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a b s t r a c t

Background: Korean red ginseng extract (KRGE) has been used as a health supplement and herbal
medicine. Astrocytes are one of the key cells in the central nervous system (CNS) and have bioenergetic
potential as they stimulate mitochondrial biogenesis. They play a critical role in connecting the brain
vasculature and nerves in the CNS.
Methods: Brain samples from KRGE-administered mice were tested using immunohistochemistry.
Treatment of human brain astrocytes with KRGE was subjected to assays such as proliferation, cyto-
toxicity, Mitotracker, ATP production, and O2 consumption rate as well as western blotting to demon-
strate the expression of proteins related to mitochondria functions. The expression of hypoxia-inducible
factor-1a (HIF-1a) was diminished utilizing siRNA transfection.
Results: Brain samples from KRGE-administered mice harbored an increased number of GFAP-expressing
astrocytes. KRGE triggered the proliferation of astrocytes in vitro. Enhanced mitochondrial biogenesis
induced by KRGE was detected using Mitotracker staining, ATP production, and O2 consumption rate
assays. The expression of proteins related to mitochondrial electron transport was increased in KRGE-
treated astrocytes. These effects were blocked by HIF-1a knockdown. The factors secreted from KRGE-
treated astrocytes were determined, revealing the expression of various cytokines and growth factors,
especially those related to angiogenesis and neurogenesis. KRGE-treated astrocyte conditioned media
enhanced the differentiation of adult neural stem cells into mature neurons, increasing the migration of
endothelial cells, and these effects were reduced in the background of HIF-1a knockdown.
Conclusion: Our findings suggest that KRGE exhibits prophylactic potential by stimulating astrocyte
mitochondrial biogenesis through HIF-1a, resulting in improved neurovascular function.
© 2021 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The root of Panax ginseng is referred to as ginseng; it has been
widely used in traditional medicine owing to its wide spectrum of
medicinal effects. Korean red ginseng extract (KRGE) has been re-
ported to be beneficial for treating CNS-associated pathophysio-
logical conditions [1]. In the CNS, astrocytes serve different
functions, such as enfolding brain microvascular endothelial cells
and ensheathing synapses between neurons [2]. Healthy astrocytic
mitochondria may be essential for neuronal and vascular
lishing services by Elsevier B.V. Th
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protection as they ensure an appropriate supply of energy [3]. Glial
fibrillary acidic protein (GFAP)-expressing human astrocytes are
more complex and larger than their rodent counterparts and
exhibit greater degree of communicationwith neighboring cells [4].

Following brain injury, astrocytes are reported to exhibit heme
oxygenase (HO)-mediated antioxidant effects [5,6]. HO-2 is a
constitutively expressed form of HO that regulates cell function.
HO-1 is an inducible form of HO whose expression is transcrip-
tionally regulated by nuclear factor erythroid 2-related factor 2 and
biliverdin reductase (an enzyme that catalyzes the conversion of
biliverdin to bilirubin) [7,8]. HO acts as a therapeutic modulator for
inflammatory injuries, and produces carbon monoxide (CO), bili-
verdin, and iron by catabolizing heme [9]. CO and bilirubin can
induce mitochondrial biogenesis in astrocytes by activating the
is is an open access article under the CC BY-NC-ND license (http://creativecommons.
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expression of angiogenic and metabolic factors, such as hypoxia-
inducible factor-1a (HIF-1a), through the upregulation of HO-1
[10,11]. Astrocyte-derived HIF-1a protects astrocytes from gluta-
mate toxicity [12]. However, the effect of KRGE on the expression of
astrocyte-derived HIF-1a in normal conditions has not been
extensively investigated.

Here, we demonstrated the function of astrocytes in the brains
of mice administered KRGE. Mitotracker staining, ATP production,
and O2 consumption assays‒in addition to the analysis of proteins
related to themitochondrial respiratory chain‒revealed that KRGE‒
induced HIF-1a expression is involved in astrocytic mitochondrial
biogenesis. KRGE was found to increase the secretion of various
cytokines-related to neurogenesis and angiogenesis‒by human
astrocytes. Conditioned media from astrocytes exposed to KRGE
was found to be able to trigger the migration of endothelial cells
and differentiation of adult neural stem cells (NSCs) into mature
neurons, and this effect was found to be mediated via astrocyte-
derived HIF-1a. Thus, under physiological conditions, KRGE may
enhance beneficial neurovascular functions through astrocytes.

2. Materials and methods

2.1. Materials

DMSO (Sigma Aldrich, St. Louis, MO), fetal bovine serum (FBS)
(Corning, NY, USA), and Sn(IV) protoporphyrin IX dichloride (SnPP)
(Frontier Scientific, Logan, UT) were bought. KRGE was obtained
from the Korean Society of Ginseng (in 2018) and stored at 4 �C.
Then, 0.5 g/ml stock solution prepared in filtered distilled water
was aliquoted and stored with light protection at �25 �C. 20S-
ginsenoside Rg3 (Rg3(S)) and 20R-ginsenoside Rg3 (Rg3(R)) (both
>98% purity) were purchased from Ambo Institute (Daejeon, South
Korea). 20 mM stock solution in DMSO was stored with light pro-
tection at �25 �C.

2.2. Cell culture

Primary human brain astrocytes and human brain microvas-
cular endothelial cells (HBMECs) were acquired from the Applied
Cell Biology Research Institute (Kirkland, USA). Astrocytes were
cultured in Dulbecco's modified Eagle medium (DMEM, HyClone)
supplemented with 10% FBS. When astrocytes reached 80% density,
the media were replaced with serum-free DMEM. Cells were
treated with distilled water or KRGE for 24 h in serum-free DMEM.
HBMECs were grown in M199 (HyClone) supplemented with 20%
FBS, 10 U/mL heparin (Sigma Aldrich), and 3 ng/mL basic fibroblast
growth factor (Merck Millipore). Adult rats (aged 43-55 days) NSCs
(Merck Millipore) were cultured in proliferation media (STEMCELL)
on a laminin (Sigma Aldrich)-coated dish. NSCs were reached to
70% density, and cells were incubated for 4 days in differentiation
medium (STEMCELL) with astrocyte conditioned media (ACM) at a
1:1 ratio.

2.3. Brain tissues and immunohistochemistry

Male C57BL/6 mice were purchased from Joong Ah Bio Inc.
(Suwon, South Korea) and were maintained in standard conditions
with water and food available ad libitum. All mouse experiments
were approved by the Animal Ethics Committee of Kangwon Na-
tional University (approval number KW-181109-1). Additionally,
this investigation conformed to the Guide for the Care and Use of
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Laboratory Animals published by the United States National In-
stitutes of Health. KRGE (0.015 mg/mL) was administrated in the
drinking water for 3 days. Control mice group were administrated
only water. For histological analysis, mice were anesthetized using
isoflurane (1.5%) and N2O gas, and then transcardially perfused
with saline. Using optimal cutting temperature compound, the
freezing brain tissues were sectioned into 20 mm sections by
cryostat (HM525 NX, Thermo Fisher Scientific). The sections were
incubated with 4% paraformaldehyde for 15 min and washed in
phosphate buffered saline (PBS) for 3 times, then incubated with 3%
bovine serum albumin for 1 h. The sections were then incubated
with rabbit anti-Ki67 (1:200, abcam), mouse anti-GFAP antibody
(1:300, BD Bioscience) and rat anti-CD31 (1:100, BD Biosciences) in
PBST (0.1% triton X-100 in PBS) at 4�C overnight. After washing, the
sections were then incubated in a mixture of both TRITC-
conjugated donkey anti-rabbit IgG (1:600, Jackson ImmunoR-
esearch) and FITC-conjugated donkey anti-mouse IgG (1:600,
Jackson ImmunoResearch) for 1 h at room temperature. Between
incubations, the tissues were washed with PBST (0.1% Tween-20 in
PBS). The sections were visualized using mounting solution (Flu-
oro-Gel II with DAPI, Electron Microscopy Sciences). The stained
sections were subsequently examined using an inverted phase
contrast microscope (Eclipse Ti2eU, Nikon).

2.4. Western blot analysis

Whole cell extraction buffer (10 mM HEPES, 400 mM NaCl, 0.1
mM EDTA, 5% (v/v) glycerol, 1 mM DTT, 1 mM PMSF, 1X Halt™
Protease inhibitor) or Protein Extraction Solution (RIPA) (Elpis-
Biotech, South Korea) was used for cell lysis. Selected amounts of
proteins from the cell lysates were combined with SDS sample
buffer (Glycerol 10% (v/v), Tris-Cl pH 6.8, SDS 2% (w/v) b-mercap-
toethanol 1% (v/v), bromophenol blue) and subjected to 100�C for 5
min. Then, protein samples were divided using SDS-PAGE and the
PVDF membranes (Merch Millipore) were blocked in Tris-buffered
saline containing 0.1% Tween 20 and 5% skim milk (BD Difco). The
membranes were incubated with the primary antibodies at 4�C
overnight. The primary antibodies used in this study were as fol-
lows: GFAP (1:2000, BD Biosciences), cytochrome c (Cyt c) (1:3000,
BD Biosciences), HIF-1a (1:3000, BD Biosciences), HO-1 (1:3000,
BD Biosciences), doublecortin (DCX, 1:1000, SantaCruz Biotech-
nology), GAP43 (1:2000, SantaCruz Biotechnology), cytochrome c
oxidase subunit (MTCO) 2 (1:1000, SantaCruz Biotechnology), VEGF
(1:1000, SantaCruz Biotechnology), NeuN (1:2000, Merck Milli-
pore), Angiogenin (1:1000, abcam), a total OXPHOS antibody
cocktail (1:3000, abcam), PSD95 (1:2000, abcam), b-Actin (1:8000,
Sigma Aldrich). After washing, the membranes were incubated
with peroxidase-conjugated secondary antibodies (1:8000,
Thermo Fisher Scientific) and visualized using enhanced ECL (Elpis-
Biotech, South Korea) by using appropriate detection equipment
(Fusion Solo-Vilber Lourmat, France).

2.5. Immunocytochemistry

Adult rat NSCs were cultured in 12-well plates (Corning Costar).
After the NSCs reached 70% confluency, they were incubated for 4
days in differentiation medium with ACM (1:1 ratio). Media were
removed, and cells were fixed in 4% paraformaldehyde for 10 min.
Then, the cells were washed with 0.1% / 0.2% / 0.1% (vol/vol)
Tween 20 in PBS for 10min, followingwhich, the cells were blocked
in 3% bovine serum albumin prepared in PBST (PBS containing 0.1%
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Triton X-100) for 1 h at room temperature. Cells were then incu-
bated overnight with mouse anti-DCX (1:300, ThermoFisher Sci-
entific) and rabbit anti-PSD95 (1:300, Abcam) antibodies prepared
in PBST (at 4�C). The subsequent procedures and secondary anti-
body concentrations were identical to those used for immunohis-
tochemistry. Images were captured using a fluorescent microscope
(Eclipse Ti2eU, Nikon).

2.6. Cell proliferation (cell counting kit-8 (CCK-8)) assay

Human astrocytes were cultured in 12-well plates (Corning
Costar). Astrocytes were reached to 80% confluence and then
treated with distilled water or KRGE for 23 h in 0% FBS DMEM. CCK-
8 (30 mL, Dojindo) was added to astrocytes at 37�C for 1 h. A plate
reader (Epoch Microplate Spectrophotometer, BioTek) was utilized
to determine the absorbance at a wavelength of 450 nm. The
backdrop signal was measured at 630 nm and was subtracted from
the absorbance detected at 450 nm.

2.7. Cytotoxicity (lactate dehydrogenase (LDH)) assay

Astrocyte media were obtained from the 12-well plate, and then
were centrifuged for 5 min at 7,000 rpm. The 50 mL supernatants
were relocated to a 96-well plate (CM) in triplicates. The 50 mL
mediumwithout cells was used as the CM blank for that condition.
Astrocytes werewashedwith PBS two times and addedwith 500 mL
of 5% triton X-100 (Sigma Aldrich) in PBS at 37�C for 20 min. Lysed
cells were centrifuged for 5 min at 15,000 rpm. The 50 mL super-
natant was moved to a 96-well plate (WCL) in triplicates. The 50 mL
supernatant without cells was utilized to serve as theWCL blank for
that condition. Using an LDH assay kit (Takara), the dye solution
was mixed with the catalyst at a 45:1 ratio. The mixed detection kit
reagent (50 mL) was included to each of 96 wells of the plate used
for the assay rapidly after the supernatant. The assay plates were
located at room temperature in the dark for 20 minutes, and then
they were read utilizing a standard plate reader (Epoch Microplate
Spectrophotometer, BioTek) and a reference wavelength of 490 nm.

Cytotoxicity (%) ¼ (CM value e CM blank)/ (WCL value e WCL
blank) þ (CM value e CM blank)) � 100

2.8. Transfection

Astrocytes were reached to 70% confluence and transiently
transfected with pcDNA3.1/HIF-1a (provided by Dr. Gregg L.
Semenza, The Johns Hopkins University) and HO-1 siRNA (50 nM)
using Lipofectamine and Plus reagent (Thermo Fisher Scientific).
Human astrocytes were transfected with 50 nM control or HIF-1a
siRNA using RNAiMax (Thermo Fisher Scientific). After 12 h of re-
covery, the cells were treated with or without 0.5 mg/mL KRGE for
24 h in serum-free DMEM. The siRNAs pointing humanHIF-1awere
purchased from Dharmacon (Lafayette, USA). Other commercial
human siRNAs used for the control and HO-1 were bought from
Santa Cruz Biotechnology (Dallas, USA).

2.9. Conditioned media from astrocytes (ACM) preparation

When human astrocytes reached 80% density, the medium was
changed to serum-free DMEM. Then, the cells were treated with
3

distilled water or KRGE for 24 h, and conditioned media from as-
trocytes (ACM) were collected. After centrifugation at 1,500 rpm for
5 min to remove cell debris, ACM were used for the migration,
cytokine array, and NSC differentiation assays. For the NSC differ-
entiation assay, NSCs were nurtured with ACM and differentiation
media at a 1:1 ratio for 4 days. For the migration assay, HBMECs
were incubated with ACM for 4 h.

2.10. Human XL cytokine array

Factors secreted from astrocytes exposed to KRGE were evalu-
ated using Human XL Cytokine Array Coordinates (R&D systems).
Media were concentrated using Amicon ultra-4 centrifugal filter
(Millipore, 3-kDa cutoff). Then, concentrated ACM were subjected
to Human XL Cytokine Array, according to manufacturer's in-
structions. We quantified the intensity of dots using imageJ. Control
group was set to “1” and relative intensity was analyzed.

2.11. Mitochondrial biogenesis assay

Intracellular active mitochondria levels were assessed using
quantitative fluorescence imaging by using the mitochondria-
sensitive dye Mitotracker (Thermo Fisher Scientific, Waltham,
MA). Astrocytes plated on 18mm round coverslips in 12-well plates
were cultured to 80% density. Cells were subjected to distilledwater
or KRGE for 23.5 h. Cells were treated with 0.5 mM Mitotracker for
further 30 min. After washing with PBS, fluorescent images of live
cells were acquired using an inverted phase contrast microscope
(Eclipse Ti2eU, Nikon).

2.12. O2 consumption

Real time O2 consumption was assessed by the O2 Consumption
Rate Assay Kit (Cayman, Ann Arbor, USA). 80% confluent astrocytes
were incubated in regular 96-well plates with distilled water or
KRGE for 24 h in serum-free DMEM media, and 10 mL of an O2
sensor probe were included to each well. After covering the wells
with Mineral Oil, the plates were calculated using a filter combi-
nation and emission and excitation wavelengths of 650 and 380
nm, respectively, at 37�C (BioTek, Winooski, USA).

2.13. ATP assay

The cellular ATP amounts were detected by an ATP colorimetric
assay kit (BioVision, Milpitas, CA) according to the manufacturer's
instructions. 80% confluent astrocytes were treated with distilled
water or KRGE in serum-free DMEMmedia for 24 h, and then lysed
in 120 mL of ATP assay buffer and centrifuged at 15,000� g for 3min
at 4oC. The collected 50 mL supernatant was combined with 50 mL of
reaction mixture reagents and the plates were located at room
temperature for 1 h while being protected from light and the
absorbance was measured at 570 nm using a colorimetric assay
reader (Epoch Microplate Spectrophotometer, BioTek). Lysed cells
were quantified using BCA (ThermoFisher Scientific). Then, ATP
levels/proteins in control group (0 mg/ml KRGE) was set to “1”, and
KRGE-treated groups are adjusted to the control group.

2.14. Cell migration assay

For the Transwell migration assay, ACM were prepared and
concentrated ( � 2) using a centrifugal filter device (3 kDa cut-off,
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Merck Millipore). The chemotactic motility of HBMECs was
measured utilizing Transwell plates (8.0 mm pore size, 6.5 mm of
diameter, Corning Costar). The lower surface of Transwell plates
was coated with gelatin (10 mg). HBMECs (1 � 105 cells) were
loaded onto the upper well. After 4 h of incubation, the migrated
cells were fixed with methanol and stained with hematoxylin for 5
min and subsequently with eosin for 1 min. The migratory cells
were observed by using an inverted phase contrast microscope
(IX71, Olympus).
2.15. Data analysis

Quantification of the intensity of the protein band, which was
achieved using western blot experiments, was evaluated using
ImageJ (http://rsb.info.nih.gov/ij/) program. In this study, GraphPad
Prism 6 was utilized for overall statistical analysis. Multiple com-
parisons were evaluated using One-way ANOVA plus Tukey's test
(mean ± SD). A P < 0.05 was regarded statistically significant.
*P < 0.05; **P < 0.01; ***P < 0.001.
3. Results

3.1. KRGE increases the proportion of GFAP-positive astrocytes in
the subventricular zone (SVZ) in normal mice

To determine the effects of KRGE on astrocytic functions, normal
mice were administered KRGE for 3 days via drinking water, and
the expression of GFAP and Ki67 (a cell proliferation marker) was
examined. We focused on the SVZ because in mice, adult neuro-
genesis occurs in that region [13] (Fig. 1AeC). KRGE administration
Fig. 1. KRGE induces GFAP-positive astrocytes in the subventricular zone in normal mic
drinking water for 3 days. Control mice were only administered drinking water for 3 days. (A
micrographs of mouse SVZ illustrates the localization of GFAP (green), Ki67 (red) and DAPI (
shown (left) as well as a quantitative graph (right). **P < 0.01 (paired t-test). (E) Astrocyte
groups indicated by the labeling concentration on the x-axis (N ¼ 4). (F) Cytotoxicity of a
labeling concentration on the x-axis (N ¼ 5).
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resulted in an increase in the proportion of both GFAP- and Ki67-
positive cells in the mouse SVZs compared with the control mice
(Fig. 1B), showing close localization (Fig. 1C). This result was
confirmed using western blotting, which showed that GFAP
expression was upregulated in the SVZs of mouse brains (Fig. 1D).
As KRGE-induced increase in the proportion of astrocytes closely
associated with Ki67 immunofluorescence (Fig. 1BeC), we exam-
ined the proliferation of astrocytes at various KRGE concentrations.
When the cells were treated with 0.25 and 0.5 mg/mL KRGE, sig-
nificant increases in cellular proliferation were detected (Fig. 1E)
without cell toxicity (Fig. 1F). These data demonstrate that KRGE
may induce astrocyte proliferation both in vivo and in vitro.
3.2. KRGE increases the proportion of active mitochondria and
activates the HO-1-HIF-1a axis in human astrocytes

We hypothesized that active mitochondria might be responsible
for astrocyte proliferation in KRGE-treated conditions. When as-
trocytes were subjected to various assays, such as Mitotracker
staining (Fig. 2A), ATP production (Fig. 2B), and oxygen consump-
tion rate (Figs. 2C), 0.5 mg/mL KRGE significantly increased all the
parameters tested, revealing active mitochondrial functions
(Fig. 2AeC). Increased oxygen consumption in the mitochondria
can induce intracellular hypoxia [11]. Thus, we detected HIF-1a
protein expression in KRGE-treated astrocytes. KRGE (0.5 mg/mL)
markedly increased the HIF-1a protein levels (Fig. 2D). Similar to
that of HIF-1a, the expression of HO-1 was increased in KRGE-
treated astrocytes in a concentration-dependent manner (Fig. 2E).
We also tested the role of the ginsenoside (saponin monomer), Rg3,
with respect to the expression of HIF-1a and HO-1 (Supplementary
e. (A, upper) Mice (8-week-old young adult) were subjected to 0.015 mg/mL KRGE via
, lower) The subventricular zone (SVZ) was detected at bregma 1.5. (BeC) Fluorescence
blue) (N ¼ 4). Scale bars ¼ 20 mm. (D) Western blots of GFAP (N ¼ 7) in mice brains are
proliferation activity was evaluated using a CCK-8 cell counting kit. KRGE-treatment

strocytes was detected using an LDH assay. KRGE-treatment groups indicated by the
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Fig. 2. KRGE induces intracellular active mitochondria and HO-1-HIF-1a axis in human astrocytes. Mitochondrial biogenesis was determined by staining with Mitotracker
(left), and its intensity was quantified (N ¼ 4). The average intensity was obtained from random five cells from each image ( � 20). (B) Relative ATP levels/proteins are shown (N ¼ 5).
(C) Mitochondrial oxygen consumptionwas detected (N ¼ 3). (D-E) Astrocytes were treated with the indicated concentration of KRGE for 24 h. Western blots of HIF-1a and HO-1 are
shown (upper), and quantitative graphs are demonstrated (lower). (F-G) Astrocytes were transfected with HIF-1a siRNA (sieHIFe1a) or sieHOe1 and the indicated protein levels
were evaluated using western blots. Control siRNA (si-control) was used for the control group. (H) Astrocytes were pretreated with 25 mM SnPP for 10 min, then 0.5 mg/mL KRGE
was added for 24 h. Western blots of HIF-1a (upper), and a quantitative graph are shown (lower) (N ¼ 4).

J. Park, M. Lee, M. Kim et al. Journal of Ginseng Research xxx (xxxx) xxx
Fig. 1A and B) because 20S-ginsenoside Rg3 (Rg3(S)) plays a
beneficial role in endothelial cell survival during serum deprivation
[14] and in neuroprotection after ischemic stroke in a rat model
[15]. Increased protein levels were detected in Rg3(S)-treated cells
(Supplementary Fig. 1A and B), while Rg3(R) treatment did not
induce an increase in HO-1 levels (Supplementary Figure 1C).

To elucidate the relationship between HIF-1a and HO-1
expression under conditions of KRGE (0.5 mg/mL) treatment, hu-
man astrocytes were transfected with siHIF-1a (Fig. 2F) and siHO-1
(Fig. 2G). Further, we evaluated HIF-1a expressionwhen HO activity
was blocked in cells following SnPP treatment (Fig. 2H). Our results
demonstrated that HO-1 was an upstream signal for HIF-1a
because HIF-1a knockdown did not result in reduced HO-1
expression (Fig. 2F), while the inhibition of HO-1 expression
markedly reduced the HIF-1a protein levels under conditions of
KRGE treatment (Fig. 2GeH). These results imply that KRGE in-
creases mitochondrial activity in astrocytes, possibly inducing
intracellular hypoxia and the consequent stabilization of the HO-1-
HIF-1a pathway. Rg3(S) may be one of the ginsenosides involved in
the HO-1-HIF-1a signaling pathway in astrocytes.

3.3. KRGE promotes astrocytic mitochondrial biogenesis in a HO-1-
HIF-1a axis-dependent manner

Active mitochondrial biogenesis results in the upregulation of
mitochondrial proteins (i.e., MTCO1 and MTCO2) and related
5

nuclear proteins (i.e., cytochrome c (Cyt c)). ATP is produced in the
mitochondria during oxidative phosphorylation. Oxidative phos-
phorylation complexes (I-IV) are multi-subunit enzymes that
function along with ATP synthase (complex V) [16]. The expression
of oxidative phosphorylation complexes increased with the
increasing concentrations of KRGE; for example, complex I (CI)
levels were significantly increased in response to KRGE treatment
(Supplementary Figure 2A). The expression of Cyt c was similar to
that of CI, as evidenced by increased levels in KRGE-treated cells
(Supplementary Figure 2B). Further, 0.5 mg/mL KRGE upregulated
the expression of MTCO2 (Supplementary Figure 2C). The KRGE-
mediated upregulation of oxidative phosphorylation complexes,
Cyt c, and MTCO2, was blocked by the HO inhibitor SnPP
(Fig. 3AeC). KRGE-mediated upregulation of MTCO2 was decreased
in the background of HO-1 knockdown (Fig. 3D). These results
suggest that KRGE-mediated HO-1 is involved in the regulation of
mitochondrial functions in astrocytes. Then, we examined whether
HO-1-dependent mitochondrial biogenesis was mediated via the
HIF-1a signaling pathway. HO-1 expression was knocked down
using siHO-1, and HIF-1a was overexpressed using the HIF-1a-
activating vector. HIF-1a overexpression restored MTCO2 expres-
sion, even under conditions of HO-1 knockdown (Fig. 3E and
Supplementary Figure 3), indicating that HIF-1amay play a key role
in KRGE-induced mitochondrial biogenesis. To confirm the effects
of HIF-1a on mitochondrial biogenesis in astrocytes, we used the
approach of HIF-1a knockdown. When HIF-1a was knocked down



Fig. 3. KRGE promotes astrocytic mitochondrial biogenesis in an HO-1-HIF-1a axis-dependent manner. (A-C) Oxidative phosphorylation complexes were detected using
western blots when human astrocytes were pretreated with or without 25 mM SnPP for 10 min, followed by 0.5 mg/mL KRGE treatment for 24 h (A). Cyt c (N ¼ 4) and MTCO2 (N ¼ 5)
were detected using western blots (BeC). (D) Human astrocytes were transfected with sieHOe1 and the MTCO2 protein levels were evaluated using western blots (N ¼ 5). (E)
Astrocytes were transfected with sieHOe1 and HIF-1a(P402A/P564G) overexpressing vector, and the MTCO2 protein levels were assessed using western blots (N ¼ 4). (F) Astrocytes
were transfected with sieHIFe1a and the HIF-1a protein levels were evaluated using western blots. (G) Astrocytes were transfected with sieHIFe1a and a CCK-8 assay was used to
analyze cell proliferation (N ¼ 3). (H) Astrocytes were transfected with sieHIFe1a and the protein levels were evaluated using western blots. (I) Mitochondrial oxygen consumption
was detected using the Oxygen Consumption Rate Assay Kit. A quantitative graph was drawn by analyzing the 15 min values (N ¼ 4). (J) Mitochondrial biogenesis was determined
by staining with Mitotracker (N ¼ 4). The average intensity was obtained from five random cells from each image ( � 20). (K) Relative ATP levels/proteins are shown (N ¼ 4).
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in background of KRGE treatment (Fig. 3F), cell proliferation was
reduced (Fig. 3G), and the expression of Cyt c and MTCO2 was
decreased (Fig. 3H). Moreover, HIF-1a knockdown resulted in
reduced KRGE-induced oxygen consumption (Fig. 3I), Mitotracker
intensity (Fig. 3J), and ATP levels (Fig. 3K), thereby confirming the
role of HIF-1a in KRGE-induced mitochondrial functions. Thus,
KRGE enhances astrocytic mitochondrial biogenesis via HIF-1a
upregulation.
3.4. Astrocyte-derived HIF-1a controls the release of various
cytokines involved in regeneration

KRGE-treated astrocytes communicate with the surrounding
cells in neurovascular systems [2]. Therefore, we investigated the
ACM for the presence of secreted factors using a human cytokine
array kit (Fig. 5A). We tested the ACM obtained from KRGE-treated
cells (both control and HIF-1a knockdown conditions) (Fig. 4A).
KRGE enhanced the secretion of angiogenin, epithelial-neutrophil
activating peptide (ENA-78), growth-regulated oncogene a
(GROa), interleukin-17A (IL-17A), stromal-derived factor-1a (SDF-
1a) and VEGF, and these effects were blocked upon the
6

downregulation of HIF-1a in astrocytes (Fig. 4B). The reference spot
was unchanged in all groups (Fig. 4C). To confirm these results, we
examined the expression of angiogenin and VEGF in astrocytes.
Similar to the secretion pattern, the upregulation of angiogenin and
VEGF in KRGE-treated astrocytes was inhibited upon knocking
down HIF-1a (Fig. 4DeE). Considering that HIF-1a regulates
astrocytic metabolism and glycolysis [17], HIF-1a-mediated secre-
tion of various cytokines and growth factors may further contribute
to neurovascular functions as well as astrocytic mitochondrial
biogenesis.
3.5. KRGE-treated astrocytes regulate the differentiation of adult
NSCs into mature neurons through astrocytic HIF-1a

To determine the interactions between astrocytes and NSCs, we
tested the effects of KRGE-treated ACM on the differentiation of
adult NSCs. For probing the human brain, it would be beneficial to
obtain human adult NSCs. However, it is difficult to obtain human
adult NSCs. Therefore, researchers have used adult rodent NSCs
[18,19]. We also examined the effects of direct treatment with KRGE
on adult rat NSCs (Fig. 5AeB). Direct treatment with KRGE did not



Fig. 4. Astrocyte-derived HIF-1a controls the release of various cytokines involved in the regeneration from KRGE-treated cells. (A-C) Astrocytes were transfected with si-
control or sieHIFe1a, then treated with 0.5 mg/mL KRGE for 24 h. ACM were subjected to Human XL Cytokine Array. (D-E) Astrocytes were transfected with si-control or
sieHIFe1a, then treated with 0.5 mg/mL KRGE for 24 h. Angiogenin and VEGF protein levels were detected using western blots (N ¼ 3).
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affect the expression of neuronal markers, i.e., DCX, GAP43, NeuN,
and PSD95 when NSCs were differentiated for 4 days (Fig. 5B). In
contrast, KRGE-treated ACM significantly promoted the neuronal
differentiation of adult NSCs (Fig. 5CeD) and axon branching [20]
detected by PSD95 and DCX (Fig. 5E), and these effects were
blocked when ACM were obtained under HIF-1a-knockdown con-
ditions (Fig. 5EeG). Next, we found that ACM significantly
enhanced NSC proliferation and reduced NSC cytotoxicity
(compared with control media; “no cell”) (Supplementary Fig. 4A
and B). The factors secreted from astrocytes promoted NSC prolif-
eration and reduced cytotoxicity, but these effects were not altered
upon treating the CM from astrocytes with KRGE. However, KRGE-
treated astrocytes induced a substantial increase in the neuronal
differentiation of NSCs, and a crosstalk between astrocytes and
neural stem cells was responsible for this phenomenon.
3.6. KRGE-treated astrocytes upregulate the migration of
microvascular endothelial cells through astrocytic HIF-1a

Immunoreactivity of CD31 (endothelial cell marker) was not
overlap with Ki67 immunoreactivity in SVZ (Supplementary
Figure 5). Since KRGE-administered mouse brains display the
increased association between GFAP-positive astrocytes and CD31-
positive endothelial cells compared with control mouse brains
(Fig. 6A), the angiogenic capacity was tested in KRGE-treated ACM
using an endothelial cell migration assay (a well-known in vitro
7

angiogenic assay) [21]. We collected KRGE-treated ACM and
concentrated them twice (Fig. 6B). Treatment of HBMECs with
KRGE-ACM facilitated endothelial cell migration in a concentration-
dependent manner (Fig. 6C), and these effects were abolished by
ACM obtained from HIF-1a knockdown KRGE-treated astrocytes
(Fig. 6D). We found that KRGE promoted astrocyte functions by
enhancing the angiogenic capacity.
4. Discussion

Here, we demonstrated that KRGE induces astrocytic mito-
chondrial biogenesis by upregulating HIF-1a, a master regulator of
the cellular response to hypoxia; this transcription factor is stabi-
lized and activated by hypoxia [22]. In this study, the expression of
astrocytic HIF-1awas induced by KRGE under normoxic conditions,
and this effect was in turn induced by HO-1. Activation of the HO-1-
HIF-1a axis can be observed under normal O2 tension conditions. In
our previous study, we had demonstrated that HO metabolites,
such as CO, affected the synthesis and stability of HIF-1a in human
astrocytes [11,23]. Therefore, we hypothesized that KRGE-induced
HO-1 produces CO, consequently inducing an upregulation of
HIF-1a expression. Overexpression of active HIF-1a (HIF-1a(P402A/
P564G)) in the background of KRGE treatment induces the upregu-
lation of MTCO2, even in HO-1-knockdown conditions, implying
that HIF-1a expression plays a role in astrocytic mitochondrial
functions. The proline residues 402 and 564 in HIF-1a coordinately



Fig. 5. KRGE-treated astrocytes regulate adult neural stem cell differentiation to mature neurons through astrocytic HIF-1a. (A) Schematic figure showing the experimental
procedures. (B) NSCs were incubated with DMEM containing the indicated concentrations of KRGE. Then, differentiation mediumwas added, and incubated for 4 days. The indicated
protein levels were evaluated using western blots (N ¼ 3). (C-D) NSCs were incubated with KRGE-treated ACM and differentiation media at a 1:1 ratio for 4 days, and the protein
levels of DCX (N ¼ 5), GAP43 (N ¼ 3), NeuN (N ¼ 3), and PSD95 (N ¼ 5) were evaluated using western blots. (E-G) NSCs were incubated with KRGE-treated si-control or sieHIFe1a
ACM and differentiation media at a 1:1 ratio for 4 days. (E) Fluorescence micrographs of adult rat NSCs illustrates the expression of PSD95 (red) and DCX (green) (N ¼ 5). Scale
bars ¼ 20 mm. (F-G) The protein levels of DCX (N ¼ 5), GAP43 (N ¼ 5), NeuN (N ¼ 4), and PSD95 (N ¼ 3) were evaluated using western blots.
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regulate its hydroxylation via prolyl hydroxylase domains (PHDs),
which require O2 as a substate [24]. As intracellular O2 levels are
decreased in response to increased mitochondrial biogenesis, HIF-
1a can be stabilized as a result of the inhibition of O2 utilization by
PHDs [11], a phenomenon that blocks HIF-1a degradation through a
proteasome pathway [25].

ATP is produced in the mitochondria during oxidative phos-
phorylation through oxidative phosphorylation complexes. An
electron transfer between the complexes occurs, which is mediated
by two small components, i.e., lipid-soluble ubiquinone and water-
soluble cytochrome c (Cyt c). They diffuse between the respiratory
complexes I and III and III and IV, respectively (Reviewed in [16]).
NADH:ubiquinone oxidoreductase subunit B8 (NDUFB8) forms
oxidative phosphorylation CI. Mitochondrial membrane ATP syn-
thase (complex V) generates ATP from ADP in the presence of a
proton gradient across the mitochondrial membrane, which is
generated by oxidative phosphorylation through CI to CIV. Our
study shows that KRGE upregulates the protein levels of NDUFB8,
MTCO2, and Cyt c as well as ATP production in astrocytes. KRGE also
enhancesmitochondrial biogenesis, as detected using aMitotracker
assay. These increases are inhibited by reduced HIF-1a expression,
suggesting that KRGE-induced HIF-1a is involved in astrocytic
mitochondrial functions.

Since astrocytes bridge neurovascular systems, KRGE-mediated
astrocytic mitochondrial biogenesis may affect neuronal and
vascular systems, possibly through various factors related to neu-
rogenesis and angiogenesis. Using a cytokine array system, we
found that the secreted factors were regulated by HIF-1a in KRGE-
treated astrocytes. KRGE upregulated the secretion levels of
8

angiogenin, ENA-78, GROa, IL-17A, SDF-1a, and VEGF, and these
effects were blocked upon HIF-1a knockdown. The aforementioned
factors are regenerative signaling molecules involved in angio-
genesis and neurogenesis [26e33]. Adult neurogenesis in the SVZ
and dentate gyrus is characterized by NSC proliferation, migration,
and differentiation [34]. KRGE administration enhanced astrocyte
proliferation in the SVZ of mouse brains under physiological con-
ditions. Additionally, KRGE-treated astrocytes exhibited enhanced
proliferation in vitro. As ACM significantly increased NSC prolifer-
ation and reduced NSC cytotoxicity compared with CM, and ACM
from KRGE-treated cells did not affect NSC proliferation and cyto-
toxicity compared with ACM, we assume that KRGE may indirectly
affect NSC proliferation and cytotoxicity by enhancing astrocyte
proliferation.

The combined effects of secreting factors induced by KRGE on
astrocytes in vitro possibly contribute to enhanced cell-cell
communication, as evidenced by increased endothelial cell migra-
tion and adult NSC differentiation (Fig. 6E). KRGE-ACM strongly
stimulates the differentiation of NSCs into mature neurons and
endothelial cell migration (Fig. 6E). KRGE-mediated HIF-1a stabi-
lization in astrocytes plays a critical role in these regenerative ef-
fects. Our novel findings suggest that KRGE-induced HIF-1a
stabilization in astrocytes may have regenerative potential as this
approach can be used an intervention for energy-demanding
brains. We assume that KRGE-treated astrocytes may accelerate
and improve the communication of cells with the microvasculature
and lead to the generation of numerous synapses, even in normal
brains.



Fig. 6. KRGE-treated astrocytes upregulate the migration of microvascular endothelial cells through astrocytic HIF-1a. (A) Fluorescence micrographs of mouse SVZ illustrates
the localization of CD31 (green) and GFAP (red) (N ¼ 3). Scale bars ¼ 20 mm. (B) Schematic figure showing the experimental procedures. ACMwere collected when human astrocytes
were incubated with KRGE for 24 h. (C) HBMECs (1 � 105) were incubated with the indicated concentrations of KRGE-treated ACM for 4 h. (D) Treatment of HBMECs with the
sieHIFe1a transfection plus KRGE were tested. (C-D) A migration assay was conducted (N ¼ 4). Quantitative graphs were drawn by counting the migrated cells. (E) Schematic figure
showing the role of astrocytic HIF-1a in mitochondrial biogenesis and the consequent neuronal differentiation and in vitro angiogenesis detected based on endothelial cell
migration.
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