least three independent
replicas + SEM. A p-value

of *p <0.05 was considered
statistically significant. Islets
with alpha-cell disorganiza-
tion *p <0.05, while glucagon
fluorescence intensity p-value
ns>0.05
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Fig. 7 Chronic administration
of rapamycin in vivo does not
cause morphological changes
in the spleen. a H&E stain-

ing where the white pulp

(red arrow), the red pulp (red
arrowhead), and lymph nodes
(red star) are observed, all with
a typical organization in the
control and rapamycin-treated
groups at the analyzed times. b
Mallory-Azan trichrome stain-
ing, where collagen fibers in
blue show a typical organization
and are particularly abundant
surrounding arteries (black
star). ¢ Statistical analysis of
the withe pulp density from 3
independent experiments. Data
were analyzed by two-way
ANOVA with a Tukey’s multi-
ple comparisons test and plotted
as mean values of at least three
independent replicas + SEM. A
p-value of *p <0.05 was con-
sidered statistically significant.
Withe pulp density p-value
ns>0.05

7 weeks

14 weeks

o
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14 weeks

o
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Fig.8 Chronic administra-
tion of rapamycin in vivo does

Q

CDh3 b

not alter the lymphocyte T
population but lymphocytes B
and macrophages. IHC detect-
ing (a) T lymphocyte with a
specific anti-CD3 antibody; (c)
helper T lymphocyte, using a
specific anti-CD4 antibody; (e)
cytotoxic T lymphocyte, with a
specific anti-CD8 antibody; (g)
B lymphocytes using a specific
anti-CD20 antibody; and (i)
macrophages with a specific
anti-CD68 antibody. b, d, f, h,
j Morphometric analysis from
3 independent experiments of
each immunodetection showed
a statistical difference in B
lymphocytes and macrophages
after 14 weeks of treatment with
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rapamycin. Data were analyzed
by two-way ANOVA with a
Tukey’s multiple comparisons
test and plotted as mean values
of at least three independent
replicas + SEM. A p-value

of *p <0.05 was considered
statistically significant. Lym-
phocyte T CD3 4+, lymphocyte
T CD4 +, and lymphocyte T
CDS8 + p-value ns > 0.05, while
Imphocyte B CD20 + and mac-
rophage CD68 + ****p <0.0001
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Therefore, we evaluated the effect of chronic exposure
(14 weeks) of a neuroprotective dose of rapamycin, which
is 35 times lower than that used as an immunosuppressive
agent. We confirmed that our dosing schedule does not affect
bodyweight or survival in an in vivo model.
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Since the underlying neuroprotective mechanism of rapa-
mycin is mediated by autophagy induction (Chong et al.
2012; Graziotto et al. 2012; Mendelsohn and Larrick 2011)
by blocking mTOR complex phosphorylation (Malagelada
et al. 2010; Sarkar et al. 2008), we showed that rapamycin
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does indeed induce an increase in the autophagy hall-
mark, LC3-II, and the mTOR complex phosphorylation is
decreased in the liver and pancreas, compared to the control
group.

Detoxification of harmful compounds occurs in the liver,
and most drugs are excreted through the kidneys. However,
the rapamycin sensitivity varies by cell line and tissue type.
For example, the liver was sensitive to the rapamycin effects,
which did not occur in the kidney (Sarbassov et al. 2006;
Schreiber et al. 2015). Despite the evident inhibition of
mTORCI1 by high rapamycin doses, no autophagy induction
was observed in the brain, heart, liver, and kidney (Barrio-
canal-Casado et al. 2019). We evaluated the liver and kidney
morphology, concluding that chronic rapamycin adminis-
tration does not affect liver or kidney histology. Also, the
rapamycin sensitivity to the mTOR complex is relevant for
research as it may be the key to balancing the drug’s benefits
and adverse side effects.

The mTOR complex also plays a role in developing the
pancreatic Langerhans islets, the beta-cell growth, and the
insulin processing and secretion (Bartolome and Guillén
2014; Blandino-Rosano et al. 2017; Elghazi et al. 2017; Li
et al. 2016; Sinagoga et al. 2017). Experimental rapamycin
treatment causes glucose intolerance in rodents and humans
(Houde et al. 2010; Teutonico et al. 2005; Cunningham et al.
2007). We observed that pancreatic histological architec-
ture and cell distribution are modified in response to chronic
rapamycin administration. Notably, it has been reported that
although long-life treatment may conduce to developing a
diabetes-like condition (Blagosklonny 2011), it is reversible
and does not lead to complications (Blagosklonny 2019).

Finally, we analyzed the spleen, a lymphatic organ,
because of rapamycin’s immunomodulatory properties.
We found that rapamycin neuroprotective dose affects the
spleen by decreasing the B lymphocytes and macrophages
population. Notably, the lymphocyte T population was not
affected. A study in mice where daily or intermittent rapa-
mycin treatment regimen consisted of treatment with 2 mg/
kg rapamycin 1 X/day or 1x/5 days for 8 weeks showed by
flow cytometry that daily rapamycin treatment impacted
CD3*CD4* T cell and CD3*CD8* T cell numbers more
than the intermittent rapamycin treatment regimen (Arri-
ola Apelo et al. 2016). The study above used twice the
rapamycin concentration we used in our study, and our
administration regimen was three times per week for 7 and
14 consecutive weeks, and we did not observe changes in
CD3*CD4* T cell and CD3*CD8* T cells in situ by IHC.
It is worth noticing that flow cytometry is a more sensitive
method for cell counting, while IHC locates cells directly
in tissue sections, and the morphometric analysis is semi-
quantitative. However, our data were consistent in both
rapamycin administration regimens. Although we observed
no impact of rapamycin on the lymphocyte T population,
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one of the limitations of our study is that we did not evalu-
ate the immune effector cell function. Immune effector cell
function was evaluated in mice daily treated with IP acute
rapamycin (75 pg/kg) scheme, 2 days before being sub-
jected to viral or intracellular bacterial infection and lasted
for 7 days post-infection, where functional CD8 T cell
and macrophage were depressed (Goldberg et al. 2014).
It was shown that rapamycin enhances memory CD8 T
cell differentiation at the cost of effector differentiation
by blocking glycolytic metabolism. In addition, primary
cultures of mice and human macrophages treated with
rapamycin during bacterial infection showed a decreased
lysosomal acidification, resulting in an impaired function
(Goldberg et al. 2014). Even though we did not test the
macrophage lysosomal acidification, we observed that the
macrophages and B lymphocytes, both antigen-present-
ing cells, decreased in rapamycin-treated mice. Also, it is
worth noticing that in our model, mice’s bodyweight and
survival were not compromised in response to rapamycin.
However, more studies are required to determine whether
the neuroprotective dose of rapamycin we used impacts
the immune effector cell function.

In summary, our findings support the rapamycin’s thera-
peutic potential as a neuroprotective agent as its chronic
administration does not affect bodyweight or survival, nei-
ther liver nor kidney morphology. Although the pancreas
histological architecture and Langerhans islets’ cellular
distribution are modified, they may be reversible. Also, the
spleen B lymphocyte and macrophage populations were
decreased, but lymphocyte T were not affected.
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