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A B S T R A C T   

Kaempferol is a natural antioxidant present in vegetables and fruits used in human nutrition. In previous work, 
we showed that intraperitoneal (i.p.) kaempferol administration strongly protects against striatum neuro-
degeneration induced by i.p. injections of 3-nitropropionic acid (NPA), an animal model of Huntington’s disease. 
Recently, we have shown that reactive A1 astrocytes generation is an early event in the neurodegeneration 
induced by NPA i.p. injections. In the present work, we have experimentally evaluated the hypothesis that 
kaempferol protects both against the activation of complement C3 protein and the generation of reactive A1 
astrocytes in rat brain striatum and hippocampus. To this end, we have administered NPA and kaempferol i.p. 
injections to adult Wistar rats following the protocol described in previous work. Kaempferol administration 
prevents proteolytic activation of complement C3 protein and generation of reactive A1 astrocytes NPA-induced 
in the striatum and hippocampus. Also, it blocked the NPA-induced increase of NF-κB expression and enhanced 
secretion of cytokines IL-1α, TNFα, and C1q, which have been linked to the generation of reactive A1 astrocytes. 
In addition, kaempferol administration prevented the enhanced production of amyloid β peptides in the striatum 
and hippocampus, a novel finding in NPA-induced brain degeneration found in this work.   

1. Introduction 

Kaempferol is a natural antioxidant of the flavonoids group of fla-
vonols that is present in many vegetables and fruits widely used in 
human nutrition. In previous work, we reported that intraperitoneal (i. 
p.) kaempferol administration strongly protects against brain neuro-
degeneration of the striatum induced by i.p. injections of 3-nitropro-
pionic acid (NPA) [Lagoa et al., 2009]. Also, we have shown that 
intravenous administration of kaempferol affords a large attenuation of 
brain damage induced by ischemia-reperfusion in a rat model of tran-
sient focal ischemia caused by occlusion of the middle cerebral artery 
[Lopez-Sanchez et al., 2007]. Due to kaempferol’s low toxicity in 
humans, we suggested that this compound bears a significant potential 

therapeutic use as a protective agent against brain damage induced by 
some insults and/or some neurodegenerative diseases. Indeed, thera-
peutic applications of kaempferol have been reviewed recently, with 
particular emphasis on its anti-inflammatory effects [Ren et al., 2019; 
Silva Dos Santos et al., 2021]. 

The compound NPA is a neurotoxin produced by some fungi and 
plants that can cause severe intoxication of cattle and humans [Ludolph 
et al., 1991; He et al., 1995]. The systemic administration of NPA to 
rodents and non-human primates produces neurological dysfunctions 
that closely mimic some neurological alterations found in human Hun-
tington’s disease (HD) [Brouillet et al., 1999, 2005]. Thus, systemic 
administration of NPA to rodents has been used as an animal model to 
study the molecular and cellular mechanisms underlying the brain 
neurodegeneration observed in this disease. Striatum degeneration is a 
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major common feature found in NPA-treated rats and HD [Brouillet 
et al., 2005]. Subsequently, it has been shown that systemic adminis-
tration of NPA also elicits metabolic alterations in cortical areas adjacent 
to the striatum, as well as in the hippocampus and the cerebellum [Tsang 
et al., 2009; Menze et al., 2015]. This correlates with cognitive 
dysfunction, visuospatial deficits, memory loss, and difficulty in 
learning new skills, reported in pre-motor stages of HD [Ho et al., 2003; 
Phillips et al., 2008]. 

Neuroinflammation is a common cause of tissue stress in brain 
neurodegeneration that contributes to spreading an initially focalized 
neuronal insult widely, and it has been shown that NPA administration 
induces the activation of neuroinflammatory microglia [Ryu et al., 
2003; Chakraborty et al., 2014; Jin et al., 2018], an activation which has 
also been reported in the striatum and vicinal cortical areas in HD pa-
tients [Niccolini and Politis, 2014]. Activated microglia secretes 
pro-inflammatory cytokines and enhances reactive oxygen species 
(ROS) and nitric oxide production in the brain [Liu et al., 2002], and 
oxidative stress caused by ROS overproduction has been shown to 
mediate NPA-induced brain neurodegeneration [Nasr et al., 2003; 
Rosenstock et al., 2004; Brouillet et al., 2005; Lagoa et al., 2009]. 
Furthermore, intracellular oxidative stress elicited by mitochondrial 
dysfunction is known to activate the nuclear factor kappa B (NF-κB) 
signaling pathway [Gutierrez-Merino et al., 2011], and NF-κB activation 
leads to enhanced secretion of the pro-inflammatory cytokines that 
mediate NPA-induced brain degeneration [Ryu et al., 2003; Chakraborty 
et al., 2014; Jin et al., 2018]. Indeed, i.p. administration of NPA-induced 
degeneration of the striatum in adult Wistar rats produces a high decline 
of reduced glutathione, as well as a noticeable elevation of protein 
nitrotyrosines [Lagoa et al., 2009]. Also, an excess of ROS and nitric 
oxide causes both reversible and irreversible damage to the mitochon-
drial respiratory chain function [Stewart et al., 2002], and this further 
potentiates NPA neurotoxicity, since NPA impairs the mitochondrial 
respiratory chain directly, acting as an irreversible inhibitor of succinate 
dehydrogenase [Brouillet et al., 2005]. In addition, the inhibition of 
creatine kinase activity accelerates the neuronal energetic crisis in this 
nitroxidative scenario leading to a sustained ATP depletion that induces 
rapid cell death [Lagoa et al., 2009]. Since many flavonoids are 
well-known inhibitors of proinflammatory cytokines, inducible nitric 
oxide synthase (iNOS), as well as cyclooxygenase-2 (COX-2) gene 
expression in the brain through inhibition of NF-κB activation, as 
reviewed in Gutierrez-Merino et al. (2011), it could be expected that 
flavonoids provide protection against brain neurodegeneration induced 
by systemic NPA-administration. Interestingly, when we administered i. 
p. kaempferol, it effectively protects against striatum degeneration and 
motor neurological dysfunctions induced by NPA administration, by 
preventing the decrease of reduced glutathione, the increase of protein 

nitrotyrosines, and the inhibition of creatine kinase activity [Lagoa 
et al., 2009]. We also reported that intravenous administration of 
kaempferol elicits a large inhibition of protein nitrotyrosines production 
in brain lesion areas during the insult of transient focal cerebral ischemia 
[Lopez-Sanchez et al., 2007]. In agreement, Ginkgo biloba extract 
EGb761, in which kaempferol is one of the most abundant flavonoids, 
presents neuroprotective properties in brain ischemia models [Saleem 
et al., 2008]. Although brain inflammation is found in many neurode-
generative diseases, the anti-inflammatory effects of flavonoids have 
been reported in many mammalian cell types and are not tissue-specific, 
reviewed in Maleki et al. (2009). 

In the last few years, it has been shown that some neuroinflammatory 
cytokines secreted by activated microglia in the brain can induce the 
generation of reactive A1 astrocytes that are highly neurotoxic [Zhang 
et al., 2014; Bennett et al., 2016; Liddelow et al., 2017]. Liddelow et al. 
(2017) demonstrated that three cytokines secreted by activated micro-
glia, interleukin-1α (IL-1α), tumor necrosis factor α (TNFα), and com-
plement component 1q (C1q), acting together are necessary and 
sufficient to induce the generation of the highly neurotoxic reactive A1 
astrocytes. This bears a special relevance for brain degeneration because 
astrocytes are the most abundant brain cells and are necessary for 
neuronal survival and functioning, and for the maintenance of the 
blood-brain barrier integrity [Hawkins and Davis 2005]. Indeed, astro-
cytes are increasingly viewed as critical contributors to neurological 
disorders [Escartin et al. 2021] and can secrete pro-inflammatory me-
diators that induce neuroinflammation and result in disruption in tight 
junctions, finally leading to blood-brain barrier integrity breakdown and 
brain edema formation [Farina et al. 2007; Lee and MacLean 2015]. 
Neurotoxic reactive A1 astrocytes are abundant in post-mortem tissue of 
HD patients and, also, of Alzheimer’s disease [Liddelow et al., 2017]. 
Astrocytes dysfunctions or gliosis have been reported in the striatum of 
rats treated with systemic administration of NPA [Fu, 1995; Nishino 
et al., 1997; Lagoa et al., 2009; Jin et al., 2018; Lopez-Sanchez et al., 
2020]. Recently, we have shown that the induction of reactive A1 as-
trocytes in the striatum, hippocampus, and cerebellum of rat brains by 
NPA i.p. precedes the brain damage leading to motor neurological 
dysfunctions in the NPA-induced neurodegeneration [Lopez-Sanchez 
et al., 2020]. Furthermore, it has been recently shown that reactive as-
trocytes induced by 2-chloroethanol poisoning can stimulate microglia 
polarization [Wang et al., 2021]. Thus, reactive astrocytes induced by 
chemical insults can also further potentiate the activation of microglia 
leading to a feed-forward cycle harmful to specific brain structures. 
However, the possibility that kaempferol administration could prevent 
the generation of reactive A1 astrocytes in NPA-induced brain neuro-
degeneration has not been experimentally assessed in previous works. In 
addition, reactive astrocytes can produce neurotoxic amyloid β peptides 

Abbreviations 

Aβ Amyloid β peptide; 
APP Amyloid β Precursor Protein 
ATP Adenosine triphosphate 
BSA Bovine Serum Albumin 
b.w. bodyweight 
C1q Complement protein component 1q 
C3 Complement protein component 3 
COX-2 Cyclooxygenase-2 
GFAP Glial Fibrillary Acidic Protein 
HD Huntington’s Disease 
i.p. Intraperitoneal 
IL-1α Interleukin 1 alpha 
iNOS inducible Nitric Oxide Synthase 
NBT/BCIP Nitroblue Tetrazolium/5-Bromo-4-Chloro-3-Indolyl 

Phosphate 
NF-κB Nuclear Factor kappa B 
NOS Nitric Oxide Synthase 
NPA 3-Nitropropionic Acid 
PBS Phosphate-Buffered Saline; 
PVDF Polyvinylidene Difluoride; 
ROS Reactive Oxygen Species 
SDS Sodium Dodecyl Sulfate 
SDS-PAGE Sodium Dodecyl Sulfate-Polyacrylamide Gel 

Electrophoresis 
SEM standard error of the mean 
TNFα Tumor Necrosis Factor-alpha 
TBS Tris-buffered Saline; 
TBST TBS supplemented with 0.05% Triton X-100 
TTC 2,3,5-Triphenyltetrazolium Chloride.  
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[Nadler et al., 2008; Zhao et al., 2011; Frost and Li, 2017], and this 
possibility deserved to be studied in NPA-induced brain neuro-
degeneration because it has been shown recently that this neurode-
generative process is also a tauopathy [Lahiani-Cohen et al., 2020]. 

Complement C3 protein gene expression is highly upregulated in 
reactive A1 astrocytes [Liddelow et al., 2017]. Thus, C3 protein 
expression has been used as a specific marker of reactive A1 astrocytes 
generation, as reported in post-mortem tissue of HD patients, in which 
abundant reactive A1 astrocytes have been identified [Liddelow et al., 
2017]. Nevertheless, it has to be recalled that complement C3 protein is 
initially produced in an inactive form that, to be activated, requires 
partial proteolysis [Huber-Lang et al., 2018]. In addition to the classi-
cal/lectin and alternative pathway C3 proteases that produce the larger 
C3α fragments (C4bC2a and C3bBb, respectively), other proteases have 
been shown to act as auxiliary proteases producing further cleavage of 
C3 [Huber-Lang et al., 2018]. Several of these proteases are activated 
and/or released into the extracellular medium during brain neurode-
generative processes, such as extracellular metalloproteases [Rosenberg, 
2009] and cathepsins [Nakanishi, 2020]. To the best of our knowledge, 
the possibility that flavonoids can be potent inhibitors of the pathways 
(classical or alternative) of C3 activation has been overlooked to date, 
although some medicinal plants have been shown to contain active in-
gredients such as flavonoids, among others, which are inhibitors of the 
complement system activation [Kulkarni et al., 2005]. 

On these grounds, we hypothesized that kaempferol may protect 
against both the activation of complement C3 protein and the generation 
of reactive A1 astrocytes in the brain regions, striatum, hippocampus, 
that become dysfunctional and degenerate upon systemic administra-
tion of NPA. To experimentally evaluate this hypothesis, we have used 
adult Wistar rats treated with i.p. injections to administer NPA and 
kaempferol as an animal model, following the protocol of acute NPA 
injections and co-administration of a protective kaempferol dose that we 
established in our previous work [Lagoa et al., 2009]. 

2. Materials and Methods 

2.1. Chemicals 

Kaempferol and NPA were supplied by Sigma-Aldrich Spain (Sigma- 
Aldrich, St. Louis, MO, USA). Glycerol and paraformaldehyde were 
purchased from Panreac (Barcelona, Spain). Ketamine was from Pfizer 
(Madrid, Spain). Diazepam and atropine were obtained from B. Braun 
(Rubí-Barcelona, Spain). All other products were obtained from Sigma- 
Aldrich or Merck (Darmstadt, Germany) unless specified otherwise. 

2.2. Animals and treatments 

We followed protocols previously established in our laboratory for 
the systemic administration of NPA and kaempferol, [Lagoa et al., 2009; 
Lopez-Sanchez et al., 2020]. Due to this, these protocols are briefly 
summarized below. 

Male Wistar rats, 9–10 weeks old, weighing 290–340 g, were housed 
in a 12 h light/dark cycle and allowed free access to food and water 
during the experiment. The experimental procedures followed the ani-
mal care guidelines of the European Union Council Directive 86/609/ 
EEC. The protocols were approved by the Ethics Committee for Animal 
Research of the local government. 

The rats were divided into three experimental groups: KNPA, NPA, 
and Control. The KNPA-group (n = 6) received the first injection of 
kaempferol solution, at a dose of 21 mg/kg, 48 h before initiation of NPA 
treatment. From day 0–5 of treatment, a dose of 25 mg of NPA/kg body 
weight (b.w.) was administered i.p. every 12 h. Daily, 30 min before the 
morning NPA injection, another 21 mg/kg dose of kaempferol was 
injected into the rats. Rats from NPA-group (n = 6) were treated with 25 
mg NPA/kg b.w. every 12 h during 5 days and, instead of kaempferol, 
received 1-mL injections with 2.4% v/v DMSO in saline 48 h before 

NPA-treatment and every day 30 min before the morning NPA injection. 
Control-group (n = 6) received 1 mL 2.4% v/v DMSO in saline 
(kaempferol vehicle) and 0.4 mL saline solution (NPA vehicle), with the 
same time schedule of treatment groups. Systemic administration of 
NPA at a dose of 25 mg/kg b.w. every 12h caused marked behavioral 
alterations in the rats, as reported in a previous work [Lagoa et al., 
2009]. 

To avoid a further loss of animals on the fifth day of treatment, the 
rats in this group with severe pathological symptoms (motor deficit ≥6 
or weight loss ≥15%) were sacrificed at the end of day 4. The rats from 
the KNPA-group, as well as Control-group, were all treated until day 5 
and sacrificed at this time. 

At the end of the treatments, the animals were anesthetized with 
ketamine (50 μg/g), diazepam (2.5 μg/g), and atropine (0.05 μg/g). The 
brains were immediately removed from the skull and washed in cold 
phosphate-buffered saline (PBS) pH 7.4, and then cut with a tissue slicer. 
Brain slices without signs of microvessel hemorrhage adjacent to those 
used for 2,3,5-triphenyl tetrazolium chloride (TTC) staining have been 
used for all the immunohistochemistry and Western blots shown in this 
work. 

2.3. Motor impairment tests 

All the experimental animals were evaluated for motor impairment 
throughout the experiment. This task was performed as in previous work 
in this laboratory [Lagoa et al., 2009]. The animals were observed twice 
a day, just before the i.p. injections of NPA, and rated for the presence 
and severity of a variety of motor deficits using the quantitative scale 
described in Ouary et al. (2000). This scale measures gait abnormalities 
(wobbling gait and paddling), hind limbs dystonia (intermittent or 
permanent dystonia of one or two hindlimbs), grasping ability with their 
forepaws to the cage grid for a few seconds, loss of ability to keep 
equilibrium in a wood platform of 5 × 10 cm and 15 cm height 
(imbalance test), limb paralysis and recumbency. The maximum score 
was attributed to a severely affected rat displaying near-death re-
cumbency, unable to grasp the cage grid, and with almost complete hind 
limb paralysis. 

2.4. Brain damage monitored with TTC staining 

Staining with TTC was performed as described in previous works in 
our laboratory [Sun et al., 2005; Lopez-Sanchez et al., 2007; Lagoa et al., 
2009]. 

Coronal 1.5 mm-thick slices of striatum and hippocampus were taken 
from each of the three experimental groups (KNPA, NPA, and Control), 
immersed in a 2% solution of TTC in PBS for 15 min at 37ᵒC, and 
observed under a Leica MZ APO stereomicroscope. 

2.5. Brain samples homogenization and Western blotting of C3 and NFκB 
activation and β-amyloid production 

Dissected brain sections of the striatum and hippocampus were 
immediately frozen in liquid nitrogen. Thereafter, samples were kept at 
− 80ᵒC until use. Samples homogenization and Western blotting were 
performed as described in detail in a recent publication [Lopez-Sanchez 
et al., 2020]. Briefly, weighed brain sections were homogenized at 0.14 
g per mL in the following ice-cold buffer: 25 mM tris–(hydroxymethyl) 
aminomethane hydrochloride (Tris-HCl) at pH 7.4, 150 mM NaCl, 5 mM 
ethylenediaminetetraacetic acid, 50 mM NaF, 5 mM NaVO3 and 4-(1,1, 
3,3-Tetramethylbutyl)phenyl-polyethylene glycol (Triton X-100) 
0.25%, supplemented with the protease inhibitor cocktail SIGMAFAST 
S8820 (Sigma-Aldrich). After homogenization with a glass homogeniz-
er, 1–1.5 mL aliquots of samples were transferred to an Eppendorf-type 
plastic vial and sonicated with 30–40 pulses of 100 w of 1 s each using a 
titanium-tip sonicator in an ice-cold recipient. Afterward, the samples 
were centrifuged at 2000×g for 5 min at 4ᵒC to remove tissue debris and 
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nuclei, supernatants were collected and their protein concentration was 
determined with Bradford’s method using bovine serum albumin (BSA) 
as the protein standard. Supernatants were later supplemented with 
40% glycerol and conserved at − 80ᵒC until used for Western blotting. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) have been performed in a BIO-RAD mini-Protean Tetra cell 
following a standard protocol with 7.5% acrylamide. Samples were 
loaded with around 20 μg protein per lane after heat-denaturation of 
homogenate samples in 95 mM Tris-HCl buffer (pH 6.8), 3% sodium 
dodecyl sulfate (SDS), 1.5% v/v β-mercaptoethanol, 13% glycerol, and 
0.005% bromophenol blue. After SDS-PAGE, the gel was transferred to a 
polyvinylidene difluoride (PVDF) membrane of 0.2 μm average pore size 
in standard transfer medium (Trans-BloT TransferMedium, BioRad). 
Later, PVDF membranes were blocked with 3% BSA, washed 6 times 
with Tris-buffered saline (TBS) supplemented with 0.05% Triton X-100 
(TBST), incubated with the primary antibody against the protein target 
for 1h at room temperature with shaking. The membranes were washed 
6 times with TBST and incubated with the appropriate secondary anti-
body conjugated with horseradish peroxidase for 1h at room tempera-
ture with shaking, washed 6 times with TBST, and treated with Clarity 
TM Western ECL Substrate, BIO-RAD. Western blots were revealed with 
Bio-Rad ChemiDocTM XRS+. Primary antibodies used in this work: anti- 
C3 antibody (Abcam ab200999 –rabbit monoclonal, dilution 1:2,000), 
anti-NF-κB-p65 polyclonal antibody (Proteintech 10745-1-AP produced 
in rabbit, dilution 1:1,000), and anti-β-amyloid antibody (Sigma-Aldrich 
A8354 -mouse monoclonal, at 2 μg/mL). After the acquisition of the 
PVDF membranes images stained with the primary and corresponding 
secondary antibodies, membranes were washed with deionized water, 
stripped, blocked with 3% BSA, and treated to quantify β-actin to 
monitor protein load as indicated above. To this end, we have used 
mouse monoclonal anti-β-actin antibody (Sigma-Aldrich A1978, dilu-
tion 1:5,000) or polyclonal anti-β-actin antibody produced in rabbit 
(Sigma-Aldrich A5060, dilution 1:500) as primary antibody, and anti- 
mouse or anti-rabbit IgG-Horseradish peroxidase (Sigma-Aldrich 
A0944 and A0545, respectively, dilution of 1:5,000–1:10,000). Of note, 
we confirmed that after stripping the signal of the staining with the 
primary antibodies against target proteins C3, NF-κB, and β-amyloid 
were largely removed and contributed less than 5% to the intensity of 
the β-actin band. 

All the results were confirmed with Western blots of n = 6 different 
samples of each experimental condition. Statistical analysis: results of 
Western blots are expressed as means ± standard error of the mean 
(SEM). Statistical analysis was carried out by Mann–Whitney non- 
parametric test. A significant difference was accepted at the p < 0.05 
level. 

2.6. Glial fibrillary acidic protein (GFAP), IL-1α, C1q and component 
C3, TNFα, nuclear factor κB (NF-κB) and neurogranin 
immunohistochemistry 

Dissected brain coronal sections of striatum and hippocampus were 
embedded in paraffin wax and cut 7 μm thick. 

To identify and localize different cells populations we carried out the 
following immunohistochemistry procedures. 

2.6.1. Glial fibrillary acidic protein (GFAP), IL-1α, and C1q 
After blocking with 1% BSA for 30 min and incubation with 5% 

normal goat serum in 1% BSA and 0.1% Triton X-100 for 2h, tissue 
sections were incubated with primary antibodies: dilution 1:400 for 
mouse anti-GFAP antibody (Sigma: G3893), and dilution 1:50 for both 
mouse anti-IL-1α antibody (Santa Cruz Biotechnology: sc-9983) and 
mouse anti-C1q-C antibody (Santa Cruz Biotechnology: sc-365301). 
Then, a secondary antibody (dilution 1:200) was added, a goat anti- 
mouse immunoglobulin G conjugated with alkaline phosphatase (IgG- 
AP), Santa Cruz Biotechnology: sc-3698. Finally, it was revealed with 
nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/ 

BCIP) supplied by Roche (catalog nº 1681451). 

2.6.2. Complement component 3 (C3), TNFα, NF-κB, and neurogranin 
Tissue sections were blocked with endogenous avidin/biotin block-

ing kit (Abcam ab 64212) and incubated with primary antibodies: 
dilution 1:2000 for rabbit anti-C3 antibody (Abcam ab225539, a PBS- 
buffered version of ab200999, containing no BSA or sodium azide), 
dilution 1:100 for rabbit anti-TNFα antibody (Abcam ab6671), dilution 
1:50 for rabbit anti-NF-κB-p65 (Proteintech 10745-1-AP) and dilution 
1:500 for rabbit anti-neurogranin (Chemicon AB5620). Sections were 
incubated with avidin-biotinylated horseradish peroxidase complex 
(Vectastain ABC Kit). Chromogen development was performed with 
peroxidase substrate solution (Vector VIP substrate, SK-4600). 

2.6.3. Double immunohistochemistry (GFAP + C3; GFAP + NF-κB) 
For double immunohistochemistry, primary antibody mouse anti- 

GFAP was applied together with rabbit anti-C3 or rabbit anti-NF-κB- 
p65. Secondary antibodies, goat anti-mouse conjugated with alkaline 
phosphatase and biotinylated goat anti-rabbit Vectastain ABC Kit, were 
applied together. The chromogen development was performed sequen-
tially as follows: first, anti-GFAP and secondary antibody conjugated 
with alkaline phosphatase (blue) and, thereafter, the red color was 
developed with anti-C3 or anti-NF-κB-p65 and a biotinylated secondary 
antibody conjugated with peroxidase. 

2.7. Cell death monitored with terminal deoxynucleotidyl transferase- 
mediated deoxyuridine triphosphate nick-end labeling (TUNEL) staining 

This staining has been performed as in previous work in our labo-
ratory [Sun et al., 2005]. Coronal sections were treated with an in situ 
cell death detection kit, POD (Roche catalog nº 11684817910). 
Apoptotic cells were identified using a Vector VIP substrate kit (perox-
idase detection; Vector Laboratories). 

2.8. Image analysis 

Quantitative analysis of microscopy images was performed using the 
Image J® software. 

3. Results 

3.1. Kaempferol reduces NPA-induced brain degeneration and attenuates 
NPA-induced neurological deficits 

Our results confirmed severe damage in the striatum of rats treated 
with NPA (NPA-group). Supplementary Fig. 1 shows the lesioned un-
stained white areas after TTC staining in the regions analyzed in this 
work. The images shown are representative of those obtained with 
Control-, NPA- and KNPA-groups. The extent of lesion areas was quan-
tified using Image J® software. The lesion area monitored by TTC 
staining ranged between 65 and 80% of the striatum in rats of the NPA- 
group, in good agreement with the results of our previous work [Lagoa 
et al., 2009]. Tissue damage was not detectable by TTC staining used on 
rats treated with kaempferol at 21 mg/kg b.w. (KNPA-group). In the 
hippocampus is observed a weaker TTC staining in NPA-group relative 
to Control and KNPA-group. 

The protection effect of kaempferol against NPA-induced damage in 
the striatum, the brain region most affected by NPA [Brouillet et al., 
2005; Lagoa et al., 2009], was further assessed using neurogranin 
staining, a neuronal marker [Represa et al., 1990], and TUNEL assay, an 
apoptotic marker [Cheng et al., 2002]). Immunolabeling with neuro-
granin of coronal striatum sections revealed tissue degeneration, see the 
lighter stained areas in rats from NPA-group (Supplementary Fig. 2A), 
with a similar regionalization to the one observed with TTC staining 
(Supplementary Fig. 1), revealing a very significant loss of staining with 
respect to the area surrounding the lesion core. The higher 
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magnification images of the lesion core and surrounding areas shown in 
Supplementary Fig. 2A also reveal a large loss of cells and disruption of 
the compact tissue structure in the lesion core of rats of the NPA-group. 
In addition, the observed extensive TUNEL labeling in the lesion core of 
the striatum is indicative of widespread cell death, with remarkably 
lower TUNEL labeling in the area surrounding the core (Supplementary 
Fig. 2B). A high magnification detail showing one labeled neuron is 
included in the green square of the NPA-group image of the lesion core 
to highlight nuclear labeling. Sections of brains from Control- and 
KNPA-groups do not show significant TUNEL labeling. 

All experimental animals were evaluated for motor impairment 
throughout the experiment as described in the Materials and Methods. 
Systemic administration of NPA at a dose of 25 mg/kg b.w. every 12h 
caused marked behavioral alterations in the rats, in agreement with 
previous reports [Ouary et al., 2000; Lagoa et al., 2009; Ren et al., 
2019]. After the first and second NPA injections, the animals showed 
reduced reactive activity during handlings relative to control animals, 
although maintaining a normal posture and gait. Through days 2 and 3, 
the animals showed dystonic movements of hind limbs and wobbling 
gait and paddling. On the 4th day, the animals lost grasping ability and 
balance capacity. By days 4–5, the rats became recumbent, with pro-
gressive limbs paralysis and a dying appearance. Our results show that 
the administration of kaempferol drastically reduced the neurological 
disorders induced by NPA. 

3.2. Kaempferol prevents the increase of complement C3 protein 
expression and activation, a reactive A1 astrocyte marker in NPA-induced 
brain damage 

Brain samples were excised from 1.5 mm thick brain slices neigh-
boring TTC-stained slices (Supplementary Fig. S1) and homogenized as 
indicated in the Materials and Methods. 

Western blots revealed that C3α levels in the striatum and hippo-
campus strongly increased in rats of the NPA-group relative to the 
Control-group, namely 4,44 ± 0.4 and 5,9 ± 0.5 -fold, respectively 
(Fig. 1 and Supplementary Fig. S3). In addition, these results also 
revealed enhanced proteolytic processing of C3α in rats of the NPA- 
group leading to lower molecular weight fragments, i.e. C3 protein 
activation. Of note, in the striatum and hippocampus, this increase is 
much higher if the increase is calculated from the sum of the C3α and all 
C3α fragments detected by the anti-C3 antibody used in this work for 
Western blotting (Abcam, ab200999). Thus, these results suggested an 
enhanced generation of reactive A1 astrocytes in the striatum and hip-
pocampus, the brain areas that have been shown in many studies to be 
more prone to NPA-induced degeneration. Indeed, no significant in-
crease of C3α and all C3α fragments can be seen in the brain stem of rats 
of the NPA-group relative to rats of the Control-group (data not shown). 

In addition, the results shown in Fig. 1 demonstrated that the in-
crease of the C3α was statistically non-significant (p > 0.05) in the 
striatum and hippocampus of rats treated with kaempferol and NPA 
(KNPA group). The same result was obtained if the calculations are 
performed from the sum of C3α plus all the C3α fragments, instead of 
only the C3α expression level. 

3.3. Immunohistochemical analysis of the regionalization and location of 
complement C3 protein and major proteolytic fragments show that 
kaempferol also protects against reactive A1 astrocytes induction in Wistar 
rat’s brain by acute i.p. NPA treatment 

Through immunohistochemical analysis, we have studied the loca-
tion and regionalization of complement C3 protein in brain coronal 
sections. Since the manufacturer indicates that the anti-C3α antibody 
used in this work can also bind to blood plasma components, this point 
was experimentally assessed using excised rat brain slices of the NPA- 
group [Supplementary Fig. S4]. Despite that in all this work we have 
taken special care to use immunohistochemistry brain slices not showing 

signs of a significant micro-hemorrhage in the observation area, small 
thin lines observed in some of the images are likely fingerprints of 
capillaries. 

As activation of C3 protein has earlier been identified as a reactive 
A1 astrocyte marker [Liddelow et al., 2017; Lopez-Sanchez et al., 2020], 
we identified both C3 protein and GFAP using double immunochemistry 
in NPA-group (Fig. 2A and B). Immunostaining with anti-C3α and 
anti-GFAP is revealed by red and blue colors, respectively. The locali-
zation and distribution of pixels stained in blue and red in the low 
magnification images of Fig. 2A and B can be better seen in Supple-
mentary Fig. S5, which shows the overlay of blue and red channel im-
ages obtained using Image J software as indicated in the Materials and 
Methods section. Our results show high C3 immunostaining in the lesion 
core, overlapping with the necrotic area, labeling cellular somas. 
However, ameboid-shape reactive A1 astrocytes are hardly seen in this 
largely degraded lesion core, a result that is consistent with the large 
drop of astrogliosis in this area indicated by the results of GFAP im-
munostaining. On the other hand, we observed high C3 immunolabeling 
in the area surrounding the core but, in this area, double 

Fig. 1. Kaempferol i.p. administration protects against the increase of C3α and 
C3α proteolytic fragments induced by i.p. administration of NPA in the striatum 
and hippocampus with respect to rats of the Control-group. (A) Representative 
Western blot of C3 protein and β-actin of striatum and hippocampus homoge-
nates of rats of Control-group (CT), NPA-group (NPA), and KNPA-group 
(KNPA). After the acquisition of images of the Western blot with anti-C3 anti-
body, the PVDF membrane was stripped and processed for the Western blot of 
anti-β-actin, as indicated in the Materials and Methods. The β-actin band has 
been cropped from Supplementary Fig. S3 included at the end of this manu-
script. The molecular weights of the protein markers (MWM) are indicated on 
the right-hand side. (B) A plot of the ratio of (C3α/β-actin) in striatum and 
hippocampus homogenates of rats of CT-, NPA- and KNPA-groups. The bars are 
the means ± SEM of the results obtained with samples of each group of rats (n 
= 6). (*) p < 0.05 relative to control rats. 
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immunohistochemistry revealed co-location of C3 and GFAP in the 
ameboid-shape reactive A1 astrocytes (Fig. 2A). Similarly, our results 
show co-location of C3 and GFAP in the ameboid-shape reactive A1 
astrocytes located in the hippocampus (Fig. 2B), intensively observed in 
CA1 and CA3 areas and the vicinal dentate gyrus. 

Histograms of the average counts of pixels with high intensity of the 
images of C3α staining obtained from different rats of each group are 
shown in Fig. 2C. The quantification of high-intensity pixels points out 
that the average increase is 1.85- and 2.2-fold in the lesion core and the 
surrounding area of the striatum, respectively, and 1.45-fold in the 
hippocampus. 

This increase of distribution and regionalization of complement C3 
protein expression, as well as the presence of reactive A1 astrocytes, 
detected in the NPA-group, is fully prevented in rats treated with 
kaempferol and NPA (KNPA-group) in the regions analyzed, which 
shows an immunostaining pattern very similar to the Control-group of 
rats (Fig. 2A and B). 

3.4. Kaempferol prevents the increase of pro-inflammatory cytokines IL- 
1α, TNFα, and complement C1q in the striatum and hippocampus of NPA- 
treated rats 

As shown in a recent publication of our laboratory [Lopez-Sanchez 
et al., 2020], the treatment with NPA also induces increased levels of the 
proinflammatory cytokines IL-1α and TNFα, and C1q in the brain regions 
of Wistar rats that generate reactive A1 astrocytes. It has been shown by 
other investigators that these cytokines are secreted by activated 
microglia and induce neurotoxic A1 astrocytes [Zhang et al., 2014; 
Bennett et al., 2016; Liddelow et al., 2017]. A careful selection of brain 
slices with low capillarity is also of relevance here, since Supplementary 
Fig. S4 shows the unspecific staining of the blood plasma with 
anti-complement C3, anti-IL-1α, and anti-C1q antibodies (yellow ar-
rows), in good agreement with the indications of the manufacturers. 

Immunostaining with specific antibodies reveals the increase of IL- 
1α, TNFα, and C1q in striatum brain slices of rats of the NPA-group 
relative to the Control-group (Fig. 3A). More than a two-fold increase 
can be calculated for the cytokines IL-1α and TNFα, and complement 
C1q from cell counting of selected higher magnification images. 

Fig. 2. Double immunohistochemistry with anti-C3 (in red) and anti-GFAP (in blue) antibodies in the striatum (A) and hippocampus (B) in the brain coronal sections 
prepared from Control-, NPA- and KNPA-groups. In NPA-group, note C3 immunostaining in the cellular somas of the lesion core (lc) in the striatum (A). In contrast, in 
the area surrounding the core (sc) in the striatum (A), ameboid-shape reactive A1 astrocytes (red arrowheads) show a co-location of C3 and GFAP, also observed (red 
arrowheads) in CA1 as well as CA3 (Ammon’s horn) fields in the hippocampus (B). Co-location of complement C3 and GFAP is not observed in Control- and KNPA- 
groups. As a significant characteristic of anti-C3 antibody, small blood vessels are marked in the three groups (yellow arrows). Abbreviations used in this Figure: AL, 
alveus; cc, corpus callosum; CTX, Cerebral cortex; DG, dentate gyrus; lu, stratum lucidum; o, stratum oriens; p, pyramidal layer; ra, stratum radiatum; slm, stratum 
lacunosum-moleculare. Green arrows: astrocytes. Red scale bars: 200 μm. Green scale bars: 10 μm. (C) Histograms of the intensity of positive pixels of the images of 
C3 staining were obtained with Image J® software for n = 3 different rats of each group. Positive pixels mean pixels with an intensity higher than 80% of the 
saturation value and the average intensity shown is the normalized value (100% for controls). Rat brain sections treated with kaempferol (KNPA-group) show a low 
immunoreactivity, similar to the Control-group. (*) p < 0.05 with respect to Control-group. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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Fig. 3. Kaempferol prevents an increase in proinflammatory cytokines IL-1α, TNFα, and complement C1q in the striatum (A) and the hippocampus (B) of NPA-treated rats. (A) Representative coronal sections of the 
striatum (A) and hippocampus (B) after immunohistochemistry with anti-IL-1α, anti-TNFα, and anti-C1q antibodies corresponding to Control-, NPA- and KNPA-groups. In the NPA-group the cellular somas are stained in 
the area surrounding the core (sc) in the striatum (A), and in CA1 and CA3 (Ammon’s horn) fields in the hippocampus (B). Brain sections of rats treated with kaempferol (KNPA-group) show a low immunoreactivity, 
similar to the Control-group. No staining in the cellular soma is observed in Control- and KNPA-groups. As a significant characteristic of anti-IL-1α and anti-C1q antibodies, small blood vessels are marked in the three 
groups (yellow arrows). Abbreviations used in this Figure: AL, alveus; cc, corpus callosum; lc, lesion core area; lu, stratum lucidum; o, stratum oriens; p, pyramidal layer; ra, stratum radiatum. Yellow scale bars: 100 μm. 
Purple scale bars: 50 μm. Green scale bars: 10 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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The frames with higher magnification in Fig. 3A point out the strong 
staining of cell bodies by these cytokines and the small apparent particle 
size of the cells heavily stained with TNFα is consistent with the known 
nuclear translocation of this cytokine. In addition, the striatum brain 
slices prepared from the KNPA-group display a pattern of immuno-
staining with the cytokines and complement C1q that is not significantly 
different from Control-group for C1q and TNFα, and at most 20% higher 
for IL-1α (Fig. 3A). 

The results obtained with hippocampus slices also show that NPA 
treatment increases the expression of these cytokines and complement 
protein C1q in this brain area and that this is fully prevented by co- 
administration of kaempferol at the doses that prevent C3α activation 
(Fig. 3B). Immunostaining of hippocampus slices with anti-IL-1α, anti- 
TNFα, and anti-C1q point out that NPA treatment induced a large in-
crease of these cytokines in the Ammon’s horn CA1 and CA3 regions, 
heavily staining the soma of pyramidal neurons. Note that this is not 
seen in the hippocampus slices prepared from the KNPA-group, whose 
immunostaining pattern is not significantly different from those of rats 
of the control group. 

3.5. Kaempferol prevents the NPA-induced increase of NF-κB expression 
in the striatum and hippocampus 

Next, we have experimentally assessed whether kaempferol co- 
administration can prevent the NPA-induced rise of NF-κB expression 
because activation of NF-κB has been shown to take place in NPA- 
induced brain neurodegeneration [Ryu et al., 2003; Chakraborty et al., 
2014; Jin et al., 2018] and this is a molecular mechanism underlying the 
enhanced expression of many cytokines [Gutierrez-Merino et al., 2011]. 
Western blots revealed that NF-κB-p65 levels in the striatum and hip-
pocampus increased in rats of the NPA-group relative to the 
Control-group, and also that this increase was fully prevented by 
co-administration of kaempferol at the doses that prevented C3α acti-
vation (Fig. 4). 

These results were confirmed by using immunohistochemistry in 
coronal slices of the striatum and hippocampus (Fig. 5). In the striatum 
of the NPA-group (Fig. 5A), no staining in cellular somas is observed in 
the lesion core, which is consistent with the advanced tissue damage 
revealed by TTC staining, as pointed out in previous work [Lagoa et al., 
2009] and also in the Supplementary Fig. S1. In contrast, in the area 
surrounding the lesion core of the striatum, we observe a co-location of 
NF-κB-p65 and GFAP in ameboid-shape reactive astrocytes (Fig. 5A), in 
good agreement with our immunohistochemistry results obtained with 
anti-C3α reactive astrocytes staining (Fig. 2A). In the hippocampus, TTC 
staining does not reveal extensive damage in NPA-treated rats (Sup-
plementary Fig. S1). However, our immunohistochemistry analyses 
(Fig. 5B) demonstrate that NPA treatment also elicits a co-location of 
NF-κB-p65 and GFAP in ameboid-shape reactive astrocytes (labeled with 
red-arrowheads) in CA1 and CA3 fields of the hippocampus. 

Our findings demonstrate that kaempferol, at the doses that pre-
vented C3α activation (Fig. 2), prevents the appearance of reactive as-
trocytes marker NF-κB-p65 staining (Fig. 5). Nevertheless, in the 
hippocampus NF-κB-p65 immunostaining remains restricted to neuronal 
soma of CA1 and CA3 pyramidal neurons in the KNPA-group, like in 
Control-group (Fig. 5B). It is to be recalled that high basal constitutive 
NF-kB activity was found in glutamatergic neurons of the CNS, such as 
the hippocampus granule cells and CA1 and CA3 pyramidal neurons 
[Kaltschmidt et al., 1994, 1995]. 

3.6. Kaempferol protects against the increase of amyloid β peptides 
production in the hippocampus and striatum of NPA-treated rats 

Since it has been shown that reactive astrocytes can generate 
neurotoxic amyloid β peptides [Nadler et al., 2008; Zhao et al., 2011; 
Frost and Li, 2017], we decided to experimentally assess whether 
astroglia activation leads to increased production of amyloid β peptides 

in the striatum and hippocampus during NPA-induced brain neuro-
degeneration. The results of Western blots of homogenates of striatum 
and hippocampus slices stained with anti-amyloid β peptides of rats of 
control, NPA-treated, and KNPA-treated groups are shown in Fig. 6. 
Fig. 6B shows the analysis of the ratio C99-cleavage fragment of 
APP/β-actin, but a similar trend can be seen in the protein bands cor-
responding to smaller size amyloid β peptides, bands between 35 and 50 
kDa, and peptides of less than 15 kDa migrating near the front of the gel. 
These results demonstrated that treatment with NPA induces amyloid β 
peptides production in both brain areas and, also, that co-administration 
of kaempferol at the doses that prevent C3α activation completely pro-
tects against the increase of amyloid β peptides production induced by i. 
p. treatment of rats with NPA. 

Fig. 4. Kaempferol co-administration prevents the increase in NF-κB induced 
by NPA treatment. (A) Representative Western blot of NF-κB and β-actin of 
striatum and hippocampus homogenates of rats of Control-group (CT), NPA- 
group (NPA), and KNPA-group (KNPA). After the acquisition of images of the 
Western blot with anti-NF-κB-p65 antibody, the PVDF membrane was stripped 
and processed for the Western blot of anti-β-actin, as indicated in the Materials 
and Methods. The β-actin band has been cropped from Supplementary Fig. S3 
included at the end of this manuscript. The molecular weights of the protein 
markers (MWM) are indicated on the right-hand side. (B) A plot of the ratio of 
(NF-κB/β-actin) in striatum and hippocampus homogenates of rats of CT-, NPA- 
and KNPA-groups. The bars are the means ± SEM of the results obtained with 
samples of each group of rats (n = 6). (*) p < 0.05 relative to Control rats. 
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Fig. 5. Representative coronal sections of the striatum (A) and hippocampus (B). Immunohistochemistry with anti-NF-κB-p65 (in red) of Control- and KNPA-groups. Double immunohistochemistry with anti-NF-κB-p65 
(in red) and anti-GFAP (in blue) antibodies in the NPA group. In NPA-group, note the co-location of NF-κB-p65 and GFAP in ameboid-shape reactive A1 astrocytes (red arrowheads) in the area surrounding the core (sc) 
in the striatum (A) and, also, in CA1 and CA3 (Ammon’s horn) fields in the hippocampus (B). In the lesion core area (lc) of the striatum (A) no staining in cellular somas is observed with NF-κB-p65 in Control-, NPA-, and 
KNPA-groups. In contrast, in the hippocampus (B) pyramidal neurons (p) of CA1 and CA3 show staining with NF-κB-p65 in Control-and KNPA-groups. AL: alveus; cc: corpus callosum; CTX: Cerebral cortex; DG: dentate 
gyrus; lu: stratum lucidum; o: stratum oriens; ra: stratum radiatum. Red scale bars: 200 μm. Green scale bars: 10 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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4. Discussion 

The major result of this work is the protection against proteolytic 
activation of complement C3 protein by i.p. administration of kaemp-
ferol at a dose that also protects efficiently against the rise of markers of 
neurodegeneration and against the neurological dysfunctions induced 
by acute i.p. injections of the neurotoxin NPA in male adult Wistar rats, 
as shown by the good neurological scores of the rats of the KNPA-group, 
which are in good agreement with those reported in earlier work [Lagoa 
et al., 2009]. To the best of our knowledge, this is a novel finding not 
previously reported elsewhere. The kaempferol dose used to perform 
this work, 21 mg/kg b.w., was chosen based on a previous study of our 
laboratory with this experimental model of i.p. injections of NPA [Lagoa 
et al., 2009]. Lower doses of kaempferol afforded only partial protection 
against striatum degeneration [Lagoa et al., 2009]. Also, it is to be noted 
that herbal extracts of Persicaria lapathifolia that contains kaempferol 
glycoside are inhibitors of the classical pathway of complement C3 

protein activation [Park et al., 1999]. The results of this work show that 
i.p. administration of kaempferol results in an almost complete blockade 
of the NPA-induced increase of C3α and other proteolytic fragments of 
C3 (iC3b, C3α fragment 2, and lower molecular weight fragments) in the 
brain regions studied, i.e. striatum and hippocampus. Of note, in a 
recent study, we have shown that a rise in C3α levels is an early event in 
NPA neurotoxicity that precedes the appearance of severe neurological 
dysfunctions [Lopez-Sanchez et al., 2020]. Taking into account that the 
TTC staining of brain slices of rats of the NPA-group shows large dif-
ferences between the extent of damage in the striatum and the hippo-
campus, this result by itself points out that kaempferol bears a large 
therapeutic potential to protect against NPA-induced brain degeneration 
in major brain regions affected by this neurotoxin. Indeed, histochemi-
cal results lend further support to this conclusion, since the levels of 
tissue markers of NPA-induced brain neuroinflammation (C3 activation, 
NF-κB immunostaining, astrogliosis, pro-inflammatory cytokines IL-1α 
and TNFα, and C1q) and neurodegeneration (TTC staining and TUNEL 
labeling), in striatum and hippocampus slices from rats of the 
KNPA-group are similar to those found in the slices of these brain areas 
from the Control-group, this work and our previous work [Lagoa et al., 
2009]. 

The histochemical studies included in this work also revealed that 
C3α immunostaining in the brain shows a remarkable regional and 
cellular pattern after i.p. injections with acute NPA doses leading to 
neurological dysfunctions that mimic those found in Huntington’s dis-
ease. Li et al. (2019) have reported that neurons showing signs of 
degeneration are marked by upregulated proteins C3 and C1q and are 
surrounded by activated microglia. In the striatum, the brain region 
undergoing the more extensive damage according to our TTC staining 
results, the immunostaining with anti-C3 antibody is largely enhanced 
not only in the necrotic area visualized with TTC staining, but also in the 
vicinal cortical and striatum areas surrounding the lesion core. Indeed, 
the anti-C3 antibody immunostaining is more intense in these latter 
vicinal areas, as expected due to the extensive cell loss and tissue 
degradation observed in the lesion core in this work, accompanied by a 
significant loss of protein mass as shown in previous work [Lagoa et al., 
2009]. As we have shown in a recent work [Lopez-Sanchez et al., 2020], 
in the early stages of NPA-induced neurotoxicity the immunostaining 
pattern observed with anti-C3 antibody in the striatum slices of rats of 
the NPA group closely mimics the immunostaining pattern observed 
with the glial marker anti-GFAP antibody, which revealed astrogliosis. 
In this work, at an advanced stage of NPA-induced striatum degenera-
tion, double immunostaining with anti-C3 and anti-GFAP antibodies 
showed their co-localization in ameboid-shape astrocytes mostly in 
areas surrounding the lesion core of the striatum in this work, likely 
because most reactive A1 astrocytes have been already degraded in the 
lesion core. However, secreted activated C3, a specific marker of these 
neurotoxic astrocytes [Liddelow et al., 2017], seems to remain high in 
the lesion core of the striatum for some time after A1 astrocytes are 
degraded, becoming a fingerprint of an earlier generation of these type 
of astrocytes. Furthermore, this conclusion is also supported by the 
similarity between immunostaining patterns obtained with anti-TNFα, 
anti-IL-1α, and anti-C1q antibodies, because these cytokines secreted by 
activated microglia are known to foster reactive A1 astrocytes genera-
tion [Liddelow et al., 2017]. The immunostaining patterns of C3, GFAP, 
IL-1α, C1q, and TNFα antibodies obtained with striatum slices of the rats 
of the KNPA-group are not significantly or only weakly different from 
those obtained with striatum slices of the rats of the Control-group. 
Therefore, we can conclude that i.p. administration of kaempferol at 
the dose used in this work prevents efficiently the activation of com-
plement C3 protein and generation of reactive A1 astrocytes induced by 
acute treatment with NPA in the striatum. In addition, our results show 
that kaempferol also prevented microglia activation in NPA-induced 
brain degeneration, as previously reported by other publications [Ryu 
et al., 2003; Chakraborty et al., 2014; Jin et al., 2018]. 

In previous work, we have shown that induction of reactive A1 

Fig. 6. Kaempferol co-administration prevents the increase in amyloid β pep-
tides induced by NPA treatment. (A) Representative Western blot of amyloid β 
peptides and β-actin of striatum and hippocampus homogenates of rats of 
Control-group (CT), NPA-group (NPA), and KNPA-group (KNPA). After the 
acquisition of images of the Western blot with anti-β-amyloid antibody, the 
PVDF membrane was stripped and processed for the Western blot of anti- 
β-actin, as indicated in the Materials and Methods. The β-actin band has been 
cropped from Supplementary Fig. S3 included at the end of this manuscript. The 
molecular weights of the protein markers (MWM) are indicated on the left-hand 
side. (B) A plot of the ratio of (C99 cleavage fragment of APP of 50–55 kDa/ 
β-actin) in striatum and hippocampus homogenates of rats of CT-, NPA-, and 
KNPA-groups. The bars are the means ± SEM of the results obtained with 
samples of each group of rats (n = 6). (*) p < 0.05 relative to Control rats. 

C. Lopez-Sanchez et al.                                                                                                                                                                                                                        



Food and Chemical Toxicology 164 (2022) 113017

11

astrocytes by i.p. NPA administration is an early event in NPA neuro-
toxicity that takes place not only in the striatum but also in the hippo-
campus [Lopez-Sanchez et al., 2020]. It is to be recalled here that 
systemic NPA administration to rodents has been shown to produce 
memory impairment [Browne et al., 1999; Menze et al., 2015]. The 
immunohistochemical results obtained in this work with slices of the 
hippocampus of rats of the NPA-group show the presence of A1 astro-
cytes in CA1 and CA3 hippocampal regions and the vicinal dentate gyrus 
area. We wish to note that the anti-C3 antibody used in this work will 
give positive immunostaining of all types of cells expressing C3α or 
C3α-derived fragments or their corresponding complement receptors 
bound to these C3 fragments, which are transmembrane proteins 
anchored at the cell surface [Li et al., 2011]. In addition, other proteases 
like extracellular metalloproteinases and cathepsins, which are acti-
vated in brain neurodegeneration [Rosenberg, 2009; Nakanishi, 2020], 
can act as auxiliary proteases in the proteolytic processing of C3 
[Huber-Lang et al., 2018]. Indeed, C3 expression has been reported in 
experimental models of neuronal apoptotic cells [Thomas et al., 2000; 
Morita et al., 2006; Hernandez-Encinas et al., 2016]. In contrast, the 
weak immunostaining with anti-C3, anti-IL-1α, anti-C1q and anti-TNFα 
antibodies found in the hippocampus slices from rats of the KNPA-group 
is not significantly different from that found in slices from rats of the 
Control-group. Therefore, we can conclude that i.p. administration of 
kaempferol also prevents efficiently the activation of complement C3 
protein and generation of reactive A1 astrocytes induced by acute 
treatment with NPA in the striatum and the hippocampus. 

In previous work, we showed that i.p. co-administration of 21 mg of 
kaempferol/kg b.w. largely prevents the rise of cellular oxidative stress 
markers in NPA-induced brain degeneration [Lagoa et al., 2009]. In this 
work, we show that i.p. co-administration of this dose of kaempferol 
fully prevents the rise of the expression of NF-κB in the striatum and the 
hippocampus of NPA-treated rats. In earlier works, it has been shown 
that NF-κB activation mediates the secretion of microglial 
pro-inflammatory cytokines that mediate NPA-induced brain degener-
ation [Ryu et al., 2003; Chakraborty et al., 2014; Jin et al., 2018]. 
Therefore, our results lend support to the hypothesis that the activation 
of the NF-κB signaling pathway by cellular oxidative stress is the major 
molecular mechanism underlying the enhanced production of 
pro-inflammatory cytokines, IL-1α and TNFα, and C1q in NPA-induced 
degeneration of the striatum and the hippocampus. On these grounds, 
it seems that kaempferol inhibition of microglial activation can, at least 
in part, account for its protective effects against NPA-induced brain 
degeneration. However, the putative implication of other cellular stress 
signaling pathways in the production of these cytokines cannot be 
excluded in poisoning by neurotoxins, see for example [Wang et al., 
2021]. In addition, Wang et al. (2021) showed that reactive astrocytes 
can also further potentiate the activation of microglia. Reactive 
astrocytes-dependent activation of microglia is likely to afford a major 
contribution to spreading the neuronal damage within the initially 
affected brain areas and, also, to peripheral neuronal structures. Since 
kaempferol blocked reactive A1 astrocytes generation, this feed-forward 
harmful cycle is, also, blocked by kaempferol in the striatum and in the 
hippocampus. Thus, the molecular mechanisms of the blockade by 
kaempferol of reactive A1 astrocyte generation and microglia activation 
in the rat brain induced by i.p. administration of NPA deserve to be 
further investigated. Nevertheless, the results reported in this work 
reveal a potential novel therapeutic use of this flavonoid, because in-
duction of neurotoxic reactive A1 astrocytes has been found in 
post-mortem samples of many human neurodegenerative diseases, like 
Alzheimer’s, Parkinson’s, and Huntington’s diseases, and in amyo-
trophic lateral sclerosis and multiple sclerosis [Liddelow et al., 2017]. 
Indeed, Stanek et al. (2019) using the YAC128 mouse model have sug-
gested that astrocyte dysfunction may play a critical role in Hunting-
ton’s disease pathogenesis, although this is still a controversial point 
because it has been questioned by other authors using other mouse 
models [Diaz-Castro et al., 2019]. The effective doses of kaempferol that 

afford protection against activation of complement C3 protein in the 
brain are likely to be strongly dependent upon the administration route 
of this flavonoid. Indeed, we showed that intravenous injections of only 
100–200 μM of kaempferol in the blood produce extensive protection 
against the striatal neurodegeneration caused by transient focal cerebral 
ischemia induced by middle cerebral artery occlusion in adult rats 
[Lopez-Sanchez et al., 2007]. For comparison, the amount of kaempferol 
used for intravenous injections in Lopez-Sanchez et al. (2007) was 
0.16–0.25 mg of kaempferol/kg b.w., while i.p. injections used in this 
work have been 21 mg of kaempferol/kg b.w. 

Finally, in this work, we found an increase of amyloid β peptides in 
the striatum and a higher increase in the hippocampus of NPA-treated 
rats. To the best of our knowledge, this is a novel finding in NPA- 
induced brain neurodegeneration and it has special relevance because 
exposure to NPA has been recently shown to induce tau pathology in the 
tangle-mouse model and also in wildtype-mice [Lahiani-Cohen et al., 
2020]. Neurofibrillary tangles of tau and amyloid β peptides are major 
hallmarks in Alzheimer’s disease, a neurodegenerative disease in which 
the generation of reactive A1 astrocytes has also been reported [Lidde-
low et al., 2017]. Therefore, the NPA-induced neurodegenerative pro-
cess shares these molecular biomarkers with Alzheimer’s disease. Also, 
our results show that co-administration of kaempferol prevents the in-
crease of amyloid β peptides induced by NPA. Interestingly, Babaei et al. 
(2021) have recently reported that i.p. administration of kaempferol at 
10 mg/kg b. w. for 21 days affords cognitive improvement in a mouse 
model of sporadic Alzheimer’s disease. In another recent study per-
formed with a mice model of Parkinson’s disease, Han et al. (2021) 
administered 50 mg/kg b. w of kaempferol by i.p. injection to experi-
mentally assess the protective effect of this natural compound. Gao et al. 
(2019) have evaluated the anti-depressive effect of kaempferol by using 
10 and 20 mg/kg b. w. in an animal model of chronic social defeat stress. 
Therefore, the dose of kaempferol used in this work (21 mg/kg b. w.) is 
within the range of doses used in all these studies performed in animal 
models that mimic neurodegenerative or depressive disorders. In spite 
that reactive astrocytes can produce neurotoxic amyloid β peptides 
[Nadler et al., 2008; Zhao et al., 2011; Frost and Li, 2017], further 
experimental work is still needed to demonstrate whether kaempferol 
inhibits the generation of reactive astrocytes directly or indirectly 
through inhibition of microglia activation. Yet, the putative beneficial 
effects of kaempferol in Alzheimer’s disease are a pending issue, 
although clinical trials have reported improvements in cognitive func-
tion and memory impairment from treatment with the flavonoid-rich 
Ginkgo biloba extract [Praticò and Delanty, 2000; Ward et al. 2002], 
which contains kaempferol. 

In conclusion, i.p. administration of daily doses of 21 mg of 
kaempferol/kg b.w. prevents efficiently against the proteolytic activa-
tion of complement C3 protein and generation of reactive A1 astrocytes 
induced by acute treatment of adult Wistar rats with NPA in the brain 
regions studied in this work, i.e. striatum and hippocampus. This action 
of kaempferol correlates with its ability to afford protection against 
NPA-induced neurodegeneration of these brain areas. Kaempferol also 
blocks the activation of the NF-κB signaling pathway, suggesting that 
this is the major molecular mechanism inducing the enhanced secretion 
of cytokines IL-1α and TNFα, and of C1q that elicits the generation of 
reactive A1 astrocytes in the rat model used in this work. In addition, 
enhanced production of amyloid β peptides has been found in NPA- 
induced brain degeneration, which is also prevented by kaempferol 
administration. Thus, this work highlights novel biological roles of this 
antioxidant flavonoid. The inhibition by kaempferol of C3 proteolytic 
activation in the brain suggests a potential novel therapeutic use of this 
flavonoid because induction of neurotoxic reactive A1 astrocytes has 
been found in post-mortem samples of many human neurodegenerative 
diseases. 
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