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Abstract We previously reported evidence that oxi-
dative stress during aging leads to adverse protein 
profile changes of brain cortical microvessels (MVs: 
end arterioles, capillaries, and venules) that affect 
mRNA/protein stability, basement membrane integ-
rity, and ATP synthesis capacity in mice. As an exten-
sion of our previous study, we also found that pro-
teins which comprise the blood–brain barrier (BBB) 
and regulate mitochondrial quality control were also 
significantly decreased in the mice’s cortical MVs 
with aging. Interestingly, the neuroinflammatory 
protein fibrinogen (Fgn) was increased in mice brain 
MVs, which corresponds with clinical reports indi-
cating that the plasma Fgn concentration increased 

progressively with aging. In this study, protein–pro-
tein interaction network analysis indicated that high 
expression of Fgn is linked with downregulated 
expression of both BBB- and mitochondrial fission/
fusion–related proteins in mice cortical MVs with 
aging. To investigate the mechanism of Fgn action, 
we observed that 2  mg/mL or higher concentration 
of human plasma Fgn changed cell morphology, 
induced cytotoxicity, and increased BBB permeabil-
ity in primary human brain microvascular endothelial 
cells (HBMECs). The BBB tight junction proteins 
were significantly decreased with increasing concen-
tration of human plasma Fgn in primary HBMECs. 
Similarly, the expression of phosphorylated dynamin-
related protein 1 (pDRP1) and other mitochondrial 
fission/fusion–related proteins were also significantly 
reduced in Fgn-treated HBMECs. Interestingly, DRP1 
knockdown by shRNA(h) resulted in the reduction of 
both BBB- and mitochondrial fission/fusion–related 
proteins in HBMECs. Our results suggest that ele-
vated Fgn downregulates DRP1, leading to mitochon-
drial-dependent endothelial and BBB dysfunction in 
the brain microvasculature.
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Introduction

Aging is an inevitable stress with escalating deleterious 
effects on brain microvessels (MVs: end arterioles, cap-
illaries, and venules), which influences neuronal health 
and function and increases susceptibility to neurocogni-
tive impairment and dementia. Healthy cerebral MVs are 
critical for the maintenance of nutrient supply for brain 
metabolic requirements while providing immunological 
and physical protection of brain tissues from damaging 
substances via the blood–brain barrier (BBB). Age-
related anatomical changes on cerebral MVs have been 
reported and include decreases in small blood vessels 
and capillary density [1–4], looping, tortuosity, twist-
ing, reorganization [5–10], and BBB leakage [11, 12]. 
Research on the role of the various proteins in cerebral 
MVs in health and disease during aging has been rela-
tively neglected due to the previous focus on large arter-
ies and the methodological challenges in understanding 
the complex factors involved in the synthesis, stability, 
function of proteins, and protein–protein interactions.

We recently examined the expression and interac-
tions of large numbers of differentially expressed proteins 
(DEPs) in mouse brain MVs and reported that reduced 
ROS scavenging ability and mRNA/protein stability are 
likely early precipitating events leading to the adverse 
protein changes that reduce ATP production by glyco-
lysis and mitochondrial respiration and compromise the 
structural integrity of the BBB in mice cortical MVs with 
aging [13]. An unexpected finding was that the fibrinogen 
(Fgn) content of brain MVs increases with aging. How-
ever, the impact of Fgn on the brain microvasculature 
with aging and on energy production and BBB status has 
not been examined. In the current study, we performed a 
more extensive examination of protein–protein interaction 
networks, including those involved in the maintenance 
of BBB integrity and mitochondrial fission/fusion pro-
gramming in cortical MVs of young, middle-aged, and 
old mice. Specifically, we focused on the initiating patho-
genic role of Fgn in MV disfunction with aging.

Materials and methods

Animals

Young (4–6  months), middle-aged (12–14  months), 
and old (20–21  months) mice were incorporated in 
this study. Tg(Thy1-EGFP)MJrs/J] (Jax No. 007788) 

mice (Jackson Laboratory) were bred in a C57B16J 
background [13]. We included six mice (n = 6) in 
each group. An equal number of age-matched male 
and female mice were included in each group. Mice 
were maintained in group housing at ~ 23°C on a 
12-h light/dark cycle with ad  libitum access to food 
and water. This study followed the Institutional Ani-
mal Care and Use Committee guidelines of Tulane 
University, the National Institutes of Health Office 
of Laboratory Animal Welfare guidelines, and the 
ARRIVE guidelines for animal research. To avoid 
any differences due to circadian rhythm, cortical MVs 
were collected at the same time of day from all mice.

Microvessels isolation

The MV isolation protocol was described previously 
[13–15]. Briefly, euthanasia was done using isoflu-
rane anesthesia followed by decapitation. The mouse 
brain was removed and placed on filter paper and the 
hindbrain, olfactory bulbs, white matter, and large sur-
face blood vessels were removed and discarded. The 
remaining cortical tissue was homogenized with 5 mL 
ice-cold Dulbecco’s phosphate-buffered saline (DPBS) 
(Life Technologies Corporation, NY, USA) on ice, 
and centrifuged at 3300 × g for 15 min. The pellet was 
resuspended in 17.5% dextran (Therma Fisher Scien-
tific, Waltham, MA), and filtered through a 300 µm fil-
ter unit (pluriSelect Life Science, CA, USA). The fil-
trate was centrifuged at 7900 × g for 15 min. The MV 
pellet was resuspended in 2% bovine serum albumin 
(BSA) (Sigma-Aldrich, St Louis, MO), and passed 
through a 70  µm filter (Corning Incorporated, NY, 
USA). To get contamination-free MVs, the subsequent 
sample was centrifuged at 13,000 × g for 15 min with 
a final clean-up with 17.5% dextran followed by 2% 
BSA. Finally, the MV pellet was resuspended in PBS, 
its integrity was validated as described in our studies 
[13–17] and stored at − 80 °C until used.

Sample preparation for proteomic analysis

Samples were prepared for proteomic analysis by fol-
lowing our published protocol [14]. Briefly, PBS was 
removed by centrifugation (10,000  rpm/5  min), MV 
pellets were lysed in 1% SDS solution with inter-
mediate vortexing and sonication. Protein quantita-
tion was performed using bicinchoninic acid (BCA) 
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Protein Assay Kit (Thermo Scientific, Rockford, IL) 
and 100 µg of each sample was used for TMT labeling.

Quantitative discovery-based proteomic analysis in 
mice cortical MVs

Detailed procedures were described in our previous 
publications [13–15]. Briefly, 100  µg of each protein 
sample was prepared for trypsin digestion followed 
by alkylation with iodoacetamide. After chloro-
form–methanol precipitation, each protein pellet was 
digested with 1 µg trypsin overnight at 37 °C. Tryptic 
peptides were labeled using one of the three tandem 
mass tags (TMT) 6-plex reagent sets (Thermo Scien-
tific Pierce). An equal amount of each TMT-labeled 
sample was combined in a single tube with SepPak 
purified (Waters, Ireland) using acidic reverse-phase 
conditions. The fractionated, labeled peptide mix-
tures were run on a Dionex U3000 nano-flow system 
(Thermo Fisher Fusion Orbitrap mass spectrometer). 
Chromatography was conducted in a “trap-and-load” 
format using an EASY-Spray source. The entire run 
had a flow rate of 0.3 µL/min and electrospray was 
achieved at 1.8  kV. The 3 runs of each age group 
were searched using the SEQUEST HT node of Pro-
teome Discoverer 2.4 (Thermo Scientific). The Protein 
FASTA database was the Mus musculus, SwissProt tax 
ID = 10′090, version 2017–10-25 containing 25,097 
sequences. Using a false discovery rate (FDR) of < 1%, 
only one unique high-scoring peptide of an identified 
protein was needed for addition in our results. Pro-
teome Discoverer was also used to determine the quan-
titative differences between biological groups.

Bioinformatic analysis

The effects of aging on the proteome were determined by 
comparing the differentially expressed proteins (DEPs) 
of young, middle-aged, and old mice. Proteins identi-
fied in all three study groups were uploaded to ingenuity 
pathway analysis (IPA) software. Initially, core analysis 
was conducted, and then, interaction network analysis 
was performed to identify the interaction between Fgn 
and proteins involved in BBB and the tight junction 
(TJ)-signaling pathway as well as the mitochondrial fis-
sion/fusion process. Protein–protein interaction was 
demonstrated based on the following criteria: experi-
mental evidence, neighborhood, gene fusion, occur-
rence, co-expression, existing databases, and text mining. 

Comparisons were also carried out between the three 
analyzed datasets (old vs. young, middle-aged vs. young, 
and old vs. middle-aged) to determine the differences in 
the identity of the top diseases and biological functions 
regulated by the DEPs in mice cortical MVs with aging.

Cell culture

Primary human brain microvascular endothelial cells 
(HBMECs) (Catalog # ACBRI 376), culture media, and 
reagents were purchased from the Cell System and cul-
tured as shown previously [18, 19]. Briefly, cells were 
cultured in a complete medium containing 10% fetal 
bovine serum and other reagents according to the man-
ufacturer’s recommendations. Cells were washed with 
passage reagent group (PRG)-1, dissociated with PRG-2, 
and the enzymatic reaction stopped with ice-cold PRG-3. 
Cells were centrifuged (200 × g for 7 min at 4 °C), resus-
pended in the complete classic medium, seeded in flasks 
coated with attachment factor (4Z0-210), and incubated 
at 37 °C with 5%  CO2 in 95% relative humidity. Cells 
were cultured with fresh media every 48 h and were used 
up to passage 9 in different experiments.

Reagents and antibodies

Fibrinogen from human plasma (#F3879) and 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) reagent (#M5655) were purchased 
from Sigma-Aldrich, St. Louis, MO. DRP1 shRNA(h) 
lentiviral particles (#sc-43732-V), Control shRNA len-
tiviral particles-A (#sc-108080), and Polybrene® (#sc-
134220) were purchased from Santa Cruz Biotech-
nology, Dallas, TX, USA. Antibodies were purchased 
from the following suppliers: against ZO-2 (#2847), 
phospho-DRP1[S616] (#3455), phospho-DRP1[S636] 
(#4867), and claudin-5 (#49,564) from Cell Signal-
ing Technology, Danvers MA, USA; against JAM-A 
(#sc-53623) and occludin (#sc-133256) from Santa 
Cruz Biotechnology, Dallas, TX, USA; against β-actin 
(#A5441), and MFN2 (#M6444) from Sigma-Aldrich, 
St. Louis, MO, USA; against total DRP1 (#611,112) 
and OPA1 (#612,606) from BD Transduction Labora-
tory, San Jose, CA, USA; against PECAM-1 (#01004) 
from BiCell Scientific, Maryland Heights, MO, USA; 
against FIS1 (#ALX-210–1037) from Enzo Life Sci-
ences, Inc, Farmingdale, NY, USA; and against VE-
cadherin (#36–1900) from Invitrogen, Frederick, MD, 
USA.
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Quantitative measurement of cell morphology

Images of cultured HBMECs were collected under 
control conditions and following treatment with dif-
ferent concentrations of Fgn. Pictures were taken with 
bright field under light microscopy and representative 
pictures of the treated or untreated (mock) cells were 
compared for change in morphology. To quantitatively 
assess the effects of fibrinogen treatment on the cell 
morphology, we measured the aspect ratio and the 
circularity of cells using ImageJ Fiji. Briefly, images 
were converted from RGB to 16-bit grayscale and then 
subjected to automated contrast enhancement. In each 
field of view, 10–20 cells were manually segmented 
using the freehand selection tool. Segmented cells 
were then converted to a black-and-white mask con-
taining only these selected objects. Using the analyze 
particles tool, objects were automatically detected, 
and their morphology was characterized by measuring 
various shape descriptors, including aspect ratio and 
circularity. Aspect ratio refers to the ratio of the major 
to minor axis from an elliptical fit to the cell shape, 
whereas circularity is a parameter that ranges from 
0 to 1, with 1 being a perfect circle. Therefore, cells 
undergoing elongation will display higher aspect ratio 
values and lower circularity values. Statistical dif-
ference was determined using one-way ANOVA fol-
lowed by the Tukey test for multiple comparisons.

Measurement of cell viability

The viability of primary HBMECs after the treatment 
with human Fgn for 24 h was assessed by MTT assay. 
Briefly, 5000 cells were seeded in 96-well plates with 
200 µL complete classic media. The next day, cells 
were cultured with fresh media and treated with dif-
ferent concentrations (1–8  mg/mL) of human Fgn. 
The cell viability was measured at 24 h post-exposure 
to Fgn with MTT solution (5 mg/mL for 3–4 h at 37 
°C). DMSO was used to solubilize the formazan crys-
tals, and the optical density was measured at 540 nm 
with a spectrophotometer (BioTek Instruments).

Transwell-based BBB permeability assay

Following the published protocol [18, 19], primary 
HBMECs were seeded onto transwell inserts and cells 
were allowed to grow for 3 days in a complete classic 
medium. After cells became confluent on the transwell, 

HBMECs were treated with human plasma–derived 
Fgn in fresh culture medium for 24 h. The cell mon-
olayer’s ability to limit the infiltration of a medium to 
high molecular weight (70 and 150  kDa) fluorescein 
isothiocyanate-labeled dextran (FITC-dextran; Sigma-
Aldrich, St. Louis, MO, USA) was determined before 
and after the addition of 10 µg/mL FITC-dextran to the 
upper transwell chamber. After incubation for 30 min, 
20 µL of medium was collected from the lower cham-
ber, and the fluorescence was measured with a spectro-
photometer (BioTek Instruments, Winooski, VT, USA) 
set to 485/20 nm excitation and 528/20 nm emission.

Western blotting

We followed our previously published laboratory pro-
tocol to prepare the cell lysates and perform immu-
noblots [14, 15, 19, 20]. In brief, NP40 lysis buffer 
(Invitrogen, Frederick, MD, USA) with phosphatase 
and protease inhibitors was used to lyse the cells, and 
the protein concentration of the clarified lysates was 
measured by Pierce BCA protein assay (Thermo Sci-
entific). Proteins were separated using a gradient gel 
(4–20% SDS-PAGE) and transferred onto a PVDF 
membrane. A 1X blocking buffer (Abcam, Cambridge, 
MA, USA) was employed to block the non-specific 
binding sites and to dilute the primary antibodies. 
The membranes were rinsed with Tris-buffered saline 
(Bio-Rad, Hercules, CA, USA) with 0.1% Tween-20 
(Sigma-Aldrich, St. Louis, MO, USA), and incubated 
overnight with primary antibodies at 4 °C. The next 
day, membranes were washed and incubated again 
with respective secondary antibodies, either goat anti-
rabbit IgG at 1:2500 dilution (#7074S, Cell Signaling 
Technology) or goat anti-mouse IgG at 1:5000 dilu-
tion (#7076P2, Cell Signaling Technology) at room 
temperature for 1 h. Chemiluminescence (LumiGLO, 
Gaithersburg, MD, USA) and autoradiography were 
used to visualize the final reaction. Band densitom-
etry was performed using ImageJ Software (NIH, 
Bethesda, MD, USA, http:// imagej. nih. gov/ ij/).

Immunofluorescence, confocal microscopy, and 
image analysis

Immunofluorescence staining and confocal imaging 
on primary HBMECs wre performed according to our 
recently published protocol [19]. Briefly, after treatment 
with either human plasma Fgn (4  mg/mL) or vehicle 

http://imagej.nih.gov/ij/
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control for 24 h, primary HBMECs were fixed with 4% 
paraformaldehyde (PFA) for 15 min at room tempera-
ture, washed with PBS, and permeabilized with PBST 
(PBS with 0.1% Triton X-100) for 20 min. Cells were 
blocked for non-specific binding using PBS containing 
5% donkey serum (Sigma-Aldrich Cat. No.: D9663) for 
1 h at room temperature, followed by overnight incuba-
tion at 4 °C with a rabbit anti-PECAM-1 (CD31) anti-
body (BiCell; # 01004) at 1:300 dilution and a rat anti-
ZO-1 (Tjp1 C-terminus) antibody (BiCell, # 00236) 
at 1:300 dilution. Primary antibodies were diluted in 
PBS with 5% donkey serum. The next day, cells were 
rinsed quickly 3 × with PBS and then washed with PBS 
for 2  h at room temperature on a rocker. Cells were 
then incubated with donkey anti-rabbit (Invitrogen; # 
A-21206) and donkey anti-rat (Invitrogen; # A-48272) 
secondary antibodies, both at a 1:500 dilution for 2 h at 
room temperature on a rocker and protected from the 
light. Finally, cells were quickly rinsed with PBS 3 × to 
remove excess unbound secondary antibody, washed 
with PBS for 2 h at room temperature on a rocker, and 
then mounted with ProLong Glass antifade mountant 
with NucBlue stain (Invitrogen; # P36981).

Fluorescence images were collected using a 
40 × water immersion objective on an Andor Drag-
onfly 202 (+ Leica DMI8 stand) high-speed confocal 
imaging platform equipped with solid-state 405, 488, 
561, and 637  nm smart diode lasers. Images were 
acquired using a Zyla PLUS 4.2 Megapixel sCMOS 
camera. Confocal maximum projections were then 
analyzed to assess the levels of fluorescence spe-
cifically at the intercellular junctions, i.e., along the 
perimeter/contour of cells, where PECAM-1 and 
ZO-1 are located. Using ImageJ Fiji, the contour of 
various cells was individually hand-drawn using the 
segmented line tool. Then, by means of the straighten 
tool, the area along a 30-pixel wide contour was 
straightened and the normalized fluorescence intensity 
was determined by measuring the integrated density 
and normalizing it by the area spanned by each cell 
contour. Five different regions of interest, or fields of 
view, were analyzed per culture dish; and contours 
for 5 different cells were analyzed per field of view. 
Thereby, each individual datapoint represents the aver-
age values of all these measurements. Data is pre-
sented as the mean ± SEM of the average normalized 
integrated fluorescence density for each group. Statis-
tically significant differences were evaluated using a 
parametric t-test with a significance set at *p < 0.05.

Stable knockdown of DRP1 in primary HBMECs

We developed stable DRP1 knockdown cells by 
transducing shRNA(h) lentiviral particles (Santa 
Cruz, sc-43732-V) according to the manufacturer’s 
instruction. DRP1 shRNA (h) lentivirus particles 
containing 19–25 nucleotides (plus hairpin) shRNA 
were designed to knockdown the specific expression 
of DRP1. Briefly, cells were cultured in a 12-well 
plate (20,000 cells/well). The next day, the medium 
was replaced with polybrene (sc-134220) contain-
ing (5 µg/mL) fresh culture medium, and cells were 
transduced with an infection multiplicity of three 
(MOI = 3) overnight. The next day, the infection-con-
taining culture medium was removed, and cells were 
washed with PBS, and then cultured with a com-
plete medium (without Polybrene). After 24  h, the 
cells were split 1:3 and cultured for 72 h in complete 
medium, collected on a cell palette, lysed, and the cell 
lysates were prepared for western blot analysis.

Statistical analysis

For quantitative proteomic data, we used a t-test anal-
ysis by grouping biological replicates and presenting 
pair-wise comparisons for fold-change: young, mid-
dle-aged, and old mice. The normalized abundance 
quantity of a biological replicate was calculated from 
an average of three experimental replicates. The data 
was shown as mean ± standard deviation (SD). Pri-
marily, the data sets were calculated by the Shap-
iro–Wilk/D’Agostino-Pearson/Kolmogorov–Smirnov 
tests for normality followed by unpaired t-test with 
Welch correction for normally distributed data. When 
the data did not pass the normality test, a non-para-
metric Mann–Whitney test was employed as indi-
cated in the figure legends. GraphPad Prism version 
9.5.1 for Windows was used for statistical analysis, 
and p < 0.05 was considered statistically significant.

Results

DEPs involved in biological functions and 
CNS-related disease/disorder in mice cortical MVs 
with aging

We reported previously that 4746, 4216 and 4579 
DEPs were quantified by proteomics in brain cortical 
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MVs of young, middle-aged, and old mice, respec-
tively [13]. Venn diagram indicated that 3579 pro-
teins were common in all age groups; however, 380 
(8%), 155 (3.7%), and 455 (10%) unique proteins 
were quantified in young, middle-aged, and old mice, 
respectively (Fig.  1A). IPA analyses indicated that 
DEPs were involved in several CNS-related disorders 
and the dysregulation of biological functions in mice 
cortical MVs with aging (Fig. 1B).

DEPs were involved in dysregulation of BBB and 
mitochondrial fission/fusion in mice cortical MVs 
with aging

IPA indicated that the DEPs involved in BBB disrup-
tion and TJ signaling were mostly downregulated in 
middle-aged vs. young (~ 80%, 71/89) and old vs. 
young (~ 68%, 63/92) mice cortical MVs (Fig.  2A). 
The DEPs and their fold change are listed in Sup-
plementary Table 1. Most of the downregulated pro-
teins were common for both the middle-aged and old 
vs. young mice brain MVs. Among the upregulated 
DEPs, ACTC1, ACTB, F11R, PPM1L, SPTAN1, and 
VAMP3 increased in both middle-aged and old vs. 

young mice brain MVs. However, several cleavage 
stimulation factor subunits (CSTF1-3), cleavage- and 
polyadenylation-specific factors (CPSF1-4), AKT1, 
GPAA1, JAM2, MYH1, MHY11, MYL1, MYLK, 
PRKAR1A, TGFBR2, and VAPA were only upregu-
lated in old vs. young mice brain MVs. Some pro-
teins (CLDN11, JAM3, MYH14, NECTIN1, NAPB, 
PTEN, PPP2CA, PPP2R-2A, and -5B) were upregu-
lated in middle-aged vs. young mice brain MVs (Sup-
plementary Table 1). More comprehensive IPA analy-
sis indicated that proteins involved in permeability, 
leakage, damage, breakdown, integrity, and physio-
logical function of BBB were differentially expressed 
in middle-aged and old mice cortical MVs (Fig. 2B). 
The DEPs and their fold change are listed in Sup-
plementary Table  2. Mitochondrial fission–related 
proteins were mostly downregulated both in middle-
aged vs. young (78%, 28/36) and old vs. young (83%, 
30/36) mice cortical MVs. Similarly, DEPs involved 
in mitochondrial fusion were also mostly downregu-
lated both in middle-aged vs. young (78%, 22/28) 
and old vs. young (90%, 26/29) mice cortical MVs 
(Fig. 2A). The DEPs and their fold change are listed 
in Supplementary Table 1.

Fig. 1  Differentially expressed proteins in mice cortical MVs 
and their involvement in diseases and biological functions 
with aging. A Venn diagram was drawn by using VENNY 
2.1 (https:// bioin fogp. cnb. csic. es/ tools/ venny/ index. html) 
online web tool. Protein clustering in cortical MVs of young, 
middle-aged, and old mice by proteomic analysis. Relative 
protein abundance quantified by TMT-based proteomic study. 
B A comparison analysis depicting the diseases and biologi-

cal functions associated with neuropathogenesis in cortical 
MVs of young, middle-aged, and old mice. The intensity of the 
heat map color corresponds to the activation z-score due to the 
involvement of upregulated and downregulated proteins. Age-
matched, three males and three females were included in each 
group (n = 6/group) in this study. Y young, MA middle-aged, 
O old

https://bioinfogp.cnb.csic.es/tools/venny/index.html
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The abundance of Fgn was increased, but BBB- and 
mitochondrial fission/fusion–related proteins were 
decreased in cortical MVs of older than young mice

Proteomic data indicated that the expression of fibrin-
ogen beta was significantly higher in cortical MVs of 
older than young mice (Fig. 3A). On the other hand, 
BBB-related ZO-1, ZO-2, CTNNA1, and CTNNB1 
proteins were significantly less expressed in cortical 
MVs of older than young mice (Fig. 3B–E). Similarly, 
several mitochondrial fission/fusion–related proteins 
such as DRP1, Mff, MFN2, OPA1, and SLC25A46 
were significantly less expressed in cortical MVs of 
older than young mice (Fig. 3F–J).

Protein-network analysis showed that high expression 
of Fgn was linked with downregulated expression of 
BBB and TJ-signaling proteins in the cortical MVs of 
old vs. young mice

Functional interactions among the Fgn family proteins 
(FGA, FGB, and FGG) and several BBB and TJ-signaling 
proteins were analyzed by IPA. Interestingly, decreased 
expression (indicated by green) of syntaxin-1B (STX1B), 
cAMP-dependent protein kinase type II-beta regulatory 
subunit (PRKAR2B), cAMP-dependent protein kinase 

catalytic subunit-alpha (PRKACA), -beta (PRKACB), tis-
sue-type plasminogen activator (PLAT), serine/threonine-
protein phosphatase 2A catalytic subunit alpha isoform 
(PPP2CA), and Ras homolog family member A (RHOA) 
proteins interacted directly (indicated by solid black lines) 
with Fgn family proteins. Simultaneously, these proteins 
were directly linked with several TJ (ZO-1, ZO-2, JAM3, 
OCLN, CLDN), TJ-contractile (Myosin, MYO18A, 
MYL6, MYL9, MYH9, MYH10, and MYH14), and 
adherens junction (CTNNA1, CTNNB1, NECTIN1, 
NECTIN3) proteins, which were downregulated in old vs. 
young mice cortical MVs. Interactome analysis also indi-
cated that TJ-signaling proteins, RHOA and RAC1, were 
also downregulated in old vs. young mice MVs. Solid or 
broken blue arrows indicate the inhibition influence of 
one protein by others (Fig. 4). The proteins used in this 
network analysis and their fold changes are listed in Sup-
plementary Table 3.

Interactome analysis showed that high expression 
of Fgn was associated with reduced expression of 
mitochondrial fission/fusion–related proteins in the 
cortical MVs of old vs. young mice

Protein–protein interaction by IPA showed that a 
high abundance of FGA, FGB, and FGG (indicated 

Fig. 2  Differentially expressed proteins (DEPs) were involved 
in the dysregulation of BBB and mitochondrial fission/fusion 
in mice cortical MVs with aging. A IPA indicated the upreg-
ulated (red) and downregulated (green) proteins involved 
in BBB disruption and TJ signaling, mitochondrial fission/
fusion in middle-aged and old vs. young mice’s cortical MVs. 

The DEPs and their fold change are listed in Supplementary 
Table  1. B More detailed bioinformatic analysis shows the 
number of proteins involved in the pathophysiology of BBB. 
Protein names and their fold change are listed in Supplemen-
tary Table 2. Age-matched, three males and three females were 
included in each group (n = 6/group) in this study
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by red) was linked with several downregulated mito-
chondrial fission/fusion–related proteins (indicated 
by green) in cortical MVs of old vs. young mice. The 
network analysis revealed that low density lipopro-
tein receptor-related protein 1 (LRP1) and synuclein 
alpha (SNCA) were linked with Fgn family proteins. 
Both LRP1 and SNCA were directly or indirectly 
associated with the downregulation of mitochon-
drial fission/fusion proteins. Protein network analysis 
indicated that LRP1 leads to the inhibition of mito-
chondrial fusion proteins, OPA1, and MFN2 (broken 
blue line). Similarly, in this network, SNCA is linked 
with DRP1, OPA1, MFN1/2, and other mitochon-
drial fission/fusion proteins (indicated by broken blue 
and black lines). Interestingly, the high expression of 
microtubule-associated protein tau (MAPT; indicated 
by red) is directly linked with DRP1, LRP1, SNCA, 
and several mitochondrial fission/fusion proteins 
in cortical MVs of old vs. young mice (Fig. 5). The 

proteins used in this interactome analysis and their 
fold changes are listed in Supplementary Table 4.

Increased concentration of human plasma–derived 
Fgn changed cell morphology and induced 
cytotoxicity in primary HBMECs

We observed that HBMECs morphology changed 
from normal architecture to more elongated forms 
with increasing concentrations of Fgn. Cell prolif-
eration rate decreased with increasing Fgn concen-
tration, and most cells were spindle-shaped upon 
exposure to 4  mg/mL or higher concentration of 
Fgn (Fig. 6A). We measured the circularity of cells 
and the cell aspect ratio using ImageJ software. 
The results clearly indicated that cell circularity 
significantly decreased with increasing concentra-
tion of Fgn (Fig.  6B). On the other hand, the cell 
aspect ratio significantly increased with increasing 

Fig. 3  The abundance of fibrinogen beta, BBB- and mitochon-
drial fission/fusion–related proteins in the cortical MVs of old 
vs. young mice. Altered age-specific expression of fibrinogen 
beta (panel A), BBB-related (panels B–E), and mitochondrial 
fission/fusion–related (panels F–J) proteins in mouse’s corti-
cal MVs. The abundant expression of different proteins that 
exhibited differences between old vs. young mice is shown in 

bar graphs. Graphs show mean ± SD of relative abundance, 
with significant differences between groups presented as indi-
cated. Proteins presented in different panels passed the Shap-
iro–Wilk/D’Agostino-Pearson/Kolmogorov–Smirnov normal-
ity tests followed by an unpaired t-test with Welch correction. 
Age-matched, three males and three females were included in 
each group (n = 6/group)
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concentration of Fgn (Fig. 6C). Also, cell viability 
was significantly decreased when treated with 4 mg/
mL or higher concentration of Fgn (Fig. 6D).

Human plasma–derived Fgn increased BBB 
permeability possibly due to the downregulation of 
BBB-related TJ proteins in primary HBMECs

Transwell migration-based BBB permeability assay 
indicated that even 2  mg/mL of Fgn significantly 
increased BBB leakage. BBB permeability fur-
ther increased with increasing concentration (4  mg/
mL) of Fgn. Interestingly, due to the smaller size of 
FITC-dextran, we observed that the percent increase 
of BBB permeability by 70  kDa FITC-dextran was 
much higher than the percent increase by 150  kDa 
FITC-dextran. A significant increase of barrier 

permeability even with 150  kDa FITC-dextran indi-
cates that moderate to high concentration of Fgn 
could cause severe leakage of both paracellular 
(BBB), or transcellular pathways (Fig. 7A). Western 
blot analysis indicated the dose-dependent decrease 
in TJ proteins such as JAM-A, ZO-1, and ZO-2 
with increasing concentration of Fgn (Fig.  7B–C). 
JAM-A expression was significantly reduced when 
cells were treated with 3  mg/mL or higher concen-
trations of Fgn. However, for ZO-1 and ZO-2, the 
expression was significantly reduced at 4  mg/mL 
or higher concentrations of Fgn (Fig.  7C). Interest-
ingly, the expression of occludin and claudin-5 was 
significantly increased when cells were treated with 
2  mg/mL of Fgn; however, the expression of VE-
cadherin was significantly decreased both at 2 mg/mL 
and 4  mg/mL of Fgn (Supplementary Fig.  1A–B). 

Fig. 4  Protein network analysis of Fgn and BBB disrup-
tion and TJ-signaling proteins in the cortical MVs of old vs. 
young mice. Graphical presentation of the interaction network 
between upregulated Fgn (red) and downregulated (green) 
BBB disruption and TJ-signaling pathways–related proteins in 
cortical MVs of old vs. young mice were developed by IPA. 

STX1B, PRKAR2B, PRKACA, PRKACB, PLAT, RHOA, and 
PPP2CA proteins are directly linked to Fgn. FGA, FGB, and 
FGG are three different isoforms of Fgn. The protein symbols 
used in this network analysis and their fold change are listed 
in Supplementary Table 3. Age-matched, three males and three 
females were included in each group (n = 6/group) in this study



404 GeroScience (2024) 46:395–415

1 3
Vol:. (1234567890)

We studied the long-term effect of low concentra-
tions of Fgn on HBMECs. Cells were treated every 
2 days up to 15 days with 0.25, 0.5, and 1.0 mg/mL 
of Fgn (Fig.  7D). Interestingly, the expression of 
tight junction protein, JAM-A was decreased due to 
chronic treatment of low concentrations of Fgn on 
HBMECs (Fig.  7E–F). Immunofluorescence further 
supported our western blot results. Platelet endothe-
lial cell adhesion molecule 1 (PECAM1; also known 
as CD31), which regulates endothelial junctional 
integrity, was significantly decreased in Fgn-treated 
HBMECs (Fig.  8A–B). Moreover, we observed dis-
continued and significantly less membrane staining 
of ZO-1 in Fgn-treated cells compared with untreated 
cells (Fig. 8C–D).

Human plasma–derived Fgn downregulated the 
expression of mitochondrial fission/fusion–related 
proteins in primary HBMECs

We observed that mitochondrial fission protein 
pDRP1 (S616) was significantly decreased even at a 
low concentration of 2  mg/mL of Fgn and was fur-
ther reduced when cells were treated with 4  mg/
mL of Fgn. Interestingly, the expression of pDRP1 
(S637) was significantly decreased using only 4 mg/
mL of Fgn (Fig. 9A–B). Mitochondrial fission 1 pro-
tein (FIS1) was also significantly decreased even at 
a low concentration of 2 mg/mL of Fgn. Both large 
and small subunits of mitochondrial dynamin-like 
120  kDa protein, known as OPA1, were decreased 

Fig. 5  Protein network analysis of Fgn and mitochondrial fis-
sion/fusion–related proteins in cortical MVs of old vs. young 
mice. Protein–protein interaction between downregulated 
(green) mitochondrial fission/fusion-related proteins and 
upregulated Fgn (red) in cortical MVs of old vs. young mice 
was generated by IPA. Proteins SNCA and LRP1 are directly 
linked to Fgn. Concurrently, several mitochondrial fission/

fusion–related proteins are directly or indirectly associated 
with SNCA and LRP1, indicated by continuous and broken 
lines with different colors. The protein symbols used in this 
network analysis and their fold change are listed in Supplemen-
tary Table 4. Age-matched, three males and three females were 
included in each group (n = 6/group) in this study
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Fig. 6  High expression of fibrinogen changes the morphology 
and induces cytotoxicity in primary HBMECs. A Equal num-
bers (5 ×  104) of primary HBMECs were cultured in a 6-well 
plate. After 48 h, cells were cultured with fresh medium and 
treated with indicated concentrations of human plasma Fgn 
for 24  h. Pictures were taken the next day with bright field 
under microscopy, and representative pictures of the treated or 
untreated (Mock) cells were compared for change in morphol-
ogy. B–C We measured the cell circularity and the cell aspect 
ratio using ImageJ Fiji software. Images were transferred from 
RGB to 16-bit grayscale and then subjected to automated con-
trast enhancement. Nearly 10–20 cells were manually seg-
mented using the freehand selection tool in each field of view. 
Using the analyze particles tool, objects were automatically 
detected, and their morphology was characterized by measur-
ing various shape descriptors, including aspect ratio and cir-

cularity. Aspect ratio refers to the ratio of the major to minor 
axis from an elliptical fit to the cell shape; while circularity is 
a parameter that ranges from 0 to 1, with 1 being a perfect cir-
cle. D To measure the cell viability, equal numbers (5 ×  103) of 
primary HBMECs were cultured in a 96-well plate. The next 
day, cells were treated with indicated concentrations of human 
plasma Fgn for 24 h, and cell viability was measured by MTT-
based assay. Significant change of cell viability with increasing 
concentration of Fgn is indicated by asterisks. The experiment 
was repeated three times (n = 3), and in each time of the exper-
iment, five experimental replicates were performed. The data 
sets were passed both the Shapiro–Wilk and Kolmogorov–
Smirnov normality tests and followed by an ordinary one-way 
ANOVA test for multiple comparisons of normally distributed 
data
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with increasing concentration of Fgn in HBMECs. 
However, another mitochondrial fusion protein, mito-
fusin-2 (MFN2), was not significantly decreased 
with increasing concentration of Fgn in HBMECs 
(Fig. 9C–D).

Knockdown of DRP1 downregulated BBB- and 
mitochondrial fission/fusion–related protein 
expression in primary HBMECs

After the stable knockdown of DRP1 by lentivi-
ral expressing shRNA against DRP1 (shDRP1), 
we observed that nearly 80–90% of total DRP1 and 
pDRP1 (S616) were downregulated in shDRP1 
cells (Fig.  10A and D). Concurrently, BBB-related 

TJ-proteins (JAM-A and ZO-2) were significantly 
decreased in shDRP1 cells compared with the control 
(mock) (Fig. 10B and D). The expression of FIS1 and 
the small subunit of OPA1 (s-OPA1) were not signifi-
cantly changed; however, the large subunit of OPA1 
(l-OPA1) and MFN2 was significantly decreased in 
shDRP1 cells compared to the Mock (Fig.  10C and 
D).

Discussion

Brain aging is a major risk factor in the progression 
of cognitive diseases and vascular dementia. Cerebral 
small vessel disease, a specific cause of subcortical 

Fig. 7  Human plasma Fgn downregulated the expression of 
BBB-related proteins in primary HBMECs. A In  vitro BBB 
permeability was measured by transwell migration assay. Pri-
mary HBMECs (2 ×  105) were cultured in the upper chamber 
of the transwell and allowed to grow for 72  h to form a cell 
monolayer with a complete BBB. The BBB permeability was 
measured after 24  h exposure to Fgn. A schematic diagram 
of the transwell-based BBB permeability assay is presented 
at the top. Graph showing the BBB permeability efficiency of 
fluorescent-labeled 70 kDa and 150 kDa molecular weight of 
FITC-Dextran. In each time of the experiment, four experi-
mental replicates were performed. The data sets have passed 
the Shapiro–Wilk normality test followed by an ordinary 
one-way ANOVA test for multiple comparisons of normally 
distributed data. B–C Equal numbers (5 ×  104) of primary 
HBMECs were cultured in a 6-well plate. The next day, cells 
were treated with the indicated concentrations of human Fgn 

for 24 h, and BBB-related proteins, JAM-A, ZO-1, and ZO-2 
were detected by western blots. The relative band intensities 
were quantified by ImageJ software and compared from three 
independent experiments (n = 3). The data sets have passed the 
Shapiro–Wilk normality test followed by an ordinary one-way 
ANOVA test for multiple comparisons of normally distrib-
uted data. D Protocol for the repeated treatments of HBMECs 
with low concentrations of human plasma Fgn. Cells were 
treated every 2 days (indicated by black arrows) up to 15 days 
with 0.25, 0.5, and 1.0 mg/mL of Fgn. E–F At the end of the 
experiment, cells were lysed and the expression of JAM-A was 
measured by western blots. The relative band intensities were 
quantified by the ImageJ software and compared from three 
independent experiments (n = 3). The data passed the Shapiro–
Wilk normality test followed by an ordinary one-way ANOVA 
test for multiple comparisons of normally distributed data
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vascular dementia, is a major cause of cognitive 
impairment [21–24] and may account for approxi-
mately 50% of all dementias worldwide [21, 25, 26]. 
We investigated normal brain aging in cortical MVs 
in mice up to 21 months of age and found that DEPs 
in cortical MVs were involved in several CNS-related 
disorders (early-onset neurological disorder, motor 
dysfunction or movement disorder, and seizure dis-
order) and the dysregulation of biological functions 
(mitochondrial dysfunction, neurodegeneration, and 
amyloidosis). Also, we established a link between 
neuroinflammatory protein, Fgn, and BBB- and mito-
chondrial fission/fusion–related proteins in cortical 
MVs with aging. Protein–protein network analysis 
showed that high expression of Fgn was associated 
with downregulated expression of BBB- and mito-
chondrial fission/fusion–related proteins in cortical 
MVs with aging, which may contribute to the escala-
tion of this microvasculature vulnerability to ongoing 
damage, dysfunction, and increased susceptibility to 
brain injury and disease. To explore the mechanism, 

we observed that elevated human plasma Fgn altered 
cell morphology, induced cytotoxicity, and BBB-
permeability possibly due to downregulation of BBB- 
and mitochondrial fission/fusion–related proteins via 
a DRP1 dependent pathway in primary HBMECs 
(Fig. 11—schematic).

Disturbing observations of extensive BBB leakage 
in older patients were first reported in the 1970s [27], 
and BBB breakdown is now a promising biomarker in 
normal aging [11, 12]. The cerebrospinal fluid/serum 
ratio of albumin is significantly increased with aging, 
which is now a reliable surrogate marker of increased 
BBB leakage [28, 29]. However, how the BBB per-
meability influences brain function in aging is still 
unknown. Recent studies on rodents have reported 
that aging aggravated the brain microvascular damage 
and BBB disruption due to decreased expression of 
TJ proteins [30–34]. Recently, we reported that sev-
eral antioxidant proteins and almost all the glycolytic 
enzymes are decreased in cortical MVs of old mice 
[13] and other groups showed that inhibition of the 

Fig. 8  Immunofluorescence studies indicated the downregu-
lation of BBB-related proteins by human plasma Fgn in pri-
mary HBMECs. Primary HBMECs (1 × 10.6) were cultured in 
35-mm glass-bottom dishes for 24 h. The next day, cells were 
treated with human plasma Fgn for 24 h. After treatment, cells 
were fixed, and the expressions of the indicated proteins were 
detected by immunofluorescence technique under confocal 
microscopy. A and B The expression of PECAM1 was com-
pared in Fgn-treated and untreated cells, and the fluorescence 
intensity only in the cell membrane regions was quantified 

from randomly selected cells (n = 5) in each group and com-
pared. Similarly, C and D the expression of ZO1 was com-
pared in Fgn-treated and untreated cells, and the fluorescence 
intensity was quantified from randomly selected cells only in 
the cell membrane regions (n = 5 in each group) and compared. 
The data set passed both the Shapiro–Wilk and D’Agostino-
Pearson omnibus normality tests for PECAM-1 and the 
D’Agostino-Pearson normality test for ZO-1. An unpaired 
t-test with Welch correction was performed for normally dis-
tributed data. *p < 0.012, ***p < 0.0002
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glycolytic enzyme, GAPDH, produced higher BBB 
permeability and barrier dysfunction [35]; the same 
effect was triggered by overproduction of ROS in 
endothelial mitochondria [36]. In our study, several 
hallmark TJ, TJ-contractile, TJ-signaling, and adhe-
rens junction proteins were downregulated in corti-
cal MVs of both middle-aged (12–14  months) and 
old (20–21  months) mice. These surprising results 
in middle-aged mice indicate that BBB dysfunction 
appears earlier than has been anticipated, possibly 
indicating that it is among the earliest known mark-
ers of aging in the mouse brain. The onset of BBB 
dysfunction at around 12–14 months links with other 
early biological hallmarks of aging, including the typ-
ical onset of reproductive senescence in female mice, 
as well as the earliest appearance of mild cognitive 
impairment in various behavior tasks [37–41].

Interestingly, our IPA-based investigation indi-
cated that some unique proteins were upregulated 
only in cortical MVs of old mice, and those proteins 

are possibly correlated with more BBB dysregulation 
in old than in middle-aged mice. For example, sev-
eral cleavage-stimulating factor subunits: (CSTF)-1 to 
CSTF-3, and cleavage- and polyadenylation-specific 
factor (CPSF)-1 to CPSF-4, involved in the cleav-
age of newly synthesized mRNAs were upregulated 
only in cortical MVs of old mice. Moreover, AKT1, 
TGFβR2, JAM2, and myosin light chain kinase 
(MYLK) were also upregulated only in cortical MVs 
of old mice. It has been reported that AKT1 levels 
increase due to brain injury [42] and PTEN/AKT1 
pathway controls BBB permeability [43]. BBB break-
down is linked with hyperactivation of TGFβ signal-
ing in astrocytes in aging humans and rodents [44]. 
Moreover, elevated JAM2 promotes lymphocyte 
transendothelial migration [45] and increased MYLK 
activity causes endothelial hyperpermeability and 
endothelial barrier dysfunction [46].

Recently, BBB breakdown has been linked to mito-
chondrial dysfunction in endothelial cells in stroke, 

Fig. 9  Human plasma Fgn downregulated the expression 
of mitochondrial fission/fusion–related proteins in primary 
HBMECs. Primary HBMECs (5 × 10.4) were cultured in 
a 6-well plate for 24 h. The next day, cells were treated with 
human plasma Fgn for 24  h. After treatment, cells were har-
vested and lysed, and expressions of indicated proteins were 
detected by western blots. A–B Expression of phosphorylated 
DRP1 (both S616 and S637) and β-actin as an internal con-
trol was compared in Fgn-treated and untreated cells and band 
intensity was quantified by ImageJ software and compared. 

Similarly, C–D expressions of FIS1, OPA1, MFN2, and β-actin 
were compared in Fgn-treated and untreated cells, and band 
intensity was quantified by the ImageJ software and compared. 
The relative band intensities were quantified by the ImageJ 
software and compared from three independent experiments 
(n = 3). The data set passed both the Shapiro–Wilk and Kol-
mogorov–Smirnov normality tests, and an unpaired t-test with 
Welch correction was performed for normally distributed data. 
l-OPA1 large subunit of OPA1, s-OPA1 small subunit of OPA1
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Fig. 10  Knockdown of 
DRP1 downregulated the 
expression of BBB- and 
mitochondrial fission/
fusion–related proteins in 
primary HBMECs. The 
DRP1 expression was 
knocked down by lentivirus 
expressing shRNAs against 
DRP1. A An expression 
of both pDRP1 and total 
DRP1 in DRP1 knock-
down (shDRP1) and control 
cells (mock) is shown by 
western blots. Similarly, 
B–C a significant decrease 
of BBB (JAM-A and ZO-2) 
and mitochondrial fusion 
(l-OPA1 and MFN2) pro-
teins in shDRP1 and mock 
cells are shown by western 
blots. D The relative band 
intensities were quantified 
by the ImageJ software 
and compared from three 
independent experiments 
(n = 3). The data set passed 
both the Shapiro–Wilk 
and Kolmogorov–Smirnov 
normality tests, and an 
unpaired t-test with Welch 
correction was performed 
for normally distributed 
data

Fig. 11  High expression of Fgn in mice cortical MVs with 
aging-induced mitochondrial-dependent endothelial dysfunc-
tion and BBB leakage via a DRP1-dependent pathway. Puta-
tive events leading to endothelial/BBB dysfunction in the brain 
microvasculature with aging. This study indicated that the ele-

vated expression of Fgn decreased mitochondrial fission pro-
tein, DRP1, which induced brain endothelial dysfunction and 
BBB dysregulation. The figure was generated with the help of 
BioRender.com
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neurological diseases, and aging [25, 47, 48]. Aging-
related decline in mitochondrial turnover caused by 
reduced mitochondrial fission and fusion seems to 
be a particularly crucial factor for neuropathogen-
esis [49–51]. In healthy cells, mitochondrial fusion 
delivers a coordinated internal means for translocat-
ing metabolites and intramitochondrial mixing during 
biogenesis, whereas mitochondrial fission assists the 
equal distribution of mitochondria into daughter cells 
and permits selective degradation of damaged mito-
chondria through mitophagy [52, 53]. It was shown 
that MFN2 and DRP1 genes are reduced in the skel-
etal muscle of aging individuals [54]. Nevertheless, 
it has become clear that these protective mechanisms 
are significantly impaired in the aging process [49, 
50]. Our current findings show that almost all the key 
fission/fusion-related proteins were downregulated in 
cortical MVs with aging.

A mechanistic understanding of the biological con-
sequences of BBB breakdown is critical to recognize 
whether the relationship between mitochondrial dys-
function, BBB leakage, and cognitive impairment is 
unrelated, correlative, or causal. The normal aging 
process in the healthy brain is linked to a decrease in 
physiological function possibly due to the constant 
increase in neuroinflammation [55]. Clinical stud-
ies have reported that Fgn is an abundant protein in 
human blood plasma at concentrations ranging from 
1.5–4 mg/mL with a normal half-life of 3–5 days, and 
the plasma concentration of Fgn increased progres-
sively with age in healthy subjects [56–60]. Although 
the neuroinflammatory protein, Fgn, has shown an 
age-related increase in blood, which has been docu-
mented in major epidemiological studies [56–60], 
little is known about the pathological mechanism(s) 
of this increase in Fgn levels with age. Fgn infiltra-
tion and BBB dysfunction are characteristic features 
of several neurological diseases [61–64] and Fgn has 
been detected in the frontal cortex and hippocam-
pal regions of Alzheimer’s disease brain tissue [65]. 
Fgn is one of several pathogenic factors of the cer-
ebral endothelium that might impact BMEC func-
tion and BBB permeability [66, 67]. Several integ-
rins (α5β1, αvβ3, and αvβ5) [68–71] and intercellular 
adhesion molecule-1 (ICAM-1) [72, 73] are known 
Fgn receptors expressed on the endothelial cells, 
and an increase in ICAM-1 was attributed to stimu-
lation by inflammatory cytokines and oxidant spe-
cies in HBMECs [74, 75]. It was inferred that intact 

Fgn binding to integrins on endothelial cell surfaces 
causes conformational change, e.g., exposes the Fgn 
β15−42 domain that directly binds to VE-cadherin [76, 
77], translocates to cytosol, and activates MMP9 that 
disrupts BMEC layer integrity and causes macromo-
lecular leakage due to loss of TJ proteins, such as 
occludin, ZO-1, and ZO-2 [78, 79]. Our results cor-
roborate these findings, and we observed that increas-
ing the concentration of human plasma Fgn decreased 
the expression of JAM-A, ZO-1, ZO-2, and VE-cad-
herin in primary HBMECs.

More recently, mitochondrial dysfunction in 
BMECs has been associated with BBB dysregulation 
in neuroinflammatory and neurodegenerative diseases 
[25, 48, 80–82]. Imbalance activity of fission and 
fusion leads to mitochondrial dysfunction that affects 
energy production, apoptosis, mitophagy, mitochon-
drial movement, and mtDNA stability [83–85]. It 
has been reported that Fgn induces mitochondrial 
dysfunction in the skeletal myocytes and causes 
decreased mitochondrial membrane potential in myo-
tubes [86]. To our knowledge, this is the first time that 
the deleterious effect of elevated human plasma Fgn 
on mitochondrial fission/fusion in primary human 
brain endothelium has been shown. We observed that 
even normal (2  mg/mL) to slightly high (4  mg/mL) 
levels of Fgn significantly decreased the expression 
of pDRP1, FIS1, and OPA1 in primary HBMECs. 
The DRP1 plays a key role in mitochondrial fis-
sion by limiting mitochondria as a mechanochemi-
cal GTPase [87, 88]. Complete loss of DRP1 causes 
embryonic lethality [89, 90], establishing the impor-
tance of DRP1 in embryonic development. In addi-
tion to genetic mutations in DRP1, varied expressions 
and anomalous post-translational modifications of 
DRP1 have been linked to a wide range of age-related 
neurodegenerative diseases [91–94]. Phosphoryla-
tion of DRP1 (pDRP1) by different kinases of differ-
ent amino acids causes opposite effects. The pDRP1 
(Ser616) stimulates mitochondrial fission during 
mitosis. Conversely, fission is inhibited with pDRP1 
Ser637 [95]. In our study, both pDRP1 (Ser616) and 
pDRP1 (Ser637) were decreased, which indicates that 
a compensatory mechanism between pDRP1 (Ser616) 
and pDRP1 (Ser637) has been affected in Fgn-treated 
primary human brain endothelium. Lin et  al. [96] 
found that only DRP1 was dramatically decreased in 
the aortic endothelium of old compared with young 
rats and showed that loss of DRP1 during senescence 
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induces endothelial dysfunction. Our study indicated 
that increasing the concentration of Fgn significantly 
decreased pDRP1 in primary HBMECs. Moreover, 
after stable knockdown of DRP1 by shRNA in pri-
mary HBMECs, the expression of BBB-related TJ-
proteins (JAM-A and ZO-2) as well as mitochondrial 
fusion proteins (l-OPA1 and MFN2) was also signifi-
cantly decreased in DRP1 knockdown cells.

Limitations and future perspectives of the study

There were several limitations of our study. First, 
our isolated MVs are mixtures of arterioles, capillar-
ies, and venules. Therefore, we cannot attribute our 
results to any one segment of the microvasculature. 
Still, we do not know which techniques would allow 
us to separate vascular segments with any degree of 
confidence and still yield enough protein for analy-
sis. Second, because of a large and diverse amount 
of proteomic data, we could validate only a limited 
number of proteins by western blotting and immu-
nofluorescence study. Third, the deleterious effect of 
Fgn on BBB integrity and the increasing permeability 
was tested in vitro, the in vivo measurement of Fgn-
dependent increase of BBB permeability would be 
a crucial next step. Fourth, similarly, Fgn-mediated 
dysregulation of mitochondrial fission/fusion with 
aging also needs to be validated in  vivo. Finally, a 
substantial amount of information provided by our 
proteomic analysis was excluded from the discus-
sion because of the lack of perceived relevance of the 
current focus on the dysregulation of BBB and mito-
chondrial fission/fusion in brain MVs with aging.

Conclusions

The results of our study support the concept that elevated 
Fgn could be an early, precipitating event leading to dys-
regulation in mitochondrial fission/fusion, which sub-
sequently leads to adverse changes in the proteins sup-
porting the integrity of the BBB. Moreover, our results 
indicate that damaging effects of normal aging occur as 
early as middle age in mice and thereby offer support for 
the concept that screening and therapies, especially in 
individuals vulnerable to cognitive impairment, should 
begin in mid-life. Our results direct its attention to the 
need for further investigations, which we expect will 

lead to novel therapies to protect not only the microvas-
culature but also the brain parenchyma with aging.

Abbreviations CNS: Central nervous system; 
HBMECs: Human brain microvascular endothelial 
cells; MVs: Brain cortical microvessels; BBB: Blood-
brain barrier; TJ: Tight junction; ROS: Reactive 
oxygen species; IPA: Ingenuity pathway analysis; 
Fgn: Fibrinogen; FGA: Fibrinogen alpha chain; FGB: 
Fibrinogen beta chain; FGG: Fibrinogen gamma 
chain; DRP1: Dynamin-related protein 1; DEPs: Dif-
ferentially expressed proteins; mtDNA: Mitochondrial 
DNA; shRNA: Small hairpin RNA

Acknowledgements We thank Nancy Busija, MA, CCC-
SLP, for editing the manuscript. We thank Sinisa Cikic, Dana 
Liu, and Barbara Ridereddleman for their technical help. We 
thank Jessie J Guidry, Louisiana State University Health Sci-
ences Center, New Orleans, LA for the proteomic analysis.

Author contribution P.K.C. conceived and designed the 
experiments; R.M. provided mice; P.K.C., J.A.C.-G., and I.R. 
performed the experiments; M.K.P.S. performed the bioinfor-
matic analysis; P.K.C. and M.K.P.S. analyzed the proteomic 
data; P.K.C. and J.A.C.-G. interpreted the in vitro experimen-
tal results, and P.K.C., M.K.P.S., and J.A.C.-G. generated the 
figures; P.K.C. and D.W.B. drafted the manuscript; P.K.C., 
M.K.P.S., J.A.C.-G., I.R., S.C.S., R.M, and D.W.B. edited and 
revised the manuscript and approved the final version of the 
manuscript.

Funding This research was supported in whole or in part 
by the grants NIH: AG075988 (DWB), HL148836 (DWB), 
AG063345 (DWB), AG074489 (RM), NS114286 (RM), 
AG047296 (RM), HL141143 (JACG), HL168568 (JACG), and 
the Louisiana Board of Regents Endowed Chairs for Eminent 
Scholars program (DWB).

Data Availability The datasets generated during and/or ana-
lyzed during the current study are available  from the corre-
sponding author on reasonable request.

Declarations 

Conflict of interest The authors declare no competing inter-
ests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 



412 GeroScience (2024) 46:395–415

1 3
Vol:. (1234567890)

included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

 1. Brown WR, Moody DM, Thore CR, Challa VR, Anstrom 
JA. Vascular dementia in leukoaraiosis may be a conse-
quence of capillary loss not only in the lesions, but in nor-
mal-appearing white matter and cortex as well. J Neurol 
Sci. 2007;257:62–6.

 2. Bell MA, Ball MJ. Morphometric comparison of hip-
pocampal microvasculature in ageing and demented 
people: diameters and densities. Acta Neuropathol. 
1981;53:299–318.

 3. Bell MA, Ball MJ. The correlation of vascular capacity 
with the parenchymal lesions of Alzheimer’s disease. Can 
J Neurol Sci. 1986;13:456–61.

 4. Bell MA, Ball MJ. Neuritic plaques and vessels of visual 
cortex in aging and Alzheimer’s dementia. Neurobiol 
Aging. 1990;11:359–70.

 5. Kalaria RN. Cerebral vessels in ageing and Alzheimer’s 
disease. Pharmacol Ther. 1996;72:193.

 6. Ravens JR. Vascular changes in the human senile brain. 
Adv Neurol. 1978;20:487.

 7. Ferszt R, Cervos-Navarro J. Cerebrovascular pathology-
aging and brain failure. In: Cervos-Navarro J, Sarkander 
HI, editors. Brain aging: neuropathology and neurophar-
macology. Raven Press; New York: 1983. pp 133–151.

 8. Cervos-Navarro J, Gertz HJ, Frydl V. Cerebral blood 
vessel changes in old people. Mech Ageing Dev. 
1987;39:223.

 9. Moody DM, Santamore WP, Bell MA. Does tortuosity in 
cerebral arterioles impair down-autoregulation in hyper-
tensives and elderly normotensives? A hypothesis and 
computer model. Clin Neurosurg. 1991;37:372.

 10. Moody DM, Brown WR, Challa VR, Ghazi-Birry HS, 
Reboussin DM. Cerebral microvascular alterations in 
aging, leukoaraiosis, and Alzheimer’s disease. Ann N Y 
Acad Sci. 1997;826:103–16.

 11. Hussain B, Fang C, Chang J. Blood-brain barrier break-
down: an emerging biomarker of cognitive impair-
ment in normal aging and dementia. Front Neurosci. 
2021;15:688090.

 12. Verheggen ICM, de Jong JJA, van Boxtel MPJ, Gronens-
child EHBM, Palm WM, Postma AA, Jansen JFA, Verhey 
FRJ, Backes WH. Increase in blood-brain barrier leakage 
in healthy, older adults. Geroscience. 2020;42:1183–93.

 13. Chandra PK, Cikic S, Rutkai I, Guidry JJ, Katakam 
PVG, Mostany R, Busija DW. Effects of aging on protein 
expression in mice brain microvessels: ROS scavengers, 
mRNA/protein stability, glycolytic enzymes, mitochon-
drial complexes, and basement membrane components. 
Geroscience. 2022;44:371–88.

 14. Cikic S, Chandra PK, Harman JC, Rutkai I, Katakam 
PV, Guidry JJ, Gidday JM, Busija DW. Sexual differ-
ences in mitochondrial and related proteins in rat cerebral 

microvessels: a proteomic approach. J Cereb Blood Flow 
Metab. 2021;41:397–412.

 15. Chandra PK, Cikic S, Baddoo MC, Rutkai I, Guidry JJ, Flem-
ington EK, Katakam PV, Busija DW. Transcriptome analy-
sis reveals sexual disparities in gene expression in rat brain 
microvessels. J Cereb Blood Flow Metab. 2021;41:2311–28.

 16. Sure VN, Sakamuri SSVP, Sperling JA, Evans WR, 
Merdzo I, Mostany R, Murfee WL, Busija DW, Katakam 
PVG. A novel high-throughput assay for respiration in iso-
lated brain microvessels reveals impaired mitochondrial 
function in the aged mice. Geroscience. 2018;40:365–75.

 17. Merdzo I, Rutkai I, Sure VN, McNulty CA, Katakam PV, 
Busija DW. Impaired mitochondrial respiration in large 
cerebral arteries of rats with type 2 diabetes. J Vasc Res. 
2017;54:1–12.

 18. Tjandra KC, McCarthy N, Yang L, Laos AJ, Sharbeen G, 
Phillips PA, Forgham H, Sagnella SM, Whan RM, Kav-
allaris M, Thordarson P, McCarroll JA. Identification of 
novel medulloblastoma cell-targeting peptides for use 
in selective chemotherapy drug delivery. J Med Chem. 
2020;63:2181–93.

 19. Chandra PK, Braun SE, Maity S, Castorena-Gonzalez JA, 
Kim H, Shaffer JG, Cikic S, Rutkai I, Fan J, Guidry JJ, 
Worthylake DK, Li C, Abdel-Mageed AB, Busija DW. 
Circulating plasma exosomal proteins of either SHIV-
infected rhesus macaque or HIV-infected patient indicates 
a link to neuropathogenesis. Viruses. 2023;15:794.

 20. Chandra PK, Rutkai I, Kim H, Braun SE, Abdel-Mageed 
AB, Mondal D, Busija DW. Latent HIV-exosomes induce 
mitochondrial hyperfusion due to loss of phosphorylated 
dynamin-related protein 1 in brain endothelium. Mol Neu-
robiol. 2021;58:2974–89.

 21. Wardlaw JM, Smith C, Dichgans M. Mechanisms of spo-
radic cerebral small vessel disease: insights from neuroim-
aging. Lancet Neurol. 2013;12:483–97.

 22. Pantoni L. Cerebral small vessel disease: from pathogen-
esis and clinical characteristics to therapeutic challenges. 
Lancet Neurol. 2010;9:689–701.

 23. Charidimou A, Pantoni L, Love S. The concept of spo-
radic cerebral small vessel disease: a road map on key def-
initions and current concepts. Int J Stroke. 2016;11:6–18.

 24. Greenberg SM. Small vessels, big problems. N Engl J 
Med. 2006;354:1451–3.

 25. Sweeney MD, Sagare AP, Zlokovic BV. Blood-brain bar-
rier breakdown in Alzheimer disease and other neurode-
generative disorders. Nat Rev Neurol. 2018;14:133–50.

 26. Li Q, Yang Y, Reis C, Tao T, Li W, Li X, Zhang JH. Cer-
ebral small vessel disease. Cell Trans. 2018;27:1711–22.

 27. Tibbling G, Link H, Ohman S. Principles of albumin and 
IgG analyses in neurological disorders. I. Establishment of 
rference values. Scand J Clin Lab Invest. 1977;37:385–90.

 28. Popescu BO, Toescu EC, Popescu LM, Bajenaru O, 
Muresanu DF, Schultzberg M, Bogdanovic N. Blood-
brain barrier alterations in ageing and dementia. J Neurol 
Sci. 2009;283:99–106.

 29. Chen CP, Chen RL, Preston JE. The influence of ageing in 
the cerebrospinal fluid concentrations of proteins that are 
derived from the choroid plexus, brain, and plasma. Exp 
Gerontol. 2012;47:323–8.

 30. Tucsek Z, Toth P, Sosnowska D, Gautam T, Mitschelen 
M, Koller A, Szalai G, Sonntag WE, Ungvari Z, Csiszar 

http://creativecommons.org/licenses/by/4.0/


413GeroScience (2024) 46:395–415 

1 3
Vol.: (0123456789)

A. Obesity in aging exacerbates blood-brain barrier dis-
ruption, neuroinflammation, and oxidative stress in the 
mouse hippocampus: effects on expression of genes 
involved in beta-amyloid generation and Alzheimer’s dis-
ease. J Gerontol A Biol Sci Med Sci. 2014;69:1212–26.

 31. Bell RD, Winkler EA, Sagare AP, Singh I, LaRue B, 
Deane R, Zlokovic BV. Pericytes control key neurovas-
cular functions and neuronal phenotype in the adult brain 
and during brain aging. Neuron. 2010;68:409–27.

 32. Stamatovic SM, Martinez-Revollar G, Hu A, Choi J, Keep 
RF, Andjelkovic AV. Decline in Sirtuin-1 expression and 
activity plays a critical role in blood-brain barrier perme-
ability in aging. Neurobiol Dis. 2019;126:105–16.

 33. Elahy M, Jackaman C, Mamo JC, Lam V, Dhaliwal SS, 
Giles C, Nelson D, Takechi R. Blood-brain barrier dys-
function developed during normal aging is associated with 
inflammation and loss of tight junctions but not with leu-
kocyte recruitment. Immun Ageing. 2015;12:2.

 34. Zhao L, Li Z, Vong JSL, Chen X, Lai HM, Yan LYC, 
Huang J, Sy SKH, Tian X, Huang Y, Chan HYE, So HC, 
Ng WL, Tang Y, Lin WJ, Mok VCT, Ko H. Pharmacolog-
ically reversible zonation-dependent endothelial cell tran-
scriptomic changes with neurodegenerative disease asso-
ciations in the aged brain. Nat Commun. 2020;11:4413.

 35. Hurst RD, Azam S, Hurst A, Clark JB. Nitric-oxide-
induced inhibition of glyceraldehyde-3-phosphate dehy-
drogenase may mediate reduced endothelial cell mon-
olayer integrity in an in  vitro model blood-brain barrier. 
Brain Res. 2001;894:181–8.

 36. Alluri H, Stagg HW, Wilson RL, Clayton RP, Sawant DA, 
Koneru M, Beeram MR, Davis ML, Tharakan B. Reactive 
oxygen species-caspase-3 relationship in mediating blood-
brain barrier endothelial cell hyperpermeability following 
oxygen-glucose deprivation and reoxygenation. Microcir-
culation. 2014;21:187–95.

 37. Bach ME, Barad M, Son H, Zhuo M, Lu YF, Shih R, 
Mansuy I, Hawkins RD, Kandel ER. Age-related defects 
in spatial memory are correlated with defects in the late 
phase of hippocampal long-term potentiation in vitro and 
are attenuated by drugs that enhance the cAMP signaling 
pathway. Proc Natl Acad Sci U S A. 1999;96:5280–5.

 38. Dean RL 3rd, Scozzafava J, Goas JA, Regan B, Beer B, 
Bartus RT. Age-related differences in behavior across 
the life span of the C57BL/6J mouse. Exp Aging Res. 
1981;7:427–51.

 39. Gower AJ, Lamberty Y. The aged mouse as a model of 
cognitive decline with special emphasis on studies in 
NMRI mice. Behav Brain Res. 1993;57:163–73.

 40. Kaczorowski CC, Disterhoft JF. Memory deficits are asso-
ciated with impaired ability to modulate neuronal excit-
ability in middle-aged mice. Learn Mem. 2009;16:362–6.

 41. Shoji H, Takao K, Hattori S, Miyakawa T. Age-related 
changes in behavior in C57BL/6J mice from young adult-
hood to middle age. Mol Brain. 2016;9:11.

 42. Levenga J, Wong H, Milstead R, LaPlante L, Hoeffer CA. 
Immunohistological examination of AKT isoforms in 
the brain: cell-type specificity that may underlie AKT’s 
role in complex brain disorders and neurological disease. 
Cereb cortex Commun. 2021;2:tgab036.

 43. Cui Y, Wang Y, Song X, Ning H, Zhang Y, Teng 
Y, Wang J, Yang X. Brain endothelial PTEN/AKT/

NEDD4-2/MFSD2A axis regulates blood-brain barrier 
permeability. Cell rep. 2021;36:109327.

 44. Senatorov VV Jr, Friedman AR, Milikovsky DZ, Ofer J, 
Saar-Ashkenazy R, Charbash A, Jahan N, Chin G, Mih-
aly E, Lin JM, Ramsay HJ, Moghbel A, Preininger MK, 
Eddings CR, Harrison HV, Patel R, Shen Y, Ghanim H, 
Sheng H, Veksler R, Sudmant PH, Becker A, Hart B, 
Rogawski MA, Dillin A, Friedman A, Kaufer D. Blood-
brain barrier dysfunction in aging induces hyperactiva-
tion of TGFβ signaling and chronic yet reversible neural 
dysfunction. Sci Transl Med. 2019;11:eaaw8283.

 45. Johnson-Léger CA, Aurrand-Lions M, Beltraminelli 
N, Fasel N, Imhof BA. Junctional adhesion molecule-2 
(JAM-2) promotes lymphocyte transendothelial migra-
tion. Blood. 2002;100:2479–86.

 46. Rigor RR, Shen Q, Pivetti CD, Wu MH, Yuan SY. Myo-
sin light chain kinase signaling in endothelial barrier 
dysfunction. Med res rev. 2013;33:911–33.

 47. Haileselassie B, Joshi AU, Minhas PS, Mukherjee R, 
Andreasson KI, Mochly-Rosen D. Mitochondrial dys-
function mediated through dynamin-related protein 
1 (Drp1) propagates impairment in blood brain bar-
rier in septic encephalopathy. J Neuroinflammation. 
2020;17:36.

 48. Doll DN, Hu H, Sun J, Lewis SE, Simpkins JW, Ren X. 
Mitochondrial crisis in cerebrovascular endothelial cells 
opens the blood-brain barrier. Stroke. 2015;46:1681–9.

 49. Jendrach M, Pohl S, Vöth M, Kowald A, Hammerstein P, 
Bereiter-Hahn J. Morpho-dynamic changes of mitochon-
dria during ageing of human endothelial cells. Mech Age-
ing Dev. 2005;126:813–21.

 50. Seo AY, Joseph AM, Dutta D, Hwang JC, Aris JP, Leeu-
wenburgh C. New insights into the role of mitochondria 
in aging: mitochondrial dynamics and more. J Cell Sci. 
2010;123:2533–42.

 51. Terman A, Kurz T, Navratil M, Arriaga EA, Brunk UT. 
Mitochondrial turnover and aging of long-lived postmi-
totic cells: the mitochondrial-lysosomal axis theory of 
aging. Antioxid Redox Signal. 2010;12:503–35.

 52. Chen H, Chan DC. Mitochondrial dynamics–fusion, fis-
sion, movement, and mitophagy–in neurodegenerative 
diseases. Hum Mol Genet. 2009;18:R169–76.

 53. Skulachev VP. Mitochondrial filaments and clusters as 
intracellular power-transmitting cables. Trends Biochem 
Sci. 2001;26:23–9.

 54. Crane JD, Devries MC, Safdar A, Hamadeh MJ, Tarnop-
olsky MA. The effect of aging on human skeletal muscle 
mitochondrial and intramyocellular lipid ultrastructure. J 
Gerontol A Biol Sci Med Sci. 2010;65:119–28.

 55. Di Benedetto S, Müller L, Wenger E, Düzel S, Pawelec G. 
Contribution of neuroinflammation and immunity to brain 
aging and the mitigating effects of physical and cognitive 
interventions. Neurosci Biobehav rev. 2017;75:114–28.

 56. Cavestri R, Radice L, Ferrarini F, Longhini M, Long-
hini E. Influence of erythrocyte aggregability and plasma 
fibrinogen concentration on CBF with aging. Acta Neurol 
Scand. 1992;85:292–8.

 57. Hager K, Felicetti M, Seefried G, Platt D. Fibrinogen and 
aging. Aging (Milano). 1994;6:133–8.



414 GeroScience (2024) 46:395–415

1 3
Vol:. (1234567890)

 58. Laharrague PF, Cambus JP, Fillola G, Corberand JX. 
Plasma fibrinogen and physiological aging. Aging 
(Milano). 1993;5:445–9.

 59. Drenos F, Miller GJ, Humphries SE. Increase of plasma 
fibrinogen levels and variability with age in a sam-
ple of middle aged healthy men. Ann Hum Genet. 
2007;71:43–53.

 60. Vorster HH. Fibrinogen and women’s health. Thromb Res. 
1999;95:137–54.

 61. Petersen MA, Ryu JK, Akassoglou K. Fibrinogen in neu-
rological diseases: mechanisms, imaging and therapeutics. 
Nat Rev Neurosci. 2018;19:283–301.

 62. Naskar A, Stezin A, Dharmappa A, Hegde S, Philip M, 
Kamble N, Saini J, Sandhya K, Tatu U, Yadav R, Pal PK, 
Alladi PA. Fibrinogen and complement factor H are prom-
ising CSF protein biomarkers for Parkinson’s disease with 
cognitive impairment─A proteomics-elisa-based study. 
ACS Chem Neurosci. 2022;13:1030–45.

 63. Vilar R, Fish RJ, Casini A, Neerman-Arbez M. 
Fibrin(ogen) in human disease: both friend and foe. Hae-
matologica. 2020;105:284–96.

 64. Norris EH, Strickland S. Fibrinogen in the nervous sys-
tem: Glia beware. Neuron. 2017;96:951–3.

 65. Cortes-Canteli M, Mattei L, Richards AT, Norris EH, 
Strickland S. Fibrin deposited in the Alzheimer’s disease 
brain promotes neuronal degeneration. Neurobiol Aging. 
2015;36:608–17.

 66. Muradashvili N, Qipshidze N, Munjal C, Givvimani S, 
Benton RL, Roberts AM, Tyagi SC, Lominadze D. Fibrin-
ogen-induced increased pial venular permeability in mice. 
J Cereb Blood Flow Metab. 2012;32:150–63.

 67. Muradashvili N, Lominadze D. Role of fibrinogen in cere-
brovascular dysfunction after traumatic brain injury. Brain 
Inj. 2013;27:1508–15.

 68. Dejana E, Lampugnani MG, Giorgi M, Gaboli M, Marchi-
sio PC. Fibrinogen induces endothelial cell adhesion and 
spreading via the release of endogenous matrix proteins 
and the recruitment of more than one integrin receptor. 
Blood. 1990;75:1509–17.

 69. Brooks PC, Montgomery AM, Rosenfeld M, Reisfeld RA, 
Hu T, Klier G, Cheresh DA. Integrin alpha v beta 3 antag-
onists promote tumor regression by inducing apoptosis of 
angiogenic blood vessels. Cell. 1994;79:1157–64.

 70. Kim S, Bell K, Mousa SA, Varner JA. Regulation of 
angiogenesis in  vivo by ligation of integrin alpha5beta1 
with the central cell-binding domain of fibronectin. Am J 
Pathol. 2000;156:1345–62.

 71. Collo G, Pepper MS. Endothelial cell integrin alpha5beta1 
expression is modulated by cytokines and during migra-
tion in vitro. J Cell Sci. 1999;112:569–78.

 72. Languino LR, Plescia J, Duperray A, Brian AA, Plow EF, 
Geltosky JE, Altieri DC. Fibrinogen mediates leukocyte 
adhesion to vascular endothelium through an ICAM-1-de-
pendent pathway. Cell. 1993;73:1423–34.

 73. Harley SL, Powell JT. Interaction of fibrinogen with 
saphenous vein endothelial cells stimulates tyrosine phos-
phorylation of cortactin. Endothelium. 2000;7:149–54.

 74. Hubbard AK, Rothlein R. Intercellular adhesion mol-
ecule-1 (ICAM-1) expression and cell signaling cascades. 
Free Radic Biol Med. 2000;28:1379–86.

 75. Harley SL, Sturge J, Powell JT. Regulation by fibrino-
gen and its products of intercellular adhesion molecule-1 
expression in human saphenous vein endothelial cells. 
Arterioscler Thromb Vasc Biol. 2000;20:652–8.

 76. Weijers EM, Koolwijk P, van Hinsbergh VW, van Nieuw 
Amerongen GP. Fibrin β15-42 domain is cryptic in intact 
fibrinogen: comment on the study by A. Sahni et al. Int J 
Cancer. 2010;127:2981–2.

 77. Sahni A, Arévalo MT, Sahni SK, Simpson-Haidaris PJ. 
The VE-cadherin binding domain of fibrinogen induces 
endothelial barrier permeability and enhances transen-
dothelial migration of malignant breast epithelial cells. Int 
J Cancer. 2009;125:577–84.

 78. Muradashvili N, Tyagi N, Tyagi R, Munjal C, Lominadze 
D. Fibrinogen alters mouse brain endothelial cell layer 
integrity affecting vascular endothelial cadherin. Biochem 
Biophys Res Commun. 2011;413:509–14.

 79. Patibandla PK, Tyagi N, Dean WL, Tyagi SC, Roberts 
AM, Lominadze D. Fibrinogen induces alterations of 
endothelial cell tight junction proteins. J Cell Physiol. 
2009;221:195–203.

 80. Drouin-Ouellet J, Sawiak SJ, Cisbani G, Lagacé M, 
Kuan WL, Saint-Pierre M, Dury RJ, Alata W, St-Amour 
I, Mason SL, Calon F, Lacroix S, Gowland PA, Francis 
ST, Barker RA, Cicchetti F. Cerebrovascular and blood-
brain barrier impairments in Huntington’s disease: poten-
tial implications for its pathophysiology. Ann Neurol. 
2015;78:160–77.

 81. Gray MT, Woulfe JM. Striatal blood-brain barrier perme-
ability in Parkinson’s disease. J Cereb Blood Flow Metab. 
2015;35:747–50.

 82. Kirk J, Plumb J, Mirakhur M, McQuaid S. Tight junc-
tional abnormality in multiple sclerosis white matter 
affects all calibres of vessel and is associated with blood-
brain barrier leakage and active demyelination. J Pathol. 
2003;201:319–27.

 83. Chen H, Vermulst M, Wang YE, Chomyn A, Prolla 
TA, McCaffery JM, Chan DC. Mitochondrial fusion is 
required for mtDNA stability in skeletal muscle and toler-
ance of mtDNA mutations. Cell. 2010;141:280–9.

 84. Tait SW, Green DR. Mitochondria and cell death: outer 
membrane permeabilization and beyond. Nat Rev Mol 
Cell Biol. 2010;11:621–32.

 85. Chan NC, Salazar AM, Pham AH, Sweredoski MJ, Kol-
awa NJ, Graham RL, Hess S, Chan DC. Broad activation 
of the ubiquitin-proteasome system by Parkin is critical 
for mitophagy. Hum Mol Genet. 2011;20:1726–37.

 86. Ueki R, Liu L, Kashiwagi S, Kaneki M, Khan MA, 
Hirose M, Tompkins RG, Martyn JA, Yasuhara S. Role 
of Elevated fibrinogen in burn-induced mitochondrial 
dysfunction: protective effects of glycyrrhizin. Shock. 
2016;46:382–9.

 87. Roy M, Reddy PH, Iijima M, Sesaki H. Mitochondrial 
division and fusion in metabolism. Curr Opin Cell Biol. 
2015;33:111–8.

 88. Bui HT, Shaw JM. Dynamin assembly strategies and 
adaptor proteins in mitochondrial fission. Curr Biol. 
2013;23(19):R891–9.

 89. Wakabayashi J, Zhang Z, Wakabayashi N, Tamura 
Y, Fukaya M, Kensler TW, Iijima M, Sesaki H. The 



415GeroScience (2024) 46:395–415 

1 3
Vol.: (0123456789)

dynamin-related GTPase Drp1 is required for embry-
onic and brain development in mice. J Cell Biol. 
2009;186:805–16.

 90. Ishihara N, Nomura M, Jofuku A, Kato H, Suzuki SO, 
Masuda K, Otera H, Nakanishi Y, Nonaka I, Goto Y, 
Taguchi N, Morinaga H, Maeda M, Takayanagi R, Yokota 
S, Mihara K. Mitochondrial fission factor Drp1 is essen-
tial for embryonic development and synapse formation in 
mice. Nat Cell Biol. 2009;11:958–66.

 91. Reddy PH, Reddy TP. Mitochondria as a therapeutic tar-
get for aging and neurodegenerative diseases. Curr Alz-
heimer Res. 2011;8:393–409.

 92. Reddy PH, Tripathi R, Troung Q, Tirumala K, Reddy 
TP, Anekonda V, Shirendeb UP, Calkins MJ, Reddy AP, 
Mao P, Manczak M. Abnormal mitochondrial dynamics 
and synaptic degeneration as early events in Alzheimer’s 
disease: implications to mitochondria-targeted antioxidant 
therapeutics. Biochim Biophys Acta. 2012;1822:639–49.

 93. Itoh K, Nakamura K, Iijima M, Sesaki H. Mitochon-
drial dynamics in neurodegeneration. Trends Cell Biol. 
2013;23:64–71.

 94. Zhang L, Trushin S, Christensen TA, Bachmeier BV, 
Gateno B, Schroeder A, Yao J, Itoh K, Sesaki H, Poon 
WW, Gylys KH, Patterson ER, Parisi JE, Diaz Brinton R, 
Salisbury JL, Trushina E. Altered brain energetics induces 
mitochondrial fission arrest in Alzheimer’s Disease. Sci 
Rep. 2016;6:18725.

 95. Knott AB, Perkins G, Schwarzenbacher R, Bossy-Wetzel 
E. Mitochondrial fragmentation in neurodegeneration. Nat 
Rev Neurosci. 2008;9:505–18.

 96. Lin JR, Shen WL, Yan C, Gao PJ. Downregulation 
of dynamin-related protein 1 contributes to impaired 
autophagic flux and angiogenic function in senes-
cent endothelial cells. Arterioscler Thromb Vasc Biol. 
2015;35:1413–22.

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.


	Fibrinogen in mice cerebral microvessels induces blood–brain barrier dysregulation with aging via a dynamin-related protein 1–dependent pathway
	Abstract 
	Introduction
	Materials and methods
	Animals
	Microvessels isolation
	Sample preparation for proteomic analysis
	Quantitative discovery-based proteomic analysis in mice cortical MVs
	Bioinformatic analysis
	Cell culture
	Reagents and antibodies
	Quantitative measurement of cell morphology
	Measurement of cell viability
	Transwell-based BBB permeability assay
	Western blotting
	Immunofluorescence, confocal microscopy, and image analysis
	Stable knockdown of DRP1 in primary HBMECs
	Statistical analysis

	Results
	DEPs involved in biological functions and CNS-related diseasedisorder in mice cortical MVs with aging
	DEPs were involved in dysregulation of BBB and mitochondrial fissionfusion in mice cortical MVs with aging
	The abundance of Fgn was increased, but BBB- and mitochondrial fissionfusion–related proteins were decreased in cortical MVs of older than young mice
	Protein-network analysis showed that high expression of Fgn was linked with downregulated expression of BBB and TJ-signaling proteins in the cortical MVs of old vs. young mice
	Interactome analysis showed that high expression of Fgn was associated with reduced expression of mitochondrial fissionfusion–related proteins in the cortical MVs of old vs. young mice
	Increased concentration of human plasma–derived Fgn changed cell morphology and induced cytotoxicity in primary HBMECs
	Human plasma–derived Fgn increased BBB permeability possibly due to the downregulation of BBB-related TJ proteins in primary HBMECs
	Human plasma–derived Fgn downregulated the expression of mitochondrial fissionfusion–related proteins in primary HBMECs
	Knockdown of DRP1 downregulated BBB- and mitochondrial fissionfusion–related protein expression in primary HBMECs

	Discussion
	Limitations and future perspectives of the study
	Conclusions
	Acknowledgements 
	References


