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Abstract: (1) Background: Chemotherapy-induced cognitive impairment (CICI) is often observed in
cancer patients and impairs their life quality. Grape-seed-orientated procyanidin has been shown
to have anti-inflammatory and neuroprotective effects, yet its effects in preventing CICI have not
been investigated. (2) Method: Adult male mice received 2.3 mg/kg cisplatin or saline injections for
three cycles consisting of five daily injections followed by 5 days of rest. Procyanidin or saline was
administered 1 h prior to cisplatin treatment. Cognitive testing, gelatin zymography, and blood–brain-
barrier (BBB) penetration tests were performed after treatment cessation. RAW264.7 cells were treated
by stimulated supernatant of SHSY5Y cells. In addition, high-mobility group protein B1 (HMGB1)
expression and MMP-9 activity were tested. (3) Results: Repeated cisplatin treatment increased
BBB penetration, MMP-9 activity, impaired performance in contextual fear conditioning, and novel
object recognition tasks. The knockout of MMP-9 rescues cognitive impairment and cisplatin-induced
upregulation of HMGB1 in SHSY5Y cells. HMGB1/TLR4/IP3K/AKT signaling contributes to the
increased MMP-9 activity in RAW264.7 cells. Procyanidin treatment attenuates MMP-9 activity, BBB
damage, and CICI. (4) Conclusions: The results indicated that MMP-9 activation and BBB disruption
is involved in CICI. Procyanidin may effectively alleviate the harmful effects of cisplatin.

Keywords: cisplatin; chemotherapy; MMP-9; RAW264.7 cells; procyanidin; blood–brain barrier (BBB);
chemotherapy-induced cognitive impairment (CICI)

1. Introduction

Chemotherapy drugs are some of the most effective forms of anticancer treatment.
With the advent of chemotherapeutic agents, cancer patients have had a huge increase in
survival rates. However, they are related to many adverse side effects, such as cardiotoxicity,
peripheral neurotoxicity, and hepatotoxicity. Recently, chemotherapy-induced cognitive
impairment (CICI), also known as “chemobrain”, is becoming increasingly recognized [1,2].
Moreover, it is often observed in cancer patients during and even postchemotherapy [3].
The impaired cognitive domains of CICI include verbal and visual memory, psychomotor
function, difficulty in learning, and poor attention span. In clinical settings, CICI is a
common neurological complication after chemotherapy, could affect up to 78% of treated
patients, is closely related to impaired life quality, and hampers the achievements of
occupational goals [4]. Therefore, it is urgent to understand the underlying mechanisms
and find a safe and effective strategy to prevent cognitive impairment.

There are several potential mechanisms and etiologies contributing to CICI, including
direct neurotoxicity, increased oxidative stress, disruption of the blood–brain barrier (BBB),
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and secondary neuroinflammatory response. For instance, cisplatin can exert direct neuro-
toxic injury. It is a DNA targeting agent, forming toxic platinum DNA adducts and inducing
necrosis and apoptosis [5]. The damaged cells lead to the upregulation of the peripheral
circulating cytokines, which recruit immune cells to induce neuronal apoptosis, causing
cognitive impairment even at low concentrations [6–8]. BBB disruption, leading to periph-
eral chemotherapy drugs and pathogens precisely entering neural tissue, is believed to be
pivotal in the pathology and progression of many cognitive-decline-related diseases [9,10].
Therefore, understanding the mechanisms of chemotherapeutic-drug-induced changes in
BBB integrity will provide novel insights into the prevention of CICI.

It is widely known that matrix metalloproteinase-9/2 (MMP-9/2) is closely related to
the breakdown of BBB and thereby facilitates neuronal and synaptic dysfunction in many
other diseases. MMP-9/2 could be produced by many cells, including macrophages. It not
only cleaves vascular basal lamina and/or tight junctions between cells and then enhances
BBB permeability but also is known as a major and apparently unique player in brain
physiology and pathology [11,12]. MMP-9 promotes inflammatory cell infiltration, and its
role in neuroinflammation and cognitive decline has been well-reviewed [13]. Interestingly,
the upregulation of MMP-9 has recently been reported to relate to chemotherapy-induced
peripheral neurotoxicity (CIPN) [14,15], while the role of MMP-9/2 in CICI has not yet
been evaluated.

It is of note that cisplatin induces cell death and promotes damage-associated molecu-
lar patterns (DAMPs) released in peripheral blood systems. DAMPs are the most crucial
inflammatory and immune response triggers [15,16]. For instance, the high-mobility group
protein B1 (HMGB1) and Toll-like receptor (TLR2/TLR4) signaling cascade contributes
to phenotypic switching to M1 macrophage polarization and upregulation of MMP-9
(refs. [17,18]), which is related to cognitive impairment disease. The receptor for advanced
glycation end-product (RAGE) is another candidate for upregulating MMP-9 signaling. It
is the signal transduction receptor that senses the signaling molecules including HMGB1
and oxidative stress and could promote nuclear factor-kB (NF-kB) activation and secretion
of various cytokines and MMP-9. However, the MMP-9 in macrophages which contributes
to the development of CICI has not yet been fully understood.

Several natural products with neuroprotective properties were confirmed in the ame-
lioration of cisplatin neurotoxic action [7]. For example, the administration of chemothera-
peutic drugs, N-acetylcysteine [19], ginsenoside Rg1 [20], or curcumin, has been reported to
attenuate cisplatin-induced cognitive decline [21]. Procyanidin is a flavonoid mainly found
in grape seeds and green tea. It has been demonstrated to have a powerful oxygen radical
absorbance capacity and could attenuate neuropathic pain and chemotherapy-induced
peripheral neuropathy (CIPN) [14,22]. In addition, previous studies have reported that
procyanidin has a potent inhibitory effect on MMP-9 and NF-κB signaling in macrophages
to alleviate neuropathic pain or inflammatory bowel disease [23]. It also has been reported
to inhibit the production of the HMGB1 danger signal by activated monocytes [24].

To date, there has been no study focusing on whether grape seed extracts could
mitigate CICI. The contribution of MMP-9-related BBB integrity changes in CICI has not yet
been investigated. In the present study, we focus on the changes of MMP-9/2 activity and
BBB integrity induced by cisplatin. In addition, we further test the role of HMGB1 signaling
in macrophage MMP-9/2 upregulation. Finally, we will evaluate the role of procyanidin in
attenuating CICI and the generation of MMP-9 and BBB permeation.

2. Materials and Methods
2.1. Animals

All animals were handled according to good animal practice. Animal work was
approved by the appropriate committee, Xuzhou Medical University, Xuzhou, China. Wild-
type mice (C57BL/6J, 12–14 wk old) were provided by the Experimental Animal Center
at Xuzhou Medical University, Xuzhou, China. MMP-9 mutant (MMP-9−/−) mice were
purchased from the Jackson Laboratory (Bar Harbor, ME, USA). The mice were housed
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five in a cage under pathogen-free conditions during a 12 h light/dark cycle and under
controlled temperature (22 ± 2 ◦C).

2.2. Drug and Chemicals

Procyanidin was purchased from Aladdin Co. Ltd. (Shanghai, China). Secondary
antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). Toll-like
receptor 4 (TLR-4) inhibitor TAK-242, phosphatidylinositol 3-kinase (PI3K) inhibitor AS-
605240, and protein kinase B (Akt) inhibitor GSK690693 were purchased from Selleck
Chemicals (Shanghai, China). RAGE antibody 553030 was purchased from Calbiochem
(Merck, Darmstadt, Germany). Anti-HMGB1 polyclonal antibody 326052233 was purchased
from SHINO-TEST Corporation (Sagamihara City, Japan) and GAPDH was purchased
from Proteintech, Wuhan, China. Gelatin was purchased from Amresco (Solon, OH, USA).
Zymogram renaturing buffer and developing buffer were purchased from Novex (Carlsbad,
CA, USA). FBS was purchased from Gibco (Grand Island, NY, USA), and other cell culture
media and supplements were purchased from HyClone (Logan, UT, USA). All other
chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

2.3. Cisplatin and Procyanidin Administration

For testing the role of MM-9/2 in CICI, the animals were divided into two different
groups, the vehicle group (Veh) and the cisplatin group (Cis). The total cumulative dose
of cisplatin for each mouse was 34.5 mg/kg. Cisplatin (2.3 mg/kg, dissolved in saline) or
vehicle (saline) was intraperitoneally (i.p.) injected for three cycles consisting of 5 daily
injections followed by 5 days of rest, according to a previous study [25].

To test the therapeutic role of procyanidin in CICI, the animals were divided into
6 groups: the vehicle group (Veh), the cisplatin group (Cis), the cisplatin plus 10 procyani-
din group (10 mg/kg, p.o.), the cisplatin plus 20 procyanidin group (20 mg/kg, p.o.),
the cisplatin plus 40 procyanidin group (40 mg/kg, p.o.), and the 40 procyanidin group
(40 mg/kg, p.o.). Procyanidin (10, 20, 40 mg/kg, p.o.) or vehicle (saline, p.o.) was adminis-
tered 1 h before cisplatin treatment.

2.4. Fear Conditioning

Contextual fear conditioning was performed in an automated system (Med Associates,
Inc., St. Albans, VT, USA) and consisted of a single exposure to a context (3 min) and a
foot shock (2 s; 0.7 mA; constant current) [26]. After the fear conditioning paradigm, mice
were scored for 3 min by returning to the same chamber. Context-dependent freezing was
measured 24 h after training every 10th second over 180 s by an observer unaware of the
experimental conditions and expressed as a percentage of the total number of observations.

2.5. The Object Recognition Test (ORT)

ORT was performed in an apparatus consisting of a circular (30 cm) white Plexiglas
arena with white Plexiglas walls (40 cm high) and a black-plastic-covered floor. Each animal
was placed in the arena without objects for habituation. The training session (familiar
object) was carried out one hour later. Each mouse was placed in the arena with a pair
of identical objects (A1 and A2). The animals were allowed to explore freely for 10 min
in the training phase. The animal went to the testing session (5 min). Mice were placed
in the arena with one object (A1 or A2, familiar object) and a new object (B, the novel
object). The “discrimination index can quantify the preference of experimental animals
for novel objects”. The “discrimination index” is generally expressed by D2 (d2), which
is the exploration time of the animals for the novel objects during the test period and the
exploration of familiar objects. Calculated by the number of times, the specific formula
is: D2 = (N − F)/(N + F), where “N” indicates the number of times the animal explored
the novel object during the test period and “F” means that the animal is familiar with the
test period. The number of object explorations, the “discrimination index”, considers the



Brain Sci. 2022, 12, 571 4 of 14

different levels of exploration activity between animals. An ORT index is related to the
level of working memory [27].

2.6. Gelatin Zymography

Animals were anesthetized, and the tissue was rapidly dissected and homogenized
in 1% NP40 lysis as described previously [22]. Next, 300–500 µg of protein per lane was
loaded into the wells of precast gels (8% polyacrylamide gels containing 0.1% gelatin).
After electrophoresis, each gel was incubated with 50 mL of developing buffer for 48 h
(37.5 ◦C) in a shaking bath. Then the gels were stained with Coomassie brilliant blue (1%,
with 10% acetic acid, 10% isopropyl alcohol, diluted with dd H2O).

2.7. An In Vivo Evans Blue Assay to Test Brain–Blood Vessel Permeability

Evans Blue is a dye that binds albumin [28]. When the vascular permeability endothe-
lial cells become permeable, albumin marked by Evans Blue can be detected. A 2% solution
of Evans Blue in normal saline (4 mL/kg of body weight) was injected intraperitoneally
for 1 h before the animals were sacrificed. Afterward, the mice were sacrificed, and the
brain tissue was collected for further tests. The samples were then homogenized in PBS
and centrifuged (15 min, 15,000 rcf, 4 ◦C). To each 500 µL aliquot, an equal amount of 50%
trichloroacetic acid was added to the supernatant and then incubated (overnight, 4 ◦C).
The samples were finally centrifuged (30 min, 15,000 rcf, 4 ◦C) and were measured by
spectrophotometer (RF-540, Shimadzu Corporation, Tokyo, Japan) at 632 nm. The results
are presented as Evans Blue stain)/(g of tissue).

2.8. Cell Preparation and Stimulation

SHSY5Y cells and RAW264.7 cells were maintained in humidified 5% CO2 at 37 ◦C in
Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with 10% (v/v) FBS, peni-
cillin (100 U/mL), and streptomycin (100 U/mL). For inducing inflammasome activation,
cells were plated in a 6-well plate overnight. The medium was changed to serum-free
medium, and then the SHSY5Y cells were treated with cisplatin (1 µM) for 8 h [29]. Then,
we changed Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with 10% (v/v)
FBS and continued to culture for 8 h. The cell supernatants of SHSY5Y cells were collected
at 0 h, 0.5 h, 1 h, 2 h, 4 h, and 8 h for further HMGB 1 and GAPDH Western blot testing.
After 16 h, we added cell supernatant of SHSY5Y cells (the cells which have been acti-
vated and release a high level of HMGB-1 in a time-dependent manner) to RAW264.7 cells.
TRL-4 inhibitor 10 µM, PI3K inhibitor 10 µM, Akt inhibitor 1 µM, and RAGE inhibitor
10 µM were used in the experiments. Then RAW264.7 cell supernatants were analyzed by
gelatin zymography.

2.9. Western Blot

The cell supernatants of SHSY5Y cells were collected and homogenized in RIPA Ly-
sis. The protein concentrations were determined by BCA Protein Assay (Thermo Fisher,
Waltham, MA, USA). SDS-PAGE was used for separating different weight proteins by load-
ing 30–60 µg of proteins in each gel. Then the separated proteins were electrophoretically
transferred onto polyvinylidene fluoride membranes (Millipore Corp., Bedford, MA, USA).
The membranes containing the target proteins were blocked with 5% bovine serum albumin
for 2 h at room temperature, probed with antibodies overnight at 4 ◦C with the primary
antibodies, and then incubated with HRP-coupled secondary antibodies. The primary
antibodies used anti-HMGB1 (1:1000) and GAPDH (1:2000). Data were acquired with
the Molecular Imager (Gel DocTM XR, 170-8170) and analyzed with Quantity One-4.6.5
(Bio-Rad Laboratories, Berkeley, CA, USA).

2.10. Data Analysis

Prism 9.0 for Mac (GraphPad, La Jolla, CA, USA) was used to calculate the mean and
SEM and perform statistical analysis. We analyzed multiple groups means by one-way or
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two-way ANOVA, followed by Tukey’s multiple comparisons test wherever appropriate.
We used the unpaired t-test for a two-group means comparison. p values less than 0.05 were
considered significant.

3. Results
3.1. Repeated Treatment of Cisplatin-Induced Cognitive Impairment, Blood–Brain-Barrier
Impairment, and Upregulation of MMP-9 Activity in the Hippocampus

To confirm whether repeated usage of cisplatin can impair cognitive function, we
conducted two different behavioral assessments in mice with or without cisplatin. We ob-
served a significant memory impairment in the cisplatin group (unpaired t-test, p < 0.0001,
Figure 1B) compared to the vehicle group by conducting a fear conditioning behavior test.
We further conducted ORT for measuring hippocampal-dependent short-term working
memory. In line with the fear conditioning test results, cisplatin also impaired short-term
working memory (unpaired t-test, p = 0.0003, Figure 1C). We further evaluate the BBB
function via examining Evans Blue leakage in the hippocampus. The results revealed that
cisplatin results in an increased level of Evans Blue extraction (unpaired t-test, p = 0.0065,
Figure 1D). We were interested in why the cisplatin-induced destruction of the BBB oc-
curred. MMP9/2 was suggested to disrupt the BBB function in many diseases. Therefore,
we explored the changes of MMP-9/2 in the hippocampus. Interestingly, cisplatin also
increased MMP-9 activation significantly (p = 0.0262 Figure 1E,F), while there was no
change in MMP-2 activation between groups (Figure 1G).
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Figure 1. Repeated treatment of cisplatin-induced cognitive impairment, BBB interruption, and
increased level of hippocampal MMP-9. (A) Behavior paradigm. (B) The deficiency in freezing
behavior following cisplatin repeated infusion. n = 8. (C) The deficiency in the novel object recognition
test following cisplatin repeated infusion. n = 8. (D) The Evans Blue extraction value in hippocampus
tissue. n = 5. (E) Gelatin zymography shows activity changes of hippocampal MMP-9 and MMP-2
induced by cisplatin. (F) The fold of MMP-9 changes. (G) The fold of MMP-2 changes. n = 5, unpaired
t-test (p * < 0.05, p ** < 0.01, p *** < 0.001, p **** < 0.0001 cisplatin vs. vehicle).
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These data revealed that MMP-9, not MMP-2, may contribute to the cisplatin-induced
BBB damage. We further involved targeted systematic mutation of MMP-9 mice to confirm
the hypothesis. Compared to that of the WT mice, repeated cisplatin treatment only induced
a slight context-related memory loss in MMP-9−/− mice (one-way ANOVA, p = 0.0236,
Figure 2B). In line with the fear conditioning test results, cisplatin also impaired short-term
working memory (one-way ANOVA, p < 0.0001, Figure 2C). These results further confirm
the critical role of MMP-9 in cisplatin-related cognitive impairment.
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Figure 2. Effects of targeted system mutation of MMP-9 on cisplatin-induced memory impairment.
(A) Behavior paradigm. (B) Effects of targeted mutation of MMP-9 on cisplatin-induced deficiency in
freezing behavior. n = 5~8. (C) Effects of targeted mutation of MMP-9 on cisplatin-induced deficiency
in the object recognition test. n = 5~8. Significance difference was revealed following one-way
ANOVA (p * < 0.05, p **** < 0.0001 KO + cisplatin vs. KO + vehicle, Tukey post hoc tests).

3.2. Peripheral Inhibition of HMGB1 Significantly Prevents MMP-9 Increase

The reasons for MMP-9 upregulation after cisplatin repeated administration are what
we were concerned about. As one of the cytotoxic agents, cisplatin can induce cell death and
HMGB1 often increases rapidly [30]. Studies demonstrated it could induce MMP-9 release.
We thus examined the role of systemic HMGB1 neutralization in preventing the increase
of cisplatin-related MMP-9. The data show that cisplatin induced the increased level of
MMP-9 (p = 0.0003, Figure 3B) and the preinhibition of HMGB1 significantly suppressed
the level of MMP-9 in the hippocampus (p = 0.0056, Figure 3B). It suggests that circulating
HMGB1 is the source of MMP-9.
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3.3. The HMGB1/TLR4/PI3K/Akt Axis Is Involved in Activating MMP-9 in Raw 264.7 Cells
In Vitro

MMP-9 could be released by many kinds of cells, while bone-marrow-derived macroph-
ages (BM-DM) contain TLR-4 and are activated by HMGB 1 [31,32]. We thus explore the
cell signaling mechanisms related to HMGB1-mediated MMP-9 in macrophages. To highly
mimic the activation of macrophages in vivo, we used supernatant of the cisplatin-activated
SH-SY5Y cells containing high levels of HMGB1 to stimulate Raw 264.7 cells. Firstly, we
measured HMGB-1 in the supernatant of SH-SY5Y cells. The story of HMGB1 increased in
a time-dependent manner in SH-SY5Y cells (F (5, 18) = 77.78, p < 0.0001) (Figure 4A). Next,
to explore the mechanism of HMGB1-mediated MMP-9 activation from Raw 264.7 cells,
as shown in Figure 4B, stimulated supernatant induced the release of MMP-9 in a time-
dependent manner, as well (F (4, 40) = 41.59, p < 0.0001). TLR4 inhibitor TAK-242 (10 µM)
significantly abolished the increase of MMP-9, and a similar suppression roles of the PI3K
inhibitor AS-605240 (10 µM) and the Akt inhibitor GSK690693 (1 µM) were observed.
However, RAGE inhibitor 553030 (10 µM) did not block that increase (Figure 4C–F).

These data suggest MMP-9 secretion in macrophages via the HMGB1/TLR4/PI3K/Akt
pathway.
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Figure 4. The increase of MMP-9 in cultured macrophages depends on the HMGB-1/TLR-
4/PI3K/Akt pathway. (A) Cisplatin-induced increase of HMGB-1 in a time-dependent manner
in cultured SH-SY5Y cells. (B) Stimulated supernatant induced an increase of MMP-9, but not MMP2,
in a time-dependent manner in cultured Raw 264.7 cells. (C) TLR-4 inhibitor suppressed MMP-9
increase in Raw 264.7 cells. (D) The role of RAGE inhibitor in MMP-9 in Raw 264.7 cells. (E) IP3K
inhibitor suppressed MMP-9 increase in Raw 264.7 cells. (F) Akt inhibitor suppressed MMP-9 increase
in Raw 264.7 cells. The significant difference was revealed following one-way or two-way ANOVA
(p ** < 0.05, p *** < 0.001 vs. control or 0 h. p # < 0.05, p ## < 0.01 vs. stimuli group. Tukey post hoc
tests). (A) n = 5; (B–F) n = 4.

3.4. Procyanidin Suppressed MMP-9 Activity, the BBB Interruption, and Cisplatin-Induced
Cognitive Decline in a Dose-Dependent Manner

It was found that procyanidin can suppress MMP-9 and is a safe and effective thera-
peutic method for neuropathic pain and CIPN [14,22]. We therefore determined its effect
on MMP-9 activity in vivo. As shown in Figure 5A, procyanidin could markedly de-
crease the activity of MMP-9 in cultured Raw 264.7 cells (F (5, 36) = 55.20, p < 0.0001).
Further, the effects of procyanidin on MMP-9/2 were confirmed in vitro. Procyanidin
(10, 20, 40 mg/kg, p.o.) was given one hour before each cisplatin injection. The data
demonstrated that procyanidin (20, 40 mg/kg, p.o.) suppressed cisplatin-related MMP-9
activation (F (5, 22) = 17.73, p < 0.0001, Figure 5C). Further, we investigate the effects of pro-
cyanidin on BBB interruptions and its therapeutic roles in CICI. The data showed that oral
procyanidin attenuated the CICI in a dose-dependent manner (F (5, 18) = 18.52, p < 0.0001,
Figure 5D).

Finally, we evaluated the role of procyanidin on the repeated-cisplatin-administration-
induced memory decline. Fear conditioning tests and ORT were performed. The results
showed that prophylactic procyanidin administration could rescue the deficiency of freez-
ing scores in a dose-dependent manner (F (4, 35) = 11.34, p < 0.0001, Figure 5E). In addi-
tion, a similar dose-dependent inhibition role of procyanidin was observed by ORT data
(F (4, 34) = 14.27, p < 0.0001, Figure 5F).
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Figure 5. Prophylactic procyanidin dose-dependent rescue of cisplatin-induced increased levels of
MMP-9, BBB damage, and cognitive decline. (A) Procyanidin suppressed the release of MMP-9 of
Raw 264.7 cells induced by the supernatant containing high levels of HMGB1. n = 4. (B) Behavior
paradigm. (C) Procyanidin suppressed the cisplatin-induced increase of MMP-9 in the hippocampus
in a dose-dependent manner. n = 4~5. (D) Evans Blue extraction showing the effects of procyanidin on
the BBB permeability changes. n = 4. (E) Procyanidin rescues cisplatin-induced deficiency of freezing
score in a dose-dependent manner. n = 8. (F) Procyanidin rescues cisplatin-induced deficiency of new
object recognition in a dose-dependent manner. n = 8. Difference was revealed following one-way
or two-way ANOVA (p **** < 0.0001, p *** < 0.001 vs. control. p # < 0.05, p ## < 0.01, p ### < 0.001,
p #### < 0.0001 vs. cisplatin group. Tukey post hoc tests).

Therefore, prophylactic procyanidin administration rescues the cognitive impairment
caused by cisplatin, which may be achieved by inhibiting MMP-9 expression and BBB damage.

4. Discussion

This study found that grape-seed-orientated procyanidin significantly suppressed
MMP-9 activation. Prophylactic procyanidin administration attenuated the cognitive
impairment induced by repeated cisplatin injection in a dose-dependent manner.

A growing number of long-term cancer survivors has brought awareness to the side
effects of chemotherapy. It has been reported that the administration of cisplatin could
induce acute kidney injury, cognitive impairment, hearing loss, and peripheral neuropa-
thy [33,34]. There is an urgent need to explore new, safe, and clinical drugs to prevent the
CICI [20].
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Traditionally, the chemotherapy agents usually cannot cross the BBB and, therefore,
many physicians ignore the cognitive declines. However, new evidence showed that sys-
temic chemotherapy drugs are neurotoxic and lead to cognitive decline [35]. Some brain
regions, such as the hippocampus, amygdala, lateral ventricles, and superior temporal
regions, are related to mild cognitive impairment (MCI) and Alzheimer’s disease (AD) [36].
The hippocampus is one of the most vulnerable brain regions linked to cognitive impair-
ment. Interestingly, it showed that cisplatin could penetrate the BBB and persist a long
time in the hippocampus, as well. These data raised our interest, and we then tested
the permeability of the BBB in the hippocampus after cisplatin administration. Clinical
and research studies revealed the importance of hippocampal neurotransmitter systems
in cognition alteration [37,38]. Moreover, cisplatin interrupts the interaction between the
excitatory and inhibitory neurotransmitter systems during the postnatal maturation of
cells [39]. Other pentameric neurotransmitters or neurotrophic factors, such as the brain-
derived neurotrophic factor (BDNF), could also be suppressed by the cisplatin [40]. Thus,
the neurotransmitter systems might be the potential targets of cisplatin.

As the most critical molecule, MMP-9/2 damages BBB integrity and involves several
pathological processes of cognitive impairment diseases. It also increased dramatically
in dorsal root ganglia in CIPN. We found that cisplatin significantly increased the level
of MMP-9 in the hippocampus, and systemic knockout of MMP-9 could rescue cisplatin-
related working memory decline.

We are interested in the source of MMP-9. MMP-9 is secreted by many cell types,
including neutrophils, macrophages, and fibroblasts. As a DNA targeting agent, systemic
cisplatin administration induces DNA damage and apoptosis of tumor cells and other
cells. The immune cells could be activated by the DAMPs, such as HMGB1, released from
apoptosis and other damaged cells [41]. Of all types of cells, HMGB1 can be released into
the extracellular environment and shuttle freely between the nucleus and cytoplasm [42].
Thus, it is believed that HMGB1 induces the MMP-9 upstream.

Our data showed that pretreated mice with the HMGB1 neutralizing antibody could
remarkably decrease the level of hippocampal MMP-9. Cisplatin could induce SH-SY5Y
cells to release HMGB1 in a time-dependent manner. The stimulated SH-SY5Y cells super-
natant successfully induced the macrophage Raw 264.7 cell releasing MMP-9. HMGB1 can
bind to cell surface receptors, including the receptor for advanced glycation end products
(RAGE) and TLR2 and TLR4 [43]. By binding to cellular receptors, including Toll-like
receptors (TLR)-2 and TLR-4, HMGB1 controls inflammatory reactions and MMP-9 re-
leasing. RAGE is the natural receptor for HMGB1, and its activation leads to intracellular
signaling pathway activation, such as nuclear factor-kappa B (NF-κB) and PI3K/Akt [44,45].
The PI3K/Akt signaling pathway is involved in many biological processes, including cell
growth and apoptosis. Recently, the PI3K/Akt signaling pathway has been critical in
chemokine-induced EPC migration [46]. Thus, we used the TLR-4 inhibitor, PI3K inhibitor,
Akt inhibitor, and RAGE antibody to confirm the role of HMGB1 in MMP-9 upregulation.
The data indicated that TLR-4, but not RAGE, is downstream of HMGB1-induced MMP-9
releasing, and PI3K/Akt plays a crucial role.

Previous studies have found that the grape seed extract procyanidin is a safe and effec-
tive therapeutic method for many kinds of diseases. It could protect granulosa cells from
oxidative injury and suppress neuropathic pain and CIPN by inhibiting MMP-9 [14,22,47].
It also inhibits the in vitro growth and invasion of pancreatic carcinoma cells by suppress-
ing MMP-9 and MMP-2 [48]. We therefore determined its effect on MMP-9 activity in vivo.
Prophylactic procyanidin could markedly decrease the activity of MMP-9 in cultured Raw
264.7 cells. Procyanidin (20, 40 mg/kg, p.o.) suppressed cisplatin-related MMP-9 level
increase, BBB interruptions, and cognitive impairment caused by cisplatin. The oral LD50
values of procyanidin are over 4000 mg/kg in mice. In our study, the dose applied in our
experiment (the highest, 40 mg/kg, p.o.) is reasonably believed to be safe. Our results indi-
cated that procyanidin’s grape seed extract may protect BBB function by inhibiting MMP-9.
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We believe that the grape seed neuroprotective action that finally resulted in BBB func-
tion protection and attenuated CICI is mainly through the inhibition of MMP-9. Immune
dysregulation is possibly one of the proposed pathogeneses of CICI, with the release of
inflammatory mediators in response to chemotherapeutic drugs or tumors. As a result of
chemotherapy, the periphery releases inflammatory cytokines that cross the blood–brain
barrier, including TNF-α, interleukin-1, and IL-6 [49]. It is well-known that MMP-9 could
cleave vascular basal lamina and tight junctions between cells and enhance BBB permeabil-
ity [11,12]. MMP-9 plays a prominent role in the transmigration of immune cells (T cells and
macrophages) to various tissues, including the brain [13]. In addition, the MMP-9 produced
by macrophages promotes inflammatory cell infiltration, and its role in neuroinflammation
has been well-reviewed [12]. Thus, the procyanidin given prior to cisplatin might suppress
MMP-9 release from systematic macrophages and result in inflammatory cytokine release.
Future studies should evaluate the action of the molecular mechanism of procyanidin in
MMP-9 inhibition.

Further, several natural products with neuroprotective properties were confirmed to
ameliorate cisplatin neurotoxic action [7]. N-acetylcysteine prevented free radical produc-
tion and ameliorated apoptotic cell death associated with cisplatin [19]. Ginsenoside Rg1
could prevent CICI by inhibiting microglia-mediated cytokine release and neuroplastic-
ity [20]. Curcumin, a natural product derived from the root of the plant Curcuma longa,
attenuates cognitive impairment by enhancing autophagy in chemotherapy [21]. While the
present study suggested the effectiveness of preadministrated procyanidin in attenuating
CICI, the proper dose and other related side effects of procyanidin should be carefully
evaluated when generalizing to clinical settings. For example, the precise dose of it needs
to be evaluated among patients. Thus, clinical studies could focus on the impact of the
combined usage of natural products (extract segments) with chemotherapeutic drugs in
alleviating cisplatin-induced neurotoxicity. Although we believe that prophylactic usage of
procyanidin may achieve better effect, we have not tested the design of prophylactic groups
for further study. Future research should compare the effects of prophylactic procyanidin
and the coadministration of it on counteracting chemotherapy-induced changes to BBB
permeability and cognitive decline.

5. Conclusions

In the study, we found that cisplatin could induce the upregulation of MMP-9 and BBB
interruption. Procyanidin can suppress the increased level of MMP-9 and BBB interruption.
The HMGB1/PI3K/Akt signaling pathway may contribute to the upregulation of MMP-9
in macrophages. Procyanidin could be a potential supplemental drug for the management
of chemotherapy.
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