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disease and Amyotrophic lateral sclerosis stand as promi-
nent contributors to global disability and morbidity [3]. The 
occurrence of NDDs is progressively increasing around 
the globe. Approximately 6.2  million individuals aged 65 
and above in the United States are currently living with 
Alzheimer’s disease. Without the emergence of medical 
advancements to prevent, decelerate, or cure Alzheimer’s 
disease, this figure could escalate to 13.8 million by 2060 
[4]. Furthermore, a 2019 figure states that an estimated 
50 million people experienced NDDs leading to dementia 
globally, and by 2060, that figure is predicted to increase 
to 152 million [5, 6]. Oxidative stress and neuroinflamma-
tion are the key culprits of the pathophysiology that under-
lies all types of NDDS [7]. Nucleotide-binding domain, 
leucine-rich–containing family, pyrin domain–containing-3 

Introduction

Neurodegeneration refers to the progressive and irreversible 
loss of structure or function of neurons, which represents 
the principal pathological hallmark of neurodegenerative 
diseases (NDDs) [1, 2]. Neurodegenerative ailments such 
as Alzheimer’s disease, Huntington’s disease, Parkinson’s 
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Abstract
Neurodegenerative diseases (NDDs) encompass a range of conditions characterized by the specific dysfunction and con-
tinual decline of neurons, glial cells, and neural networks within the brain and spinal cord. The majority of NDDs exhibit 
similar underlying causes, including oxidative stress, neuroinflammation, and malfunctioning of mitochondria. Elevated 
levels of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE), alongside decreased expression of brain-derived 
neurotrophic factor (BDNF) and glutamate transporter subtype 1 (GLT-1), constitute significant factors contributing to 
the pathogenesis of NDDs. Additionally, the dual-specificity tyrosine phosphorylation-regulated kinase 1 A (DYRK1A) 
gene has emerged as a significant target for the treatment of NDDs at the preclinical level. It significantly contributes to 
developmental brain defects, early onset neurodegeneration, neuronal loss, and dementia in Down syndrome. Moreover, 
an impaired ubiquitin-proteosome system (UPS) also plays a pathological role in NDDs. Malfunctioning of UPS leads to 
abnormal protein buildup or aggregation of α-synuclein. α-Synuclein is a highly soluble unfolded protein that accumulates 
in Lewy bodies and Lewy neurites in Parkinson’s disease and other synucleinopathies. Recent research highlights the 
promising potential of natural products in combating NDDs relative to conventional therapies. Alkaloids have emerged 
as promising candidates in the fight against NDDs. Harmine is a tricyclic β-carboline alkaloid (harmala alkaloid) with 
one indole nucleus and a six-membered pyrrole ring. It is extracted from Banisteria caapi and Peganum harmala L. and 
exhibits diverse pharmacological properties, encompassing neuroprotective, antioxidant, anti-inflammatory, antidepressant, 
etc. Harmine has been reported to mediate its neuroprotective via reducing the level of inflammatory mediators, NADPH 
oxidase, AChE, BChE and reactive oxygen species (ROS). Whereas, it has been observed to increase the levels of BDNF, 
GLT-1 and anti-oxidant enzymes, along with protein kinase-A (PKA)-mediated UPS activation. This review aims to dis-
cuss the mechanistic interplay of various mediators involved in the neuroprotective effect of harmine.
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(NLRP3) inflammasome is a crucial innate immune 
response regulator that stimulates microglial cells to secrete 
pro-inflammatory cytokines such as interleukin-1beta (IL-
1β) and interleukin-18 (IL-18) which further, leads to neuro-
inflammation and neurodegeneration [8]. Evidence suggests 
that inhibiting the NLRP3 inflammasome can increase 
brain-derived neurotrophic factor (BDNF) expression by 
suppressing IL-1β [9]. Neurotrophic factors, BDNF have 
the potential to decelerate neurodegeneration progression, 
presenting a hopeful avenue for intervening in Alzheimer’s 
disease [10]. Besides, NLRP3, acetylcholinesterase (AChE) 
significantly contributes to the development of neurodegen-
erative disorders by impacting the inflammatory response, 
apoptosis, oxidative stress, and the aggregation of patho-
logical proteins [11].

Furthermore, evidence suggests that astrocytes play a 
crucial role in promoting neuronal survival and mitigating 
the detrimental effects of glutamate [12]. Glutamate trans-
porter subtype 1 (GLT-1) is a crucial regulator of glutamate 
balance within astrocytes and plays a crucial role in prevent-
ing excitotoxic neuronal damage [13]. It has been reported 
that malfunctioning of GLT-1 protein contributes to neu-
rotoxicity and neurodegeneration [14]. Besides this, the 
overexpression of the dual-specificity tyrosine phosphor-
ylation-regulated kinase 1  A (DYRK1A) gene, found on 
chromosome 21q22.2 is overexpressed in Down syndrome. 
It has a considerable impact on the occurrence of develop-
mental brain abnormalities as well as the onset of neurode-
generation, neuronal decline, and dementia in individuals 
with Down syndrome [15]. Elevated DYRK1A immunore-
activity has been linked to neurofibrillary tangle pathology 
in Alzheimer’s disease [16]. Thus, considering these litera-
ture reports, directing therapeutic interventions collectively 
toward the aforementioned cellular mechanisms could offer 
a promising avenue for treating NDDS.

Harmine is a plant-derived (7-methoxy-1–9 H-pyrido[3,4-
b]-indole) beta-carboline alkaloid, firstly isolated from the 
seeds of Peganum harmala. It is also found in Banisteri-
opsis caapi and B. metallicolor [17, 18]. Overwhelming 
evidence suggests that harmine possesses a wide spectrum 
of pharmacological activity including immunomodulatory, 
antidiabetic, antioxidant, neuroprotective, anti-inflamma-
tory and antidepressant [19–22]. According to toxicity stud-
ies, harmine has an LD50 of 200 mg/kg when administered 
subcutaneously to rabbits and 60  mg/kg when adminis-
tered through the intravenous route to rats and mice [23, 
24]. Several in-vitro and in-vivo studies have delineated the 
neuroprotective effect of harmine through the modulation 
of different mediators including GLT-1, DYRK1A, BDNF, 
NLRP3 inflammasome, AChE, butyrylcholinesterase 
(BChE), pro-inflammatory cytokines and the ubiquitin-pro-
teasome system (UPS) [25–31] (Tables 1 and 2). However, 

these reports detailing the neuroprotective effect of harmine 
have not been consolidated into a single platform. More-
over, the mechanistic interplay of these mediators leading 
to the neuroprotective effect of harmine has not yet been 
discussed. Therefore, by utilizing various reports discussing 
the neuroprotective effect of harmine through the modula-
tion of different mediators, this review article was designed 
to comprehensively explore the mechanistic interplay 
among these mediators contributing to the neuroprotective 
effects of harmine.

Modulation of inflammatory stress-
mediated downregulation of GLT-1: impact 
on glutamate excitotoxicity

GLT-1 is one of the major glutamate transporters primar-
ily expressed in astroglial cells and is responsible for 90% 
of the total glutamate uptake. It is also crucial for main-
taining low extracellular glutamate levels, which prevent 
glutamate neurotoxicity [13]. GLT-1 primarily transports 
glutamate, whereas, L-glutamate/L-aspartate transporter 
(GLAST) transports both glutamate and aspartate [32]. 
While both GLT-1 and GLAST are expressed in astrocytes, 
they are found in different regions of the brain and in dif-
ferent cellular compartments within astrocytes. GLT-1 is 
more abundant in regions like the cortex and hippocampus, 
whereas GLAST is more abundant in the cerebellum [12]. 
GLT-1 is better suited for clearing high levels of glutamate 
from the synaptic cleft during periods of intense neuronal 
activity, whereas GLAST may play a more significant role 
in maintaining baseline levels of glutamate [32]. Neuronal 
loss of the glutamate transporter GLT-1 promotes excito-
toxic injury in the hippocampus and cerebral cortex [33, 
34]. The dysregulation of astroglial glutamate transporters 
GLAST and GLT-1 has been linked to various neurode-
generative disorders, such as amyotrophic lateral sclerosis 
(ALS) and Alzheimer’s disease, where a decrease in GLT-1 
protein expression and function has been observed [34, 35]. 
Overwhelming evidence documented that drugs like dex-
medetomidine and ceftriaxone significantly upregulated the 
expression of GLT-1 protein to confer neuroprotection [36, 
37]. Thus, uplifting the expression of neuronal GLT could 
effectively reduce glutamate excitotoxicity, thereby con-
ferring neuroprotection. In the context of harmine, several 
animal and cell line reports have studied the role of GLT in 
the neuroprotective effect of harmine [25, 38–40] (Tables 1 
and 2). Sun et al. demonstrated that the administration of 
harmine (30 mg/kg; ip) in global cerebral ischemia (GCI) 
induced rats, reduced the cerebral infarct volume and neuron 
death in the cortex region. In Western blot analysis, harmine 
treatment significantly increased the mRNA and protein 
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expression of GLT-1. In immunofluorescence analysis, har-
mine treatment downregulated the activation of astrocytes 
[39]. Building upon this, Meijboom et al. assessed GLT-1 
protein level in the P7 spinal cord of untreated and harmine-
treated Smn-/-; SMN2 and Smn+/-; SMN2 mice with spinal 
muscular atrophy. The author revealed that harmine (10 mg/
kg) administration significantly increased GLT-1 expres-
sion in treated mice as compared to the untreated group of 
animals [38]. Furthermore, at the preclinical level, it has 
been established that partial reduction in the GLT-1 levels 
exacerbates spatial memory deficits [34], whereas upregu-
lation of GLT-1 promotes cognitive functions [41]. More-
over, evidence states that inhibition of the GLT-1 impairs 
the performance of animals in memory-related tasks [42]. 
According to findings reported by Zong et al. harmine treat-
ment (30 mg/kg/day for 5 days) dramatically reduced cere-
bral edema after experimental traumatic brain injury (TBI) 
and enhanced learning and memory functions. Western blot 
analysis demonstrated that harmine administration con-
siderably increased the expression of GLT-1 in the hippo-
campus. Whereas, it reduced the expression levels of IL-1β 

and caspase-3. Moreover, hematoxylin and eosin staining 
revealed that harmine suppressed neuronal death in the hip-
pocampal region and improved motor function as evidenced 
by an increase in neurologic severity score [43]. Evidence 
states that inflammatory cytokines, such as IL-1β, play a 
role in the loss of astroglial glutamate transport, thereby 
contributing to excitotoxic neuronal injury [44]. Taking 
together these supporting evidences and the aforementioned 
studies on the neuroprotective effect of harmine, it might 
be suggested that harmine-mediated upregulation of GLT-1 
could be attributed to its anti-inflammatory effect (Fig. 1).

Alongside the GLT-1 upregulating potential of harmine, 
Li et al., have also explored the GLAST modulatory role 
of harmine and in vitro cell culture. The primary human 
cortical neuron-astrocyte co-culture and primary mouse 
cortex co-culture study showed the harmine (10 µM) treat-
ment significantly increased the expression of both human 
excitatory amino acid transporter i.e., GLAST and GLT-1. 
It also uplifted the GLT-1 and GLAST-dependent uptake 
48 h after treatment. Moreover, in the transgenic ALS mice 
model (SOD1G93A mice), harmine (10 mg/kg; ip) treatment 

Animal Model Dose Effects References
Global cerebral isch-
emia model

30 mg/
kg; ip

• Upregulated the mRNA and protein expression of 
GLT-1.

 [39]

TBI-induced brain 
injury rat model

30 mg/
kg; ip

• Downregulated expression of IL-1β, caspase 3, TNF-α 
and increased expression of GLT-1 protein.

 [43]

Amyotrophic lat-
eral sclerosis model 
(SOD1G93A mice)

10 mg/
kg; ip

• Significantly increased GLT-1 protein expression.
• Increased both Na+-dependent glutamate uptake and 
GLT-1 specific glutamate uptake.

 [25]

Chronic unpredictable 
stress (CUS) model

10 & 
20 mg/
kg; ip

• Attenuated the CUS-induced reduction in BDNF pro-
tein level in the hippocampus and cortex.
• Increased GLT-1 expression in the hippocampus and 
prefrontal cortex of mice brain.

 [40]

Smn−/−; SMN2+/− 
mouse model

10 mg/
kg; po

• Increased the expression of GLT-1 protein levels in P7 
spinal cord.

 [38]

STZ-induced diabetic 
rats
Morris water maze

20 mg/
kg; ip

• Decreased the level of NLRP3, Caspase-1, IL-1β and 
IL-18 induced by STZ.
• Uplifted the level of BDNF and phosphorylation of 
TrkB.

 [28]

Male Adult Wistar rats
(60 days old)

5, 10 & 
15 mg/
kg; ip

• Reduced lipid and protein peroxidation.
• Increased the SOD and CAT activity in the prefrontal 
cortex and hippocampus region of rat brain.

 [99]

3-Nitropropionic acid-
induced neurotoxicity

10 mg/
kg; ip

• Increase the protein level of NRF2, AMPK and p21.
• Uplifted the gene expression of haem 
oxygenase-1(HO-1).

 [101]

Scopolamine-induced 
cognitive deficit mice
Morris water maze

10, 20 & 
30 mg/
kg; po

• Reduced the scopolamine-induced increased activity of 
AChE in the cortex and hippocampus of mice brain.
• Increased the SOD, GSH-px and MPO activity.
• Whereas reduced the MDA level in the cortex.
• Reduced the TNF-α activity in the cortex and hippo-
campus region of mice brain.

 [91]

Scopolamine-induced 
memory impairment 
mice
APP/PS1 transgenic 
mice
Morris water maze

20 mg/
kg; po

• Increase the AChE activity in the cerebral cortex 
region of transgenic mice brain.

 [90]

Table 1  Summary of in vivo 
studies on the neuroprotective 
effects of harmine
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reuptake from the synapse, occurs through BDNF-tyrosine 
protein kinase B (TrkB) signaling in rats exposed to chronic 
unpredictable stress (CUS) [40]. Additionally, BDNF has 
also been found to upregulate the expression of GLAST 
and enhance the uptake of glutamate during hypoxia, 
which underlies its neuroprotective effects [46]. By using 
CUS-induced astrocyte dysfunction in mice model, Liu et 
al. observed the effect of effect of harmine on behavioral 
parameters along with the GLT-1 and BDNF expression 
in the hippocampus. Behavioral estimation showed that 

significantly increased the GLT-1 protein expression in the 
cortex region of the brain. An in-vitro assay revealed that 
harmine (EC50 of 3.2 µM) increased the luciferase activ-
ity of CC4 cells through transcriptional regulation and acted 
as a transcriptional activator of GLT-1 [25]. Furthermore, 
evidence suggests that besides the modulatory of IL-1β on 
GLT-1, BDNF has been reported to upregulate the expres-
sion of the glutamate transporter GLT-1 in astrocytes [45]. 
Liu et al. documented that regulation of GLT-1 on hippo-
campal astrocytes, which accounts for 90% of glutamate 

Cell lines Concentrations
of harmine

Effects Refer-
ences

CC4 cell line 10 µM • Increased the luciferase activity of CC4 cells through tran-
scriptional regulation and acted as a transcriptional activator 
of GLT-1.
• Upregulated both GLT-1 and GLAST-dependent glutamate 
uptake.

 [25]

HG-treated SH-
SY5Y cells

1 µM • Inhibited the NLRP3 inflammasome activation in HG-treated 
neuronal cells.
• Enhanced expression of BDNF/TrkB signaling pathway in 
HG-treated cells.

 [28]

Tet-on PC12 
cells
N2a cells

10 µM • Reduced the doxycycline-induced overexpression of α-syn.
• Degraded the WT, A53T and A30P mutant of α-syn and 
promoted clearance of α-syn.
• Reduced the aggregation of GFP-synphilin-1. A proteasome 
inhibitor, MG132 abrogated this varied effect of harmine.
• Neither autophagy inhibitor (SAR405) nor siRNA of autoph-
agy-related genes (ATG7 and ATG5) had any significant effect 
on the harmine (10µM) induced degradation of α-syn.

 [31]

H4 neuroglioma 
cells

0.8 & 8 µM • Reduced the expression of all three phosphorylated forms of 
tau protein (12E8, pT231 and pS396).
• Inhibited the DYRK1A-catalyzed direct photophosphoryla-
tion of tau protein on serine 396 (pS396) with an IC50 of 0.7 
µM.

 [26]

Human neuronal 
progenitor cells

10, 20 & 40 
µM

• Suppressed the expression of 3R-tau and promoted the 
expression of 4R-tau and led to the increase in 4R-tau/3R-tau 
ratio at both mRNA and protein levels.

 [69]

HEK293 cells 1 µM • Prevented the mobility shift of SEPT4 in EGFP-DYRK1A 
overexpressed HEK293 cells by doxycycline.
• Inhibited the phosphorylation of SF3b1 at Thr 434 in 
doxycycline-induced cells.

 [74]

SH-SY5Y cells 1 µM • Harmine derivative ZDWX-25 significantly inhibited hyper-
phosphorylation of tau protein in okadaic acid-induced cells.

 [75]

Human induced 
pluripotent stem 
cells

7.5 µM • Reduced the axonal APP vesicle density by inhibiting 
Dyrk1A-mediated increase in axonal APP vesicle density.

 [76]

RAW-264.7 cells 10 µM • Inhibited the LPS-induced expression of nitric oxide syn-
thase, COX-2, IL-6, TNF-α and NF-κB.
• Inhibited the LPS-induced tyrosine and serine phosphoryla-
tion of STAT1.

 [30]

Yeast cell 
S.Cerevisiaei 
BY4742 cells

25 µg/ml • Reduced the aggregation of 103Q-htt protein by decreasing 
the ROS production.
• Uplifted the count of viable cells.

 
[100]

SH-SY5Y cells 0.5 & 1 µM • Derivatives of harmine (Compounds 13 and 17a) showed an 
inhibitory effect on AchE induced Aβ1–42 aggregation.
• Many of the harmine derivatives modified at position 9 with 
benzyl piperazinyl showed greater inhibitory activity against 
hAChE than standard donepezil (More info about structures 
and IC50 values in referred paper).

 [94]

Table 2  Summary of in vitro 
studies on the neuroprotective 
effect of harmine
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mitochondria, facilitating forward mitochondrial move-
ment in dendrites, and regulating mitophagy [52]. Research 
employing a cell culture model of Parkinson’s disease 
revealed that mitochondrial PKA phosphorylates serine 637 
on the mitochondrial fission regulator Drp1 in human Drp1 
isoform 1. This phosphorylation suppresses mitochondrial 
fission, fostering neuroprotection against glutamate excito-
toxicity and oxidative stress in the context of Parkinson’s 
disease in cell culture [53]. UPS is a sizable multi-cata-
lytic proteinase complex that is present in the nucleus and 
cytoplasm of eukaryotic cells. The primary function of the 
UPS is the destruction of damaged, mutated, misfolded, 
or unfolded intracellular proteins [54]. Evidence delin-
eates that alpha-synuclein (α-syn) can be degraded by both 
autophagy and the ubiquitin-proteasome system (UPS) [55]. 
Various studies revealed that malfunctioning and impair-
ment of UPS leads to abnormal protein buildup or aggre-
gation of α-syn [56–59]. Cai-C et al. demonstrated that 
harmine (10 µM) significantly reduced the doxycycline-
induced over-expression of α-syn in Tet-on PC12 neuronal 
cells. Western blot analysis revealed that harmine (10 µM) 
significantly degraded the WT, A53T and A30P mutant of 
α-syn and promoted the clearance of over-expressed α-syn. 
Furthermore, to find the mode of degradation of α-syn by 
harmine, authors used autophagy inhibitor (SAR405) or the 
small interfering RNA (siRNA) of autophagy-related genes 
(ATG7 and ATG5) and ubiquitin-proteasome pathway 
inhibitors (MG132 and bortezomib). Western blot analy-
sis showed that neither autophagy inhibitors nor siRNA of 
autophagy-related genes had any significant effect on the 
harmine (10µM) induced degradation of α-syn. Whereas, 
ubiquitin-proteasome pathway inhibitors significantly abro-
gated the harmine (10 µM) induced degradation of α-syn. 
Thus, delineating that harmine-induced degradation of α-syn 
is mediated through the UPS-dependent manner rather than 
the autophagy-lysosomal pathway [31]. Evidence states that 
α-syn aggregation is also enhanced by its interacting protein 
called synphilin-1 [60]. Cai-C et al. also assessed the effect 
of harmine on synphilin-1 aggregation by utilizing Tet-on 
inducible PC12 cells transfected with GFP-synphilin-1 
plasmids and with 2  µg/ml doxorubicin for 48  h. Out-
comes showed that harmine treatment for 24 h significantly 
reduced the aggregation of GFP-synphilin-1. Whereas, a 
proteasome inhibitor, MG132 abrogated this varied effect of 
harmine, delineating that harmine also inhibits synphilin-1 
aggregation through the ubiquitin-proteasome system [31]. 
Furthermore, the level of PKA and its role in modulating 
the UPS pathway was studied in the aforementioned study. 
PKA is known to regulate the Ubiquitin Proteasome system. 
Activation of PKA can modulate the UPS by phosphorylat-
ing various proteins involved in the pathway, thereby affect-
ing protein degradation [61, 62]. In PC12 cells, harmine 

harmine treatment (20  mg/kg) significantly reduced the 
immobile duration of mice in the forced swim test and tail 
suspension test. Moreover, the author also delineated that 
harmine treatment (20  mg/kg) significantly increased the 
GLT-1 and BDNF protein expression in the prefrontal cor-
tex and hippocampus region of the brain of the CUS-treated 
group of mice [40]. Besides this number of other studies 
utilizing the CUS model have also documented the BDNF 
protein upregulating effect of harmine [27].

Furthermore, taking inflammatory stress and BDNF 
together, evidence suggests that inhibiting the NLRP3 
inflammasome can increase BDNF expression by suppress-
ing IL-1β [9]. Another study has delineated that inhibiting 
NLRP3 results in an increased level of BDNF levels and 
mitigates the decline in cognitive function [47]. Inflamma-
some is a crucial innate immune response regulator that 
controls the expression of caspase-1 and inflammatory cyto-
kines during neuroinflammation in NDDS [48, 49]. NLRP3 
stimulates the microglia to secrete IL-1β and IL-18, which 
further promote neuroinflammation, thus leading to neuro-
degenerative disorders [8, 50]. Liu et al. evaluated the pro-
tective effect of harmine in in-vivo (streptozotocin (STZ) 
treated mice) and in-vitro (HG-treated SH-SY5Y cells). In-
vivo examination showed that harmine (20 mg/kg; po) treat-
ment ameliorated the STZ-induced learning and memory 
impairment as evidenced by reduced swimming distance, 
escape latency and increased number of platform cross-
ings in the Morris water maze. An immunohistology study 
indicated that harmine treatment significantly decreased the 
level of NLRP3, caspase-1 and IL-1β. Whereas, harmine-
treated mice exhibited higher levels of BDNF protein and 
phosphorylated TrkB in diabetes mellitus rats. Moreover, 
western blot analysis revealed that harmine (1 µM) inhib-
ited NLRP3 inflammasome activation and enhanced the 
expression of BDNF protein, as well as elevated the BDNF/
TrkB signaling pathway in HG-treated neuronal cells [28]. 
Conclusively, the aforementioned evidence indicates that 
harmine may exert its neuroprotective effect by restoring the 
expression of GLT-1 on astrocytes through inhibition of the 
NLRP3 inflammasome-mediated downregulation of BDNF/
Trk-B signaling (Fig. 1).

Facilitation of α-Synuclein degradation via 
protein kinase A (PKA)-mediated ubiquitin-
proteasome system activation

PKA is a Ser/Thr kinase that is crucial for sustaining key 
neural operations such as mitochondrial homeostasis, neu-
ral proliferation, bioenergetics, and neurotransmission [51]. 
Within neurons, PKA governs various facets of mitochon-
drial functions, such as fostering interconnectivity among 
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accumulation of phosphorylated tau leads to synaptic dys-
function, neuronal impairment, and the formation of neuro-
fibrillary tangles, thereby contributing to neurodegenerative 
processes [77]. Frost et al. delineated that harmine (0.8 µM 
and 8 µM) significantly reduced the expression of all three 
phosphorylated forms of tau protein (12E8, pT231 and 
pS396). Moreover, it also inhibited the DYRK1A-catalyzed 
direct phosphosphorylation of tau protein on serine 396 
(pS396) with an IC50 of 0.7 µM in H4 neuroglioma cells 
[26]. Furthermore, research findings indicate that Dyrk1A 
induces the exclusion of tauE10, thereby resulting in ele-
vated levels of 3R-tau and an imbalance between 3R-tau 
and 4R-tau within the brain of individuals with Down syn-
drome [74]. Yin et al. explored the potential of DYRK1A 
inhibitor, harmine in maintaining the 4R-tau/3R-tau ratio 
in human neuronal progenitor cells. The author stated that 
harmine (20 µM) suppressed the expression of 3R-tau and 
promoted the expression of 4R-tau and led to the increase in 
4R-tau/3R-tau ratio at both mRNA and protein levels in reti-
noid acid (10 µM) differentiated human neuronal progenitor 
cells [69]. In addition to this, Sitz et al. reported that harmine 
(1 µM) inhibited the DYRK1A -dependent phosphorylation 
of SF3b1 at Thr434 and prevented the mobility shift of the 
cytoplasmic SEPT4 substrate of Dyrk1A in doxycycline-
treated EGFP-DYRK1A overexpressed HEK293 cells [74]. 
In Parkinson’s disease (PD), the aggregation of Lewy bod-
ies frequently entails the sequestration of Septin4 (Sept4), a 
polymerizing scaffold protein [78]. SF3B1 has been previ-
ously identified as a specific target site of DYRK1A [79].

Furthermore, evidence delineates that a compound pos-
sessing dual inhibitory properties against glycogen synthase 
kinase-3 beta (GSK3β) and DYRK1A effectively decreases 
Tau hyperphosphorylation and improves conditions in 
Alzheimer’s disease models [80]. Liu et al. explored the 
potential of harmine derivatives as potent dual inhibitors of 
DYRK1A/GSK-3β for Alzheimer’s treatment by employing 
okadaic acid-induced SH-SY5Y cells. The author reported 
that among the various derivatives of harmine, ZDWX-25 
(1-(Cyclopropanecarboxamido)-9  H-pyrido (3,4-b)indole-
7-carboxylic acid methyl ester) showed a potent inhibitory 
effect on DYRK1A and GSK-3β with IC50 values of 103 
and 71 nM, respectively in kinase-Glo luminescent assay. 
Moreover, western blot analysis revealed that ZDWX-25 
inhibited the okadaic acid-induced hyperphosphorylation 
of tau protein in SH-SY5Y cells. In-silico analysis showed 
that ZDWX-25 could better interact with Lys85 and Val135 
residues of the ATP binding pocket of GSK-3β (4PTC) and 
Leu241 and Lys188 residues of the ATP binding pocket of 
DYRK1A (3ANR) with hydrogen bonding. Besides that, 
ZDWX-25 (20 and 30  mg/kg) showed good blood-brain 
barrier penetrability (Pe > 4.7 × 10− 6 cm/s). Whereas, the 
in-vivo analysis revealed that ZDWX-25 improved the 

promoted PKA phosphorylation at Thr197. q-PCR analysis 
showed that harmine upregulated the expression of protea-
some 26 S subunit non-ATPase 1 (PSMD1) mRNA (one of 
the 40 subunits of proteasomes). Whereas, pretreatment with 
PKA inhibitor, H89 significantly abrogated the harmine-
induced PKA phosphorylation, α-syn clearance and pro-
teasome activity [31]. Overall, these studies delineate that 
harmine could potentially facilitate the degradation of α-syn 
by activating the ubiquitin-proteasome system through PKA 
mediation. Moreover, it also inhibits synphilin-1 aggrega-
tion via UPS (Fig. 1).

Impact of harmine, a DYRK1A inhibitor, on 
tau expression and phosphorylation

DYRK1A is an evolutionary protein kinase, a member of 
the family of Dual- Specificity Tyrosine- Regulated kinase 
(DYRK) [63]. Overwhelming evidence highlighted that 
overexpression of DYRK1A leads to neurodevelopmen-
tal delay, motor abnormalities and cognitive deficits [64, 
65]. Likewise, it has been shown that overexpression of 
DYRK1A results in neuroinflammation by promoting the 
release of inflammatory cytokines, thus promoting the pro-
gression of neurodegenerative disease [66–68]. In addition, 
elevated DYRK1A immunoreactivity has been linked to 
neurofibrillary tangles in Alzheimer’s disease (16), 3R- 
tau expression in Down Syndrome mice [69] and impair-
ment of hippocampal-dependent memory in DYRK1A 
BAC transgenic mice [70]. Several pieces of evidence have 
documented the DYRK1A inhibitory potential of harmine 
[71–73] (Table  2). Till now many reports have discussed 
its potential against different NDDS as a DYRK1A inhibi-
tor [26, 69, 74–76]. It has been well established that the 

Fig. 1  Proposed pathway depicting the molecular modulations pro-
duced by harmine that confer neuroprotection. The figure illustrates 
that harmine’s neuroprotective effects may be mediated through 
modulation of various pathways: upregulation of GLT-1 through anti-
inflammatory action, restoration of BDNF/Trk-B signaling via NLRP3 
inflammasome inhibition, activation of the ubiquitin-proteasome 
system to degrade α-syn and inhibit synphilin-1 aggregation, inhibi-
tion of DYRK1A-mediated tau phosphorylation, restoration of APP 
axonal transport, suppression of Aβ aggregation by AChE inhibition, 
potentiation of AMPK/Nrf2 antioxidant signaling, and enhancement 
of mitochondrial respiratory complex activity. (AChE, Acetylcholin-
esterase; AMPK, Adenosine monophosphate-activated protein kinase; 
Aβ, Amyloid beta; BDNF, Brain-derived neurotrophic factor; CAT, 
Catalase; DYRK1A, Dual-specificity tyrosine regulated kinase 1 A; 
GLAST, L-glutamate/L-aspartate transporter; GLT-1, Glutamate trans-
porter subtype 1; GPx, Glutathione peroxidase; HO1, Heme oxygen-
ase 1; NLRP3, Nucleotide-binding domain, leucine-rich–containing 
family, pyrin domain–containing-3; NRF2, Nuclear factor erythroid 
2-related factor; PKA, Protein kinase-A; ROS, Reactive oxygen spe-
cies; SOD, Superoxidase; TrkB, Tyrosine-protein kinase-B; UPS, 
Ubiquitin proteasome system; α-synuclein, alpha-synuclein)
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indole) significantly inhibited the AChE enzyme, with an 
IC50 value of 10.4 µM in comparison to the standard galan-
thamine with IC50 value of 4.1 µM [29]. Biochemical stud-
ies have shown that AChE triggers the formation of amyloid 
fibrils, leading to the creation of highly toxic AChE-Aβ 
complexes [92, 93]. In consistence with the above findings, 
Du et al. also showed the Aβ aggregation and acetylcholin-
esterase inhibitory activity of novel derivatives of harmine. 
By employing Ellman’s assay, authors revealed that many 
of the harmine derivatives modified at position 9 with ben-
zyl piperazinyl showed greater inhibitory activity against 
hAChE than standard donepezil. Furthermore, by using the 
Thioflavin-T (ThT) fluorescence assay, the author demon-
strated that the two compounds 13 and 17a (Check ref. 95 
for structure and properties) displayed significant inhibition 
of Aβ1–42 aggregation with an IC50 value of 9.31 and 6.74 
µM respectively, which were less than that of resveratrol 
(IC50 11.51 µM) and curcumin (IC50 15.47 µM) standards 
[94]. Besides the in-silico and in-vitro AChE inhibitory 
potential of harmine, there have been studies that explored 
the in-vivo AChE inhibitory potential of harmine [90, 91]. 
Furthermore, He et al. delineated that harmine potentiates 
acetylcholine transmission by inhibiting the AChE enzyme. 
Harmine treatment (20  mg/kg; oral gavage for 2 weeks) 
ameliorated the scopolamine-induced impairment of spatial 
memory in C57BL/6 mice. Moreover, by utilizing the APP/
PS1 chronic mice model, authors explored the effect of long-
term treatment of harmine on memory. Harmine (20 mg/kg) 
treatment for 10 weeks also exhibited a slight improvement 
in memory. Biochemical analysis showed that harmine sig-
nificantly inhibited the APP/PS1-induced increase in AChE 
activity in the cerebral cortex region [90]. Other than the 
APP/PS1 model, Li et al. demonstrated the AChE inhibitory 
potential of harmine in the scopolamine mice model. Har-
mine treatment (30 mg/kg) significantly abrogated the sco-
polamine-induced cognitive impairment. It decreased and 
increased the AChE and choline acetyltransferase (ChAT) 
activity, respectively [91]. Overall, these studies suggest 
that harmine might inhibit Aβ aggregation by suppressing 
AChE activity (Fig. 1).

Boosting AMPK/Nrf2 pathway and 
optimizing mitochondrial respiratory 
complexes

Free radicals, also known as reactive anions or molecules 
with oxygen atoms, such as superoxide, hydroxyl radi-
cal and hydrogen peroxide [95]. Reactive oxygen species 
(ROS)-triggered oxidative stress can harm cells by inhibit-
ing the activity of the number of enzymes and by oxidiz-
ing the lipids [96, 97]. In the realm of neurodegeneration, 

learning and memory in amyloid precursor protein/prese-
nilin 1/Tau (APP/PS1/Tau) transgenic mice [75]. Overall 
evidence delineates that harmine inhibits the DYRK1A-
catalyzed phosphorylation of tau protein, which might be 
the reason for the improvement of learning and memory 
(Fig. 1).

Evidence states that axonal defects in Alzheimer’s dis-
ease affect the intracellular distribution of amyloid precur-
sor protein (APP) and the extent to which it is exposed to 
amyloid beta (Aβ) peptide [81]. Bessone et al. investigated 
that harmine modulated APP axonal transport by inhibit-
ing DYRK1A in human induced pluripotent stem cells. 
Photomicrographs of human-derived neuronal cells treated 
with harmine (7.5 µM) or by overexpressing the negative 
DYRK1A showed a reduction in the axonal APP vesicle 
density and upregulated the processivity of retrograde APP 
[76]. Thus, delineating that harmine might restore the APP 
axonal transport by inhibiting the DYRK1A.

Inhibition of cholinesterase activity by 
harmine: in-vitro and in-vivo evidence

AChE is a crucial enzyme in the cholinergic nervous system, 
which facilitates the hydrolysis of acetylcholine into cho-
line and acetate ions [82, 83]. Acetylcholinesterase disrupts 
the function of acetylcholine, contributing to symptomatic 
cognitive impairment observed in patients with Alzheimer’s 
disease [84, 85]. Several earlier studies have elucidated an 
effective strategy for enhancing cognitive function and pro-
viding neuroprotection through the inhibition of the acetyl-
cholinesterase enzyme [86, 87]. Jyothi et al. performed the 
in-silico analysis to study the binding affinity of harmine at 
AChE and BChE. Outcomes delineated that harmine showed 
a good binding affinity with AChE (5FPQ) and BChE 
(2Y1K). Harmine exhibited a one hydrogen bond interac-
tion with the glutamate 199 amino acid residue of AChE and 
showed a binding energy of -8.4 Kcal/mol. Whereas in the 
case of BChE, harmine showed one hydrogen bond inter-
action with glycine 115 residue. This complex exhibited a 
binding energy of -7.9 Kcal/mol [88]. Besides this, research-
ers have also evaluated the in-vitro and in-vivo AChE and 
BChE inhibitory potential of harmine derivatives [29, 89–
91]. Liu et al. evacuated that, ZLWH-23, a derivative of 
harmine containing N-benzyl-piperidine moiety exhibited 
potent AChE, BChE and GSK3B inhibitory activity with 
an IC50 value of 0.27, 20.82 and 6.78 µM, respectively. 
Along with this, it also reduced tau hyperphosphorylation 
of tau at Ser-396 in Tau (P301L) 293T cells [89]. Moreover, 
Filali et al., explored the in vitro AChE inhibitory poten-
tial of harmine using an enzymatic assay. Harmine deriva-
tive, harmine 1 (7-methoxy-1-methyl-9  H-pyrido (3,4–6) 
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and hippocampus of rats. The authors showed that acute 
and chronic administration of harmine (5, 10 and 15  mg/
kg; ip) reduced the lipid and protein peroxidation in the 
prefrontal cortex and hippocampus region of the rat brain. 
Whereas, it increased the SOD and CAT activity [99]. In the 
scopolamine-induced cognitive dysfunctioning mice model, 
Li et al. showed the cognition-improving effect of harmine 
through the modulation of oxidative stress and AChE activ-
ity. Authors delineated that harmine significantly uplifted 
the SOD (10 and 20  mg/kg) and GPx levels (30  mg/kg). 
Whereas, it reduced the production of maleic dialdehyde 
(20 and 30 mg/kg) and AChE activity (30 mg/kg) [91].

Besides AMPK/NRF2 antioxidant signaling, nicotin-
amide adenine dinucleotide hydrogen (NADH) dehydroge-
nase (complex I) and cytochrome c oxidase (complex IV) 
contribute greatly to oxidative stress by increasing ROS 
production, ATP depletion and lactic acidosis [107, 108]. 
Acute treatment with harmine (10, 20 and 30  mg/kg) in 
rats significantly increased creatine kinase activity in the 
prefrontal cortex region. Moreover, chronic treatment of 
harmine at 20 mg/kg (for 14 days) also increased creatine 
kinase activity in the striatum of the rat brain. The author 
also analyzed the mitochondrial respiratory complex activ-
ity and demonstrated that chronic treatment with harmine at 
5 mg/kg increased NADH dehydrogenase (complex I) and 
cytochrome c oxidase (complex IV) activity in the mito-
chondrion of the prefrontal cortex and striatum, respectively. 
Whereas, acute treatment with 10 and 15 mg/kg of harmine 
uplifted the complex I activity in the striatum and prefron-
tal cortex regions, respectively. Additionally, a 20  mg/kg 
dose of harmine also uplifted the complex II activity in the 
mitochondrion of the prefrontal cortex [109]. Overall, these 
supporting and direct reports delineate that harmine might 
also confer neuroprotection by potentiating the AMPK/Nrf2 
antioxidant signaling pathway and enhancing the activity 
of mitochondrial respiratory complexes. An increase in the 
activity of mitochondrial respiratory complexes might also 
be the reason for the harmine-mediated reduction in ROS 
production (Fig. 1). Furthermore, this reduction in the ROS 
might also be linked to the monoamine oxidase (MAO) 
inhibitory potential of harmine. MAO is an enzyme that 
plays a crucial role in the metabolism of neurotransmitters 
such as serotonin, dopamine, and norepinephrine. It cata-
lyzes the oxidation of these neurotransmitters, producing 
hydrogen peroxide (H2O2) and other ROS as byproducts, 
leading to increased oxidative stress [110]. So far, several 
reports have documented harmine’s monoamine oxidase-
A (MAO-A) inhibitory potential [111, 112]. Evidence also 
suggests that harmine possesses both antidepressant and 
anti-inflammatory properties [113]. MAO-A inhibitors have 
been utilized for many decades in the treatment of depres-
sion, while MAO-B inhibitors are employed in Parkinson’s 

oxidative stress is a crucial contributor to the development 
of several neurological disorders. Neurons, in particular, are 
highly susceptible to oxidative harm because of their ele-
vated metabolic activity, rich lipid accumulation, and com-
paratively modest antioxidant defenses relative to other cell 
types in the body [98]. Till now several studies have dem-
onstrated the oxidative stress-relieving effect of harmine at 
different dose levels through different pathways [91, 99–
101] (Table 1). The recognition of oxidative stress-induced 
neurotoxicity is growing as a significant neuropathological 
mechanism contributing to the motor and behavioral symp-
toms linked with Huntington’s disease [102]. Furthermore, 
Jain et al., showed that harmine exerts a protective effect 
against Huntington’s disease by inhibiting aggregation of 
mutant huntingtin fragment (103Q-htt) through its antioxi-
dant potential in a yeast model. This study on yeast cells 
(S. cerevisiae BY4742) revealed that harmine (25  µg/ml) 
significantly increased the cell viability and reduced the 
aggregation of 103Q-htt protein. Moreover, the authors also 
stated that harmine only reduces the level of ROS when it 
exceeds a certain limit in yeast cells expressing 25Q-htt. 
Whereas, harmine had no significant effect on the basal 
ROS level. The aggregation of 103Q-htt uplifted the gen-
eration of ROS. Thus, delineating that harmine reduces 
huntingtin protein aggregation, resulting in the reduction of 
oxidative stress that slows down intracellular protein aggre-
gation [100]. The transcription factor known as nuclear fac-
tor E2-related factor 2 (Nrf2) reacts to oxidative stress by 
attaching itself to the antioxidant response element (ARE) 
located within the promoter region of genes responsible 
for encoding antioxidant enzymes [103]. Reports have also 
demonstrated that adenosine monophosphate-activated 
protein kinase (AMPK) can directly phosphorylate Nrf2. 
Within cellular contexts, it has been observed that the acti-
vation of AMPK induces the migration and aggregation of 
the transcription factor Nrf2 into the nucleus [104, 105]. A 
study by Habib et al. demonstrated that harmine treatment 
(10 mg/kg) alleviates 3-Nitropropionic acid-induced motor, 
cognitive and histological dysfunction by inhibiting oxida-
tive stress/neurotoxicity in male Wistar rats. Western blot 
analysis revealed that harmine significantly increased the 
protein level of Nrf2, AMPK and p21 and the gene expres-
sion of haem oxygenase-1 (HO1), quinone oxidoreductase-1 
and p62 in the striatum, prefrontal cortex and hippocampus 
region of the rat brain [101]. Nrf2, functioning as a pivotal 
regulatory factor, governs the transcription of numerous 
enzymatic antioxidants, thereby influencing the modulation 
of ROS levels, including superoxide dismutase (SOD), cata-
lase (CAT), glutathione peroxidase (GPx), and HO1. These 
antioxidants play crucial roles in preserving redox equilib-
rium and cellular stability [106]. Reus et al. evaluated the 
antioxidant potential of harmine in the prefrontal cortex 
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resource for directing future researchers toward delving 
deeper into the mechanistic aspects of harmine, facilitat-
ing the discovery of promising lead compounds. While 
preclinical research has provided valuable insights, further 
investigation, particularly in human subjects, is necessary 
to validate these effects and determine their potential thera-
peutic relevance in clinical settings. Moreover, the transla-
tion of these findings into viable therapeutic interventions 
could encounter challenges pertaining to pharmacokinetics, 
dosing, and potential adverse effects, all of which warrant 
further examination in future studies.
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