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It was to investigate the targeted therapeutic effect of methylprednisolone (MPS) composite nanoparticles
(NPs) on tuberculous meningitis (TBM) in rats. A total of 180 special pathogen-free (SPF) Sprague Dawley
(SD) rats (male) were randomly and equally assigned to the normal control group, TBM infection group, and
TBM treatment group. Those in the TBM infection group and the TBM treatment group were injected with
Mycobacterium tuberculosis suspension via the tail vein. After the TBM model was established, rats in the
TBM treatment group were injected intraperitoneally with methylprednisolone-nano sterically stabilized lipo-
somes (MPS-NSSLs), and those in the normal control group were injected with an equal amount of normal sa-
line. MPS-NSSLs were prepared, and their quality evaluation, encapsulation rate, drug-lipid ratio, and stability
were detected. The particle size distribution of MPS-NSSLs was 95.4 + 0.7 nm, showing a complete spherical
structure, and the encapsulation rate was 91.24 + 0.27 %, and the drug-lipid ratio was about 0.4. After 7 days
of treatment, the water content of brain tissue in the TBM infection group was drastically superior to that in the
control group (P<0.05); Evans blue (EB) content in the TBM infection group was dramatically superior to that
in the control group (P<0.05). The TBM rat model was successfully established, and this model verified that

MPS-NSSLs had the characteristics of high efficiency and low toxicity in the treatment of TBM rats.
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Introduction

Tuberculous meningitis (TBM) is a non-suppurative
inflammatory disease of the meninges and spinal meninges
caused by Mycobacterium tuberculosis. Extrapulmonary
tuberculosis involves the nervous system in 5 %-15 % of
patients, among which TBM is the most common, accoun-
ting for about 70 % of nervous system tuberculosis (1-3).
The comprehensive treatment of TBM mainly includes
systemic chemotherapy, glucocorticoid therapy, intracra-
nial pressure reduction therapy, local treatment, nutritional
support therapy, and brain hernia rescue. In the chemo-
therapy of TBM, on the one hand, the principles of early,
combined, appropriate, regular, and whole-course chemo-
therapy should be followed. On the other hand, it is neces-
sary to select drugs with bactericidal effects and smooth
passage through the blood-brain barrier, and there is a high
concentration of drugs in cerebrospinal fluid (4,5). Gluco-
corticoid treatment for TBM is critical, and the earlier the
TBM is used in the acute phase, the better the effect is, and
the dose should be sufficient. Methylprednisolone (MPS)
is a commonly used drug for the treatment of TBM in the
clinic, which can inhibit the activity of lymphocytes, re-
duce the secretion of inflammatory exudates, and improve
neurological disorders (6).

Nanotechnology has been currently adopted in mate-
rial synthesis, biology, and pharmacy. Nanomaterial par-

ticles are extremely small, not easily repelled as foreign
bodies in the body, and can be biochemically modified
to meet the requirements of drug carriers more easily for
biocompatibility in terms of tissue, blood, and immunity
(7,8). Liposomes are composed of one or more layers of
the lipid bilayer, similar to biofilms in structure, with the
characteristics of high encapsulation rate, strong serum
stability, strong controllability of drug release, and mature
preparation technology, which have become ideal targe-
ted drug carriers and are gradually applied in the research
and development of new drugs (9). To further improve the
specificity of nano sterically stabilized liposomes (NSSLs)
for the treatment site, Naik et al. (2021) (10) linked speci-
fic targeting molecules on the lipid surface to bind speci-
fic targeting ligands on the surface of tissues and organs,
and utilized antigen-antibody specific immune response to
achieve targeted drug delivery at therapeutic sites.

MPS (MPS) was used as a therapeutic drug with weak
acid and amphiphilic properties. By exploring the esta-
blishment of a stable and reliable animal model of TBM
in rats, and using the newly developed MPS-nano steri-
cally stabilized liposomes (MPS-NSSLs) as intervention
drugs, it was verified that MPS-NSSLs had the unique
advantages of high efficiency, low toxicity, and reducing
hormone dosage in the treatment of animal TBM, which
was of great clinical significance.
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Materials and Methods

Materials

180 special pathogen-free (SPF) Sprague Dawley (SD)
rats (male, 91.25 + 10.26 g, Nanjing Junke Biological Co.,
Ltd.) were fed in separate cages by professionals. All ani-
mal experiments were approved by the Affiliated Hospital
of Guizhou Medical University Laboratory Animal Center.

Construction of TBM rat model

180 healthy SD rats were randomly and equally rolled
into the normal control group, TBM infection group, and
TBM treatment group.

The rats in the TBM infection group and treatment
group were injected with Mycobacterium tuberculosis sus-
pension via the tail vein, and the normal control group was
injected with an equal amount of normal saline. Mycobac-
terium tuberculosis H37Rv (on 7H9 medium for 2 weeks)
of rats in the TBM infection group and TBM treatment
group was filtrated, centrifugated, and dispersed, prepa-
ring 2.5 x 10° CFU/mL bacterial suspension. 0.2 mL bac-
terial suspension (bacterial amount 5 x 10° CFU/rat) was
injected into the tail vein of each rat, which was placed in
a negative pressure environment of (55 £ 15) % humidity
and (21 £ 2)°C, maintaining a cycle of 12 h light/12 h dark
so that the animals could conveniently obtain food and
water. A TBM model was formed after 14 days.

After the formation of a TBM model, the rats in the
treatment group were injected with MPS-NSSLs (4 mg/
kg-d) intraperitoneally every 24 hours until the rats were
sacrificed.

Twenty rats on days 1, 4, and 7 after successful mode-
ling were selected and sacrificed for observation of expe-
rimental parameters.

Determination of water content in rat brain tissue

On the 1st, 4th, and 7th day after the model was suc-
cessfully established, 5 rats of each group were decapi-
tated, the brains were removed as soon as possible, the
left cerebral hemisphere was separated, the blood stains
on the brain surface were sucked out with filter paper, and
the rats were placed into a weighed glass with cover. The
wet weight was measured with an electronic analytical ba-
lance (graduation value 0.1 mg), and the rats were placed
into a 110°C constant temperature drying oven for 24-36
hours to a constant weight (the difference between the two
weighing samples was < 0.2 mg). After dry weight was
measured, the percentage of brain water content (%) was
calculated with the Elliot equation.

Brain water content (%) = (Wet weight —dry weight)/ wet weight x 100% [1]

Evans blue (EB) assay

On the 1st, 4th, and 7th day after successful modeling,
5 rats of each group were injected with 2 % EB (2 mg/kg)
through the tail vein 1 hour before sacrifice and anesthe-
tized by intraperitoneal injection of 1 % pentobarbital so-
dium, and the heart was rapidly disclosed to expose and
perfused with 500 mL of normal saline at 37°C. resulting
in clear fluid from the right atrial appendage. EB content
in brain tissue was measured by the formamide digestion
method: brain tissue samples were extracted from the
cortex of the injured side, and after measurement of wet
weight, they were placed into a centrifuge tube containing

formamide of 4 times the volume of brain tissue samples.
After covering, a water bath was carried out at 5°C for 24
hours. They were centrifuged at 1,500 r/min for 10 min,
the supernatant was taken, the absorbance (A) value was
measured at the EB maximum absorption spectrum of 635
nm, and the EB content was obtained by plotting the stan-
dard curve.

Determination of gene and protein expression

On the 1st, 4th, and 7th day after successful modeling,
10 rats of each group, the gene level of vascular endothe-
lial growth factor (VEGF) and receptor in the brain tissue
of the TBM infection group was detected by RT-PCR; the
protein level of VEGF and receptor in the brain tissue of
the TBMinfection group was detected by Western blot;
the protein level of VEGF and receptor in the brain tissue
of the TBMinfection group was detected by pathological
staining.

Preparation of MPS-NSSLs

MPS-NSSLs were prepared by film dispersion method,
with the preparation process illustrated in Figure 1.

(i) Distearoylphosphatidylcholine (DSPC), cholesterol,
distearoylphosphatidylethanolamine-polyethylene glycol
(DSPE-PEG2000), and distearoylphosphatidylethanola-
mine-polyethylene glycol-carboxyl (DSPE-PEG2000-
COOH) (molar ratio 20: 14.5: 1.8: 0.05) were weighed,
dissolved in a round-bottom glass test tube containing tri-
chloromethane/methanol mixture (volume ratio of 2:1). It
was blown dry by nitrogen to form an adherent and uni-
form film. The organic solvent was removed by vacuum
drying overnight at room temperature.

(i1) An appropriate amount of 200 mM calcium acetate
solution was hydrated, and the liposomes were dispersed
by ultrasound bath (30 min, 250 w) at 72°C.

(iii) Liposome suspension was obtained by successi-
vely passing the light blue opalescent solution after ultra-
sound through filter membranes of 0.4 um, 0.2 um, and 0.1
um using a lipid extruder (Avanti® Mini-Extruder, Avanti
Polar Lipids, USA) and pushing 13-17 times at each layer.

(iv) Liposome suspension was dialysed overnight at
4°C in 0.9 % normal saline with a dialysis tube (molecular
weight 300kDa) and stored at 4°C.

(v) The prescription amount of MPS was weighed and
dissolved in 0.9 % normal saline to prepare 4.2 mM MPS
solution, which was mixed with the prepared liposome
suspension, heated in water bath at 70°C for 40 min, and
stored at 4°C.

(vi) The unencapsulated free MPS was removed by a
gel filtration column (Superose G-25) and stored at 4°C.

Isolation and purification of MPS-NSSLs

Dextran G25 (10 x 150 mm) column was pre-equilibra-
ted by eluent (0.001 M Na HPO,, 0, 15 M NaCl, pH 7.4)
and connected to a Bio Logic LP low-pressure chromato-
graphy (Bio-rad, USA). 0.5 mL of drug-loaded liposomes
were injected into the preloaded column at a flow rate of 1
mL/min, UV absorption values were detected at 280 nm,
and liposomes and unencapsulated drugs were collected
according to the order of peak appearance.

Quality evaluation of MPS-NSSLs
The liposomes were diluted with ultrapure water and
added to the sample cell, and measurements were perfor-
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Figure 1. MPS-NSSLs preparation flow.

med on a ZS90 Laser Particle Size Analyzer (Malvern,
UK) with three replicates for each sample. 5 L of MPS-
NSSLs was dropped onto the copper mesh, and the excess
was absorbed by the filter paper. On a homemade rapid
freezing device, the copper mesh was rapidly projected
into liquid nitrogen ethane that was fully cooled by liquid
nitrogen, the copper mesh was kept submerged in liquid ni-
trogen, transferred to a sample transfer rack, and observed
using a tecnai G2 F20 field emission transmission electron
microscope (FEI, Netherlands) at -176°C with an accele-
ration voltage of 200 kV. Images were recorded using an
FEI Eagled4k x 4k CCD and observed using a low-dose
technique with an electron dose < 10 e/A2.

Detection of encapsulation rate, drug-lipid ratio, and
stability of MPS-NSSLs

0.5 mL MPS-NSSLs were taken and the unencapsula-
ted free MPS was separated by Superose G-25 (10 x 150
mm) with pre-equilibrated eluent (0.001 M Na ,HPO,, 0,
15 M NaCl, pH 7.4) as a free drug (W, ). In addition,
0.5 mL MPS-NSSLs and 5 mL methanol were used as the
total drug dose (W, ). Free drug (W, ) and total drug
dose (W) were determined by high-performance liquid
chromatography (HPLC). The encapsulation rate was cal-
culated as follows.

[2]

The calculation of the measured actual encapsulation

Medicine — fat ratio= W, | W, ... x100%

lipids

amount (W, ..) of liposomes, phospholipid amount (W
ids) of known drug-loaded liposomes, and the drug-lipid
ratio were as follows.

w,

Medicine - fat ratio= W,,s | W, ... x100%

(3]
An appropriate amount of MPS-NSSLs was taken,
evenly divided into 3 parts, and placed at 4°C. Samples
were taken at 0, 4, 8, and 12 weeks to obtain the encapsu-
lation rate, determining the stability of MPS-NSSLs.

Statistical methods

Excel 2016 was employed for the collation of all data,
and SPSS 19.0 for the statistical analysis of treatment ef-
fect indicators. The measurement data in line with normal
distribution were denoted as mean + standard deviation (
Xtg), and the count data percentage (%). The comparison
was carried out by one-way analysis of variance (ANO-
VA). P < 0.05 indicated the difference was considerable.

Results

Isolation and purification of MPS-NSSLs

Due to the different molecular weights, the UV absorp-
tion curves of MPS-NSSLs and MPS purified by Bio Lo-
gic LP low-pressure chromatography and Superose G-25
(10 x 150 mm) were inconsistent. The MPS-NSSLs with
large molecular weight were eluted first, and the MPS-
NSSLs peak appeared, and then the free MPS peak appea-
red. The separation effect of MPS-NSSLs and MPS was
good (Figure 2).

Particle size distribution

The particle size distribution of MPS-NSSLs was 95.4
+ (0.7 nm, which showed a positive distribution with uni-
form distribution and a small span (Figure 3).

Morphological observation

MPS-NSSLs were observed under a field emission
transmission electron microscope, and it showed a com-
plete spherical structure with uniform distribution (Figure
4).

Encapsulation rate, drug-to-lipid ratio, and stability
The encapsulation rate of MPS-NSSLs to MPS reached
91.24 + 0.27 %, with a drug-to-lipid ratio of about 0.4;
MPS-NSSLs could be stably placed at 4°C for not less
than 12 weeks, and the encapsulation rate of MPS-NSSLs

0.7
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Absorbance (280nm)

0.1

0.1 i 4 5 6 7 8 9 10

Time {min)

Figure 2. Isolation and purification of MPS-NSSLs. Note: the first is
the MPS-NSSLs peak; the second is the MPS peak.
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Figure 3. Particle size distribution of MPS-NSSLs.
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Figure 4. Morphological observation of MPS-NSSLs.

to the drug tended to decrease, but it was not significant
(Figure 5).

VEGF and receptor mRNA in brain tissue

After 4 days of treatment, the relative expression of
VEGF and receptor mRNA in brain tissue of the TBM
infection group was markedly higher versus the control
group (P < 0.05). VEGF and receptor mRNA in brain tis-
sue of the TBM treatment group was significantly lower
than that of the TBM infection group (P < 0.05). After
7 days of treatment, VEGF and receptor mRNA in brain
tissue of the TBM infection group was substantially supe-
rior to the control group (P < 0.05). VEGF and receptor
mRNA in the brain tissue of the TBM treatment group was
remarkably inferior to that of the TBM infection group (P
< 0.05) (Figure 6).

Pathological observation of VEGF and receptor in
brain tissue

The infection group had diffuse congestion, edema,
inflammatory exudation, and many tuberculosis nodules
versus the control group. After targeted therapy with MPS-
NSSLs, inflammation was significantly reduced (Figure
7).

Determination of brain tissue water content
4 days after the intervention, the brain tissue water

content of the TBM infection group was drastically higher
versus the control group (P < 0.05); the brain tissue water
content of the treatment group was superior to the control
group (P < 0.05). Seven days after the intervention, the
brain tissue water content of the TBM infection group was
superior to the control group (P < 0.05); the brain tissue
water content of the treatment group differed not greatly
from that of the control group (P > 0.05) (Figure 8). It de-
monstrated the alleviating effect of MPS-NSSLs on TBM.

Determination of EB content

After 4 days of intervention, the content of EB in the
TBM infection group was superior to the control group (P
< 0.05); the content of EB in the brain tissue of the treat-
ment group was higher than the control group (P < 0.05).
After 7 days of intervention, the content of EB in the TBM
infection group was higher versus the control group (P <
0.05); EB content differed not notably between the treat-
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Figure 5. Determination of encapsulation rate of MPS-NSSLs.
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Figure 6. Expression of VEGF and receptor mRNA in brain tissue.
Note: * and # indicate statistically significant differences between the
control group and infection group, respectively (P< 0.05).
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Figure 7. Determination of encapsulation rate of MPS-NSSLs. HE
staining after targeted therapy with MPS-NSSLs.
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ment group and the control group (P > 0.05) (Figure 9).
Discussion

Most TBM originates from hematogenous spread, and
its lesions are severe and involved in a wide range. The
main pathological changes of the disease are extensive
tuberculous exudation of the meninges and ependyma at
the base of the brain. In addition, tuberculous endarteritis
or tuberculous panarteritis occurs in the cerebral arteries,
causing thrombosis, which leads to cerebral infarction and
encephalomalacia. Meningeal lesions at the base of the
brain can lead to dysfunction of the optic nerve, oculomo-
tor nerve, abducens nerve, as well as facial nerve in severe
cases (11-15). Meninges on the cerebrospinal fluid circu-
lation pathway, due to exudation causing thickening, adhe-
sions, causing stenosis and obstruction of the pathway,
develop communicating or obstructive hydrocephalus
(16-18). Therefore, controlling tuberculous exudation and
reducing intracranial pressure is the key to the treatment of
the disease. MPS has the advantages of strong effect and
rapid onset and is suitable for the treatment of TBM. MPS
diffuses through the cell membrane and binds to specific
receptors in the cytoplasm. The resulting conjugates enter
the nucleus and bind to DNA to initiate the transcription
of mRNAs, followed by the production of various enzyme
proteins, which exert their strong anti-allergic effects and
inhibit the migration and activation of inflammatory cells
and the release of inflammatory mediators (19). Beardsley
et al. (2019) (20) explored the use of MPS in the treatment
of viral meningitis, which can not only reduce the inflam-
matory response and protect the blood-brain barrier, but

also reduce intracranial pressure, reduce neuron-specific
enolase content, facilitate the recovery of brain injury, and
avoid or reduce the occurrence of neurological sequelae,
which is similar to the results of this experiment.

In the 1970s, biologically targeted drug delivery was
rapidly developed in the medical field, providing new
ideas for meningitis-specific targeted drug delivery (21-
23). With more and more studies on targeted drug delivery
systems with high efficiency and low toxicity by scholars,
nanotechnology has shown a wide application prospect in
the field of medicine and pharmaceuticals. Nanomedicines
refer to drugs made by nanoscale polymer nanoparticles
(NPs), nanospheres (NS), and nano-capsules (NC) as tar-
geting carriers to combine with drugs (24-26). Since the
drug acts on the human body, the carrier material is requi-
red to be non-toxic, biocompatible, and biodegradable.
Liposomes are composed of one or more layers of lipid
bilayers, containing water-like vesicles, which are simi-
lar to biofilms in structure, are non-toxic, have good bio-
compatibility, and can encapsulate a variety of substances
in their aqueous phase and membranes, become the most
ideal choice of targeted drug carriers. In order to reduce
the immune side effects caused by heterologous antibo-
dies in the human body, MPS-NSSLs were added with the
coupling agent DSPE-PEG2000-COOH on their surface
and their various properties were evaluated. The particle
size distribution of MPS-NSSLs was 95.4 + 0.7 nm, the
encapsulation rate of MPS reached 91.24 + 0.27 %, and
the drug-to-lipid ratio was about 0.4. The rat model expe-
riments confirmed that MPS-NSSLs had specific targeting
and good stability, which was consistent with the results
of Weng et al. (2021) (27). There are other reports (28-31)
in this regard.

In summary, this experiment successfully established
a rat model of TBM and verified that MPS-NSSLs were
highly effective and low toxic for the treatment of TBM
in rats through this model. It provides a research idea
and theoretical basis for exploring the targeted therapy of
TBM, and can further optimize the targeted drugs in the
future, including the following two aspects: to explore new
brain-specific targeted molecules, try to connect double
antibody molecules on the liposome surface, and further
improve the tissue targeting of drugs; to explore the coa-
ting methods of different therapeutic drugs and expand the
application range of brain tissue-targeted nanoliposome
drugs.

Conclusion

180 SD rats were rolled into the control group, and
TBM infection group, and the TBM treatment group. It
was applied in the treatment of a rat model of TBM by
prepared MPS-NSSLs. In this experiment, a rat model of
TBM was successfully established, and this model verified
that MPS-NSSLs were highly effective and low toxic for
the treatment of TBM in rats. The limitation is that the
coating method of the drug is single, and the optimal coa-
ting method of brain tissue-targeted nanoliposome drugs
needs to be explored at a later stage. In conclusion, an
MPS-NSSL is constructed, and it has promising clinical
applications.
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