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The effects of Korean Red Ginseng on heme oxygenase-1 with a focus
on mitochondrial function in pathophysiologic conditions
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a b s t r a c t

Korean Red Ginseng (KRG) plays a key role in heme oxygenase (HO)-1 induction under physical and
moderate oxidative stress conditions. The transient and mild induction of HO-1 is beneficial for cell
protection, mitochondrial function, regeneration, and intercellular communication. However, chronic
HO-1 overexpression is detrimental in severely injured regions. Thus, in a chronic pathological state,
diminishing HO-1-mediated ferroptosis is beneficial for a therapeutic approach. The molecular mecha-
nisms by which KRG protects various cell types in the central nervous system have not yet been
established, especially in terms of HO-1-mediated mitochondrial functions. Therefore, in this review, we
discuss the multiple roles of KRG in the regulation of astrocytic HO-1 under pathophysiological condi-
tions. More specifically, we discuss the role of the KRG-mediated astrocytic HO-1 pathway in regulating
mitochondrial functions in acute and chronic neurodegenerative diseases as well as physiological
conditions.
© 2023 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

Korean Red Ginseng (KRG) (Panax ginseng Meyer) contains a
mixture of saponin monomers and ginsenosides [1]. KRG has been
considered an herbal medicine for a long time. Heme oxygenase
(HO) (i.e., HO-1 and HO-2) is an essential enzyme in heme catab-
olism that cleaves heme to produce carbon monoxide (CO), bili-
verdin (which is rapidly converted to bilirubin), and ferrous iron
(Fe2þ); oxygen is required as a co-substrate in this step [2]. HO-1 is
induced in numerous cells in response to hypoxia and stress and
promotes neuroprotection and angiogenesis in mildly stressful
environments [3]. In contrast, HO-2 is constitutively expressed in
some cells, where it functions as an intrinsic protector [4].

Neurodegenerative diseases of the central nervous system can
be divided into acute (e.g., traumatic brain injury (TBI) and stroke)
and chronic (e.g., Alzheimer's disease) diseases. The molecular
mechanisms involved in the acute and chronic phases may be
different according to redox states, degree of neurovascular

damage, and disruption of cellecell communications [5e7]. Tran-
sient and acute expression of HO-1 may act as a protector, while
chronic overexpression of HO-1 can be detrimental to cells due to
the accumulation of excessive ferric iron (Fe3þ) in the mitochondria
[8,9].

KRG may have dual effects: one by the stimulation of cytopro-
tection, partly through HO-1-mediated mitochondrial functions in
the peri-injured region in acute neurodegenerative diseases and
physiological conditions. In addition, KRG may diminish HO-1-
mediated toxic effects, partly through excessive iron accumula-
tion in the core region of acute and chronic neurodegenerative
diseases. In this review, we have discussed KRG-induced HO-1-
mediated functions in acute neurovascular diseases (in the pen-
umbra vs. core region) and chronic neurodegenerative diseases, as
well as physiological conditions.

2. Role of KRG in physiological conditions

Determining the prophylactic roles of KRG in the central ner-
vous system is important because of the long-term use of KRG.
KRG-mediated signaling molecules may be involved in HO-1 in-
duction and interact with the HO metabolites [10,11]. In this
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section, we will discuss the role of HO-1 with a focus on mito-
chondria in the presence of KRG under physiological conditions.

2.1. HO-1 induction in physiological conditions

KRG induces HO-1 in various cells such as endothelial cells and
astrocytes under physiological conditions [12e14]. KRG-induced
HO-1 may play key roles in anti-aging, neurovascular protection,
angiogenesis, and mitochondrial biogenesis [12e14]. KRG has
mitochondrial biogenic capacity, especially in astrocytes, through
the HO-1-hypoxia-inducible factor-1a (HIF-1a) pathway under
physiological conditions [13]. Moreover, astrocytes secrete HIF-1a-
regulated vascular endothelial growth factor (VEGF), which induces
the endothelial nitric oxide (eNOS)/NO pathway in endothelial cells
and is related to vascular functions [15]. A clinical trial with healthy
individuals revealed that KRG affects vascular tone [16]. Experi-
ments using aged mice demonstrated that KRG restores impaired
endothelial cell functions through the eNOS/NO pathway [17].

What are the factors important for HO-1 induction by KRG?
Nuclear factor erythroid 2-related factor 2 (Nrf2) is an upstream
factor and regulates HO-1 expression [12]. The Kelch-like ECH-
associated protein 1 (Keap1)-Nrf2 pathway is important for HO-1
induction depending on the redox state. Under physiological con-
ditions, Nrf2 binds to Keap1 in the cytoplasm, leading to the pro-
teasomal degradation of Nrf2. Keap1 is inactivated by modification
of reactive cysteine residues by oxidative stress, and then the sta-
bilized Nrf2 translocates to the nucleus to activate the transcription
of HO-1, superoxide dismutase (SOD), and glutathione (GSH)
peroxidase 4 (GPX4) [18e20].

How can Nrf2 be induced under physiological conditions? One
hypothesis is that KRG boosts mitochondrial biogenesis, whichmay
result in acute oxidative stress before SOD2 upregulation. Mito-
chondrial activity-mediated reactive oxygen species generation
modifies Keap1 stability, enabling the translocation of Nrf2 into the
nucleus. This process may result in detoxification and HO-1 in-
duction. Another hypothesis is that HO-1-induced CO can disso-
ciate Nrf2-Keap1 interactions, leading to the translocation of Nrf2
to the nucleus [21]. Under oxidative stress, biliverdin reductase A
(BVR-A) acts as a transcription factor for HO-1 [22]. However, we
could not determine the BVR-AeHOe1 axis in astrocytes under
physiological conditions [23]. Collectively, Keap1 and BVR-A may
have different susceptibilities to oxidative stress in KRG-treated
physiological environments.

2.2. HO-1-mediated mitochondrial functions

KRG promotes the proliferation of astrocytes in the sub-
ventricular zone of murine brain tissues [13]. Under physiological
conditions, KRG-induced HO-1 can induce HIF-1a protein expres-
sion in astrocytes [13]. HIF-1a is a key transcription factor regu-
lating neurovascular remodeling through cell metabolism,
angiogenesis, and neurogenesis [13,24]. KRG-induced HIF-1a in-
creases the expression of mitochondrial functional proteins
involved in processes including oxidative phosphorylation
(OXPHOS) and ATP production [13]. KRG increases HIF-1a protein
expression under normoxic conditions, partly due to increased
KRG-mediated enhancement of mitochondrial mass and O2 con-
sumption [13,23].

One of the HO-1 metabolites is CO. CO can upregulate the
translational activity and post-translational modification of HIF-1a,
leading to HIF-1a stability in astrocytes [11]. The combination of CO
and bilirubin enables Ca2þ influx and Ca2þ/calmodulin-dependent
protein kinase b (CaMKKb)-mediated AMP-activated protein kinase
a (AMPKa) activation [25]. Inhibition of Ca2þ signaling or AMPKa
decreases HIF-1a stability, which is related to the paired effects of

CO and bilirubin [26]. The physiological roles of KRG in HIF-1a
activation and the subsequent VEGF secretion may stem fromHO-1
metabolites such as CO and biliverdin.

KRG-administeredmurine brain tissues show increased levels of
BVR-A in hippocampal astrocytes [23]. Conversion of biliverdin to
bilirubin by BVR-A upregulates SOD2, leading to the blocking of
excessive reactive oxygen species production [23]. In addition, the
KRG-mediated BVR-A/bilirubin pathway upregulates estrogen-
related receptor a (ERRa) [23], which is an important transcrip-
tion factor for VEGF, by binding to peroxisome proliferator-
activated receptor g coactivator 1a (PGC-1a) [27]. ERRa pathway
is considered as a critical regulator of mitochondrial biogenesis-
related functions [26,28]. A recent study suggested that KRG in-
duces astrocytic mitochondrial activity and function through the
liver kinase B1 (LKB1)-sirtuin 1 (SIRT1)-ERRa pathway under
unstimulated conditions [23]. Activation of LKB1 is clearly detected
by bilirubin but not by biliverdin, and KRG induces the expression
of SIRT1 through LKB1, but not through CaMKKb [23]. SIRT1 is
expressed in cytosolic fractions and activates PGC-1a deacetylase
[29]. Activation of PGC-1a through SIRT1 may be involved in ERRa-
mediated mitochondrial functions and VEGF expression [27,30].
KRG-mediated SIRT5 expression, mainly expressed in the mito-
chondrial fraction, is regulated by CaMKKb [23]. Diminished SIRT1
and SIRT5 expression almost completely blocks the expression of
KRG-mediated mitochondrial functional proteins such as SOD2,
cytochrome c, translocase of outer mitochondrial membrane 20
(TOM20), and TOM22 [23]. In addition to SIRT1 and SIRT5, there are
other SIRTs (SIRT2, SIRT3, SIRT4, SIRT6, and SIRT7); however, KRG-
mediated expression of SIRTs has not been well investigated.
Therefore, further research is needed to determine the regenerative
functions (e.g., mitochondrial biogenesis, angiogenesis, neuro-
genesis, and anti-aging) of KRG in relation to other SIRTs.

Taken together, KRG activates HIF-1a, ERRa, LKB1, CaMKKb,
SIRT1, and SIRT5 in normal astrocytes. These signaling molecules
are regulated by HO-1 and its metabolites, such as CO and bili-
verdin. The conversion of bilirubin from biliverdin by BVR-Amay be
an important process for the KRG-mediated antioxidant effects
through SOD2 and mitochondrial functions through the TOM
complex (i.e., TOM20 and TOM22) and OXPHOS (Fig. 1).

3. Role of KRG in pathological conditions

In the penumbra region of TBI, HO-1 induction by KRG is much
higher than that in physical murine brain tissues [31]. HO-1-
induced astrocytes possess active mitochondrial functions [31,32].
Many researchers have tried to determine the functions of KRG, and
its anti-inflammatory and regenerative roles have been evaluated
under pathological conditions (reviewed in [1]). Therefore, we have
discussed below the role of KRG in HO-1-mediated functions,
especially mitochondrial functions, in acute and chronic diseases.

3.1. KRG in acute neurovascular diseases

We have discussed the effects of KRG in acute neurovascular
brain regions, such as the peri-injured region (penumbra) and core-
injured region separately, because the cellular morphology and
degree of damage are different in the two regions [8]. We hy-
pothesize that Panax ginseng may play dual roles by boosting
regenerative potential in the peri-injured region and diminishing
toxicity in the core-injured region.

3.1.1. KRG in the penumbra region of acute neurovascular diseases
In peri-injured mouse TBI brain tissues, Nrf2 and HO-1 expres-

sion is upregulated by KRG [32]. HO-1 induction by KRG is much
higher in the peri-injured region than in physiological conditions
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[32]. In TBI, after KRG administration for 3 days, astrocytes express
HO-1 in the penumbra region, and the injection of Sn(IV) proto-
porphyrin IX dichloride (SnPP), an HO inhibitor, reduces KRG-
mediated HO-1 expression [31]. Nicotinamide phosphoribosyl-
transferase (NAMPT) may be involved in many important biological
processes, including metabolism, stress response, and aging [33].
Astrocytes in oxygen-glucose deprivation/recovery (OGD/R) in the
presence of KRG upregulate Nrf2, NAMPT, and HO-1 expression
[31]. Interestingly, KRG-induced NAMPT upregulates HO-1, and vice
versa [31]. KRG-induced Nrf2 modulates HO-1 expression [32].
Taken together, in acute neurovascular injury, HO-1 expression can
be induced in astrocytes by KRG in the penumbra region through
NAMPT and Nrf2.

In astrocytes, KRG-induced NAMPT increases the NADþ/NADH
ratio, leading to increased levels of SIRT1, SIRT2, and SIRT3 [32].
Since knockdown of SIRT1, SIRT2, or SIRT3 does not reduce KRG-
mediated HO-1 expression, two scenarios are possible: 1) it may
be an upstream factor for HO-1 or 2) it is a downstream factor for
HO-1 influencing increased NADþ/NADH ratio-mediated increases
in SIRT1, SIRT2, and SIRT3 levels. SIRTs (i.e., SIRT1, SIRT2 or SIRT3)
play key roles in TOM20 expression in the outer membrane of
mitochondria, consequently upregulating mitochondrial mem-
brane potential, ATP production, and O2 consumption [32]. In other
pathways, KRG induces the HO-1-AMPKa axis, leading to PGC-1a
and ERRa activation. AMPKa-PGC-1a-ERRa circuit upregulates
OGD/R-mediated cytochrome c, OXPHOS, and cytochrome c oxi-
dase subunit 2 (MTCO2) in in vitro astrocytes [31].

The in vivo TBI murine model administered KRG shows upre-
gulation of HO-1, AMPKa phosphorylation, NAMPT, SIRT1, SIRT3,
ERRa, PGC-1a, cytochrome c, MOTCO2, TOM20 and TOM22 [31,32].

These effects were blocked by injecting SnPP followed by KRG
administration in a TBI model [31,32]. SnPP treatment diminishes
the co-expression of HO-1 and glial fibrillary acidic protein (GFAP)
in peri-injured TBI brain tissues [31], demonstrating astrocytic HO-
1 inactivation in the penumbra region of TBI. SnPP-induced HO
inactivation also results in reduced co-expression of GFAP and
TOM20 [32]. Thus, astrocytic HO-1 plays a key role inmitochondrial
function (Fig. 2).

The relationship between Ca2þ channels and Panax ginseng has
previously been reported in neurons. During ischemia-related
injury, KRG and ginsenoside (i.e., Rg1 and Rg3) protect neurons
from excessive Ca2þ influx by inhibiting Ca2þ channels [34,35]. In
contrast, during radiofrequency exposure, the levels of Ca2þ-bind-
ing proteins such as calbindin D28-k, parvalbumin, and calretinin
are reduced in hippocampal neurons, which are recovered by KRG
[36]. Taken together, ginseng and ginsenosides may play key roles
in neuroprotection by regulating Ca2þ channels and Ca2þ-related
proteins. The role of astrocytic Ca2þ via KRG in pathophysiological
conditions has not yet been well established. Astrocytic Ca2þ is
involved in various functions such as mitochondria biogenesis,
neurotransmitter release via astrocyte-neuron communication, and
vascular tone [7,25,37]. Among HO metabolites, CO and bilirubin
stimulate Ca2þ influx through L-type Ca2þ channels in astrocytes
[25]. Pretreatment with CO followed by recovery (CO/R) positively
upregulates HO-1, which is blocked by Ca2þ chelators [25]. As KRG
induces HO-1 expression in astrocytes, KRG-mediated Ca2þ

signaling during pathophysiological conditions may need to be
investigated to determine the molecular mechanisms of HO-1-
induced mitochondrial functions.

Fig. 1. KRG induces astrocytic mitochondrial functions through HO metabolites in physiologic conditions. Abbreviations. BVR-A, biliverdin reductase A; CaMKKb, Ca2þ/calmodulin-
dependent protein kinase kinase b; CO, carbon monoxide; Cyt, cytochrome; ERRa, estrogen-related receptor a; HIF-1a, hypoxia-inducible factor-1a; HO-1, heme oxygenase-1; I,
oxidative phosphorylation (OXPHOS) complex I; KRG, Korean Red Ginseng; LKB1, liver kinase B1; SIRT1, sirtuin 1; SOD2, superoxide dismutase 2; TOM20, translocase of outer
membrane 20; VEGF, vascular endothelial growth factor.

C.-H. Kim, H.Y. Kim, S.-Y. Nah et al. Journal of Ginseng Research 47 (2023) 615e621

617



3.1.2. KRG in the core region of acute neurovascular diseases
Excessive concentrations of HO metabolites (i.e., excessive

intracellular labile iron) can be produced, enhancing the probability
of ferroptosis [8,38e40]. Ferroptosis is a form of iron-dependent
lipid peroxidation and causes brain cell death in the CNS that un-
derlines the pathology of several neurodegenerative diseases [41].
Ferroptosis was detected in the core region of acute injury and
widespread region in chronic neurodegenerative diseases [8,42,43].
A critical morphological feature of ferroptosis is mitochondrial
dysfunction, characterized by smaller mitochondrial size and
disruption of the mitochondrial outer membrane [38].

The neuroprotective effects of ginseng and ginsenosides in acute
neuroinflammatory diseases have been reported [1]. Cerulein-
mediated cell toxicity (pancreatitis) was ameliorated by the gin-
senoside Rg3 [44]. Mice treated with Rg3 show suppressed
cerulein-induced oxidative stress via the Nrf2-HO-1-GPX4 pathway
[44], possibly inhibiting ferroptosis. GSH is converted into GSSG by
GPX4 and superoxide is converted into hydrogen peroxide by SOD2
[45]. Since Nrf2 activation induces the expression of target genes,
including GPX4 and SOD2 [45,46], KRG and ginsenosides may play
important roles in the suppression of ferroptosis by Nrf2-
dependent induction of antioxidant enzymes.

Bloodeneural barrier disruption was observed in the core re-
gions of acute neurovascular diseases [47]. Ischemia/reperfusion
injury-mediated release of pro-inflammatory cytokines and other
soluble mediators (e.g., excessive VEGF) triggers paracellular
permeability and tight junction disruption [48e50]. Tight junctions
are disrupted during neuroinflammatory diseases, which results in
the infiltration of monocytes into the brain parenchyma, where
they become activated macrophages [50,51]. Endothelial damage,
pericyte apoptosis, reactive glial activation (gliosis), and inflam-
matory cytokines exacerbate CNS neurodegeneration by

uncoupling normal cellecell communication [47]. Pericyte loss can
result in the depletion of neural stem cells in the core region in
neurovascular diseases [47]. The HO metabolite CO can protect the
bloodeneural barrier, subsequently leading to intact surrounding
tissues [47,52]. Ginseng-mediated preservation of the
bloodeneural barrier structure and function during neuro-
inflammatory disease is partly due to its anti-inflammatory effects,
thereby preventing detrimental signaling cascades [1].

3.2. KRG in chronic neurodegenerative diseases

In a case report, oxidative stress resulted in increased endo-
thelial cell injury in a 6-year-old boy with HO-1 deficiency [53].
Malfunctional endothelial cells trigger hypoperfusion (chronic
hypoxia) and reduce the drainage of aggregated proteins and
molecules [6]. HO-1 has iron-reutilizing functions [40]. HO-1
expression results in the rapid expression of ATPase pumps [54].
In addition, mild HO-1 upregulation and activity increases the
levels of free iron and the subsequent expression of ferritin
[9,55,56], which actively removes intracellular iron, thereby
exerting cytoprotective effects. In contrast, ferroptosis induction by
excessive HO-1 overexpressionmay be associated with the reduced
free iron-binding ability of ferritin induced by oxidative and
metabolic stress [57,58]. Sustained overexpression of HO-1 in as-
trocytes leads to abnormal iron deposition and mitochondrial
dysfunction in the brain, resulting in neuronal loss and declined
cognitive ability [8,9,59,60]. Brain iron accumulation may be asso-
ciated with cognitive decline in patients with Alzheimer's disease
[61] (Fig. 3).

The protective role of ginseng in chronic neurodegenerative
diseases has been previously reported [62,63]. Proper levels of HO-
1 induced by Nrf2 protect cells from iron-dependent toxicity [9,64],
partly through the Nrf2-GPX4 pathway. If ginseng provides an
Nrf2-mediated antioxidant milieu during chronic neurodegenera-
tive diseases, it may diminish sustained HO-1/free iron-mediated
neurovascular damage. Balanced interactions between the nucleus
and mitochondria may help to slow down the processes of age-
related neurodegenerative diseases [65]. Nrf2-mediated transcrip-
tion of genes can maintain the mitochondrial function by upregu-
lating proteins associatedwith OXPHOS, the TOM complex, and ATP
production through HO-1 [32].

In addition, the cells exhibit heterogeneous characteristics.
There are various types of astrocytes, such as unstimulated, reac-
tive, and autophagy-dysregulated types [7,66]. These various types
of astrocytes exhibit alterations in transcription, cell hypertrophy,
and morphology [67,68]. The repair effects of ginseng can be ex-
pected because ginseng boosts the antioxidant and regenerative
capacity of astrocytes through Nrf2, NAMPT, and HO-1 [31,32]. In
the neurovascular unit, there are multiple cells and heterogeneity
of the single-cell type. To determine the exact repair mechanisms,
further studies are necessary, especially on the HO-1 pathway in
various cell types (i.e., pericytes, endothelial cells, neurons, oligo-
dendrocytes, and microglia) of the neurovascular unit.

3.3. Cellecell interactions via KRG

In the CNS, cellecell interactions amplify signals [47,68,69].
Repair systems can be facilitated by healthy cellular interactions
[70]. Repaired neurovascular systemsmay further recover cognitive
function by repairing the neural circuits. In this step, the brain cells
may require an antioxidant and energy-enriched milieu.

In pathophysiologic conditions, KRG-treated astrocytes exhibit
upregulated mitochondrial mass and energy production [13,31,32].
Treatment of neural stem cells with conditioned media from KRG-
treated astrocytes promotes O2 consumption and TOM20

Fig. 2. KRG enhances astrocytic mitochondrial functions through HO-1-mediated
signaling in the penumbra in pathological conditions. Abbreviations. AMPKa, AMP-
activated protein kinase; CO, carbon monoxide; ERRa, estrogen-related receptor a;
HO-1, heme oxygenase-1; KRG, Korean Red Ginseng; LKB1, liver kinase B1; NAMPT,
nicotinamide phosphoribosyltransferase; Nrf2, nuclear factor erythroid-2-related fac-
tor 2; OXPHOS, oxidative phosphorylation; PGC-1a, peroxisome proliferator-activated
receptor g coactivator a; SIRT, sirtuin; TOM22, translocase of outer membrane 22.
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expression, possibly through astrocytic HO-1 [32]. Moreover,
energy-enriched astrocytes may affect neural stem cell differenti-
ation into mature neurons via astrocytic HO-1 [13,32] (Fig. 4).
Damaged astrocytes via chronic overexpression of HO-1 may be
detrimental to stem cell capacity [8,9,71].

To repair the neurovascular unit, new blood vessels are required
for the supply of O2 and nutrients. KRG induces angiogenesis by
upregulating VEGF and eNOS, which may be related to glucocorti-
coid receptors [15]. KRG induces eNOS expression through the HO-
1-mediated nuclear factor kappa-light-chain-enhancer of activated
B cells-miRNA-155-5p axis in endothelial cells [14]. Angiogenesis
via astrocyteeendothelial cell network may be facilitated by KRG
because KRG induces VEGF through HIF-1a and ERRa [13,23]. Since

VEGF is involved in neurogenesis, angiogenesis, and cell survival
[72], KRG-induced astrocytic VEGF may regenerate the neuro-
vascular unit.

4. Conclusion

Using ginseng, clinical trials in human study has been shown in
pathophysiological conditions [1]. However, the molecular mech-
anisms by which ginseng contributes to the anti-aging and regen-
eration through mitochondrial functions have not been well
revealed. In this review, we suggest that the prophylactic effects of
KRG are important for preventing aging by improving mitochon-
drial functions. Among the preventive effects of KRG after an injury,

Fig. 3. KRG diminishes the processes of chronic pathological conditions by promoting intercellular interactions and reducing oxidative and metabolic stress. Abbreviations. KRG,
Korean Red Ginseng; ROS, reactive oxygen species; RNS, reactive nitrogen species.

Fig. 4. KRG boosts astrocyte-to-neural stem cell communication through astrocytic HO-1. CO, carbon monoxide; KRG, Korean Red Ginseng.
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mitochondrial functions enhanced by KRG play key roles in anti-
aging, anti-inflammatory, and regenerative processes. Here, we
specifically discussed the KRG-mediated transient HO-1 expression
as a beneficial effect on mitochondrial functions in physical and
pathological conditions. Uncovering HO-1-related molecular
mechanisms bywhich KRG stimulates regeneration by boosting the
energetic potential in glial cells is important for establishing ther-
apeutic strategies.
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