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Abstract
Adaptogens are substances that act nonspecifically to combat stress by regulating the key elements involved in stress-induced 
pathologies. d-Ribose–l-cysteine (DRLC), a potent glutathione (GSH) booster, has been recommended for relief of stress. 
Hence, we investigated its adaptogenic-like effect in mice subjugated to unpredictable chronic mild stress (UCMS). Thirty six 
male Swiss mice were assigned to 6 groups (n = 6): group 1 received saline (p.o, non-stress control), group 2 (stress-control) 
also had saline, groups 3 to 5 received DRLC (25, 50 and 100 mg/kg, p.o) whereas group 6 had ginseng (50 mg/kg, p.o). 
The animals in groups 2–6 were subjugated to UCMS 30 min later, daily for 21 days and afterwards, tested for memory and 
anxiety. Blood glucose, serum corticosterone concentrations and adrenal weight were determined. The brain tissues were 
processed for estimation of malondialdehyde (MDA), GSH, superoxide-dismutase (SOD), catalase, tumor necrosis factor-
alpha (TNF-α), interleukin-6, acetyl-cholinesterase, and caspase-3 activities. The histomorphologic features and neuronal 
viability of the hippocampus, amygdala and prefrontal cortex were also determined. DRLC (25–100 mg/kg) reduces anxiety, 
memory deficit, adrenal gland enlargement, glucose, and corticosterone concentrations in UCMS-mice. The increased brain 
contents of MDA, TNF-α, interleukin-6, acetyl-cholinesterase and decreased antioxidant (GSH, SOD and catalase) status 
induced by UCMS were attenuated by DRLC. The DRLC increased caspase-3 activity and reduces histomorphological 
distortions of neuronal cells of the hippocampus, amygdala and prefrontal cortex of stressed-mice. These findings suggest 
that DRLC has adaptogenic-like effect which might be related to modulation of corticosterone-mediated oxido-inflammatory 
processes and altered caspase-3 activity.
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Introduction

Adaptogens are substances with multiple health benefits 
and with multipronged mechanisms of action that act non-
specifically to combat deleterious effects of chronic stress 
by regulating the key elements involved in stress-induced 
pathological derangements [1, 2]. Reports have shown that 
protracted stress contributes to increased vulnerability risk 
factor for the development of neuropathological condi-
tions including cognitive impairment, anxiety, depression 
and addictive disorders [2, 4]. It has also been implicated 
in cardiovascular disorders, loss of sexual motivation 
and accelerated ageing in susceptible individuals [2, 3]. 
Nevertheless, the health promoting effects of adaptogens 
have been ascribed to their ability to positively regulate 
metabolic activity and increased adaptation thereby pro-
viding resilience and protection against psychosocial and 
environmental stress [1, 4].The uniqueness of adaptogens 
is premised on their ability to act nonspecifically to nor-
malize the homeostatic mechanisms of the organism and 
strengthened the cellular defense machinery compromised 
by chronic stress [1, 2].

The defensive effects of adaptogens against stress-
induced pathologies have been connected to the restoration 
of deregulated homeostasis through multiple actions tied 
around decreased hypothalamic–pituitary–adrenal (HPA) 
axis-mediated release of cortisol with consequential inhi-
bition of oxidant molecules, pro-inflammatory cytokines, 
and up-regulation of stress resilient brain areas [1, 2, 5]. 
Adaptogens have been reported to normalize increased 
cortisol concentrations in humans and animals, and also 
modulated apoptotic proteins, neuroprotective mecha-
nisms, and antioxidant enzymes in stressed states [1, 2, 
4]. Studies have established the adaptogenic property of 
a variety of herbs including Panax ginseng, with some 
of them already available for relief of stress [4, 6]. Pre-
cisely, ginseng traditionally obtained from Panax ginseng 
has been confirmed as an anti-stress compound for stress-
related neurological impairments [1, 6].

The UCMS is a well-known model used to mimic long-
term stress in humans and for elucidation of the interplays 
between psychopathological derangements and the dereg-
ulated biochemical signaling pathways associated with 
stress [7, 8]. The UCMS model is known to cause more 
devastating effects on human than the predictable stress 
paradigm [8–10]. Moreover, exposures to UCMS have also 
been shown to induce depression, anxiety, memory loss 
and loss of pleasure in rodents [8, 10].

d-Ribose–l-cysteine (DRLC), a potent antioxidant 
molecule, is an analogue of cysteine developed as a pro-
drug to boost glutathione biosynthesis [11, 12]. GSH, a 
major endogenous antioxidant, mediates its cytoprotective 

effect by scavenging free radicals and detoxifying injuri-
ous cellular oxidant molecules [13]. Studies have shown 
that DRLC exhibited cardioprotective [11], chemoprotec-
tive [12], activities, and ameliorated reproductive organ 
damage [14]. d-Ribose, a major component of DRLC, is 
an important part of the DNA, RNA, ATP and NADH 
needed by the mitochondria to maintain cellular functions 
[15]. d-Ribose has been used in patients for chronic fatigue 
syndrome and as an energy source to improve athletic 
performance [16], suggesting enhanced cellular capacity 
of cysteine to mitigate stress, when combined together 
as DRLC. Impaired cysteine transporter that resulted in 
neuronal GSH deficiency has been identified as a factor 
for age-dependent neurodegeneration in mice [13], which 
further suggest the benefit of DRLC in memory-related 
disorders. Recently, we have also reported that DRLC 
attenuated memory deficit induced by lipopolysaccha-
ride (LPS) via inhibition of pro-inflammatory cytokines, 
oxidative stress and neurodegeneration in mice [17]. The 
potent antioxidant, anti-inflammatory and neuroprotective 
effects of DRLC suggest that it might exhibit polyvalent 
protective effects against chronic stress. Thus, this current 
study described the adaptogenic-like activity of DRLC and 
the putative mechanisms involved in its action in mice 
exposed to UCMS.

Materials and methods

Experimental animals

Thirty six male Swiss mice weighing between 20–24 g 
(6–8 weeks) procured from the Central Animal Housing 
facility of University of Ibadan and housed in a standard 
animal cage at standard conditions were used for the experi-
ment. Mice were adapted for a minimum of 14 days with 
free feeding and drinking water before the commencement 
of the study. The experimental procedures were in line with 
the NIH protocols for the use and care of animals and the 
institutional ethical committee of the University of Ibadan 
(UI-ACURE/18/0086).

Drugs and chemicals

d-Ribose-l-cysteine was obtained from Sigma-Aldrich, St. 
Louis, USA. ELISA corticosterone kit (Oxford Biomedi-
cal Research, USA), TNF-α, IL-6 (BioLegend, USA), cas-
pase 3 (R&D Systems, USA) ELISA Kits were purchased 
from BioLegend (USA), and ginseng (Mega life Sciences, 
Australia) were used in the study. DRLC and ginseng were 
freshly dissolved in saline before use. The doses of DRLC 
(25, 50 and 100 mg/kg) were chosen based on earlier find-
ings [17].



7711Molecular Biology Reports (2020) 47:7709–7722 

1 3

UCMS procedure and Experimental design

The UCMS was induced as earlier described [10], which 
entails unpredictable and random exposure of rodents to dif-
ferent stressors. Thirty six male Swiss mice were assigned 
into 6 groups (n = 6): group 1, which served as non-stress 
control received saline (10 mL/kg, p.o), group 2, which 
functioned as stress-control also had saline (10 mL/kg, p.o), 
groups 3, 4 and 5 received DRLC (25, 50 and 100 mg/kg, 
p.o) whereas group 6 had ginseng (50 mg/kg, p.o). After 
30 min, the mice in groups 2 to 6 were subjected to various 
stressors daily for 21 days (Table 1) before the behavioral 
and biochemical assays were performed (Scheme 1). The 
animals in group 1 also had the same treatment procedure 
but were not subjected to the UCMS and vehicular treat-
ment was done in a stress free manner. Behavioral testing for 
memory and anxiety were performed in all the groups 24 h 
after the last treatments and stress session.

Behavioral assays

Test for spatial and non‑spatial memories

Alternation behavior, a spatial cognitive function, was 
performed in both stressed and non-stress mice using the 
Y-maze apparatus as earlier described [10]. Each mouse was 
placed at arm A of the Y-maze and allowed to explore the 

three arms (A, B, C) for 5 min and the percentage alterna-
tion, a measure of memory, was calculated as described [10]. 
Non-spatial memory was assessed using the trial and test 
phases of the novel object recognition test (NORT) [10]. The 
trial phase entails training of mice with two identical objects 
(A and B) in an open arena (60 cm × 50 cm × 40 cm) for 
5 min, while the test phase consists of replacement of object 
B with a novel object, C for another 5 min testing period 
after 4 h. Time spent (s) in inspecting the objects were noted. 
The non-spatial (discrimination index) memory were calcu-
lated using the differential time of inspection between the 
familiar and novel objects [17].

Test for anxiety‑like behavior

Light/dark box test for anxiety was performed by placing 
each mouse at the center of the bright compartment of the 
box and then observed for 5 min. Investigational time (s) 
in each of the compartments of the box was recorded and 
evaluated [10]. The elevated plus-maze (EPM) test was also 
used to examine the effect of DRLC on UCMS-induced 
anxiety-like behavior in mice based on the index of open 
arm avoidance (IOAA) as described [10].

Blood glucose and serum corticosterone levels

After the all behavioral tests, blood droplet from tail veins 
were used for the estimation of the glucose level using a 
commercial glucometer (Accu-Chek Actives, Roche Diag-
nostics India Pvt., Ltd). Serum corticosterone (ng/mL) assay 
was done according to manufacturer’s instructions of the 
ELISA kit (Oxford Biomedical Research, USA) with a Spec-
tramax M-5 (Molecular Devices, Sunnyvale, CA) multifunc-
tional plate reader.

Weight of adrenal gland

The body weight of each mouse was recorded before and 
after UCMS procedure. After euthanization of the mice with 
ether, the adrenal glands were excised and weighed. The 
relative organ weights were calculated as organ weight/100 g 
of body weight [10].

Preparation of brain tissues for biochemical 
and histological studies

The animals were euthanized under light ether anesthesia 
and the brains were rapidly removed and half of each brain 
was prepared for biochemical assays as described [10]. The 
other halves of the brains were preserved in 10% formalde-
hyde for the histological studies.

Table 1  Schedule of stressors in unpredictable chronic mild stress 
(UCMS) paradigm in mice

Days Stressors and duration

1 Forced swim (5 min); food deprivation (12 h)
2 Damp sawdust (120 min); hypoxia (15 min)
3 Tail pinch (5 min); sawdust free cage (90 min)
4 45◦ cage tilting (120 min); water deprivation (12 h)
5 Overcrowding (30 min); Background noise (30 min)
6 Food deprivation (12 h)
7 Forced swim (5 min); food deprivation (12 h)
8 Damp sawdust (120 min); hypoxia (15 min)
9 Tail pinch (5 min); sawdust free cage (90 min)
10 45◦ cage tilting (120 min); water deprivation (12 h)
11 Overcrowding (30 min); Background noise (30 min)
12 Food deprivation (12 h)
13 Forced swim (5 min); food deprivation (12 h)
14 Damp sawdust (120 min); hypoxia (15 min)
15 Tail pinch (5 min); sawdust free cage (90 min)
16 45◦ cage tilting (120 min); water deprivation (12 h)
18 Food deprivation (12 h)
19 Damp sawdust (120 min); food deprivation (12 h)
20 Tail pinch (5 min); sawdust free cage (90 min)
21 45◦ cage tilting (120 min); water deprivation (12 h)
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Estimation of brain oxidative and nitrergic activities

Reduced GSH level was assayed in the supernatant of the 
brain based on the presence of relatively yellow colour 
in the presence of 5,5-diothiobis-(2-nitrobenzoic acid 
(DTNB) to sulfhydryl agents [18] at 412 nm using ELISA 
plate reader and expressed as micromoles per milligram 
protein (μmol/mg protein). Brain marker of lipid peroxida-
tion (MDA) was estimated based on previous protocol with 
thiobarbituric acid (TBA) and trichloroacetic acid (TCA) 
[19]. The absorbance was obtained with spectrophotom-
eter at 535 nm using ELISA plate reader and expressed 
as TBARS (nmol/mg protein). Activity of brain SOD was 
evaluated as described by Misra and Fridovich [20], which 
was based on the blockade of auto-oxidative action of 
adrenaline by superoxide in spectrophotometer at 480 nm. 
Catalase (CAT) activity was assayed based on the deple-
tion of hydrogen perioxide by an enzyme source (catalase) 
in the spectrophotometer (520 nm) as previously described 
[21]. The catalase enzyme activity unit was expressed as 
Unit/mg protein. Furthermore, nitrite level was also meas-
ured as an index of nitrergic stress using 100 µL Greiss 
reagent and 100 µL brain supernatant [22]. Brain protein 

was measured in brain supernatants according to the pro-
cedure of Gornall et al. [23] at 540 nm.

Acetyl‑cholinesterase activity

Acetyl-cholinesterase (AChE) activity was measured as 
earlier described [24]. Aliquot of the brain homogenate 
(0.4 mL) was added to 2.6 mL of phosphate buffer (0.1 M, 
pH 7.4) and 0.1 mL of 5.5′-dithio-bis (2-nitrobenzoic acid) 
(DTNB followed by acetylthiocholine iodide (0.1 mL). The 
variation in absorbance per min of 412 nm was recorded and 
the degree of AChE activity was calculated and denoted as 
µmol/min/mg protein.

Estimation of pro‑inflammatory cytokines (TNF‑α and IL‑6) 
contents and caspase‑3 activity

ELISA kits were used for the determination of the brain 
concentrations of TNF-α and IL-6 (BioLegend, USA) and 
caspase-3 activity (R&D, USA) according to the producers’ 
guide. The concentrations (pg/mL) were determined from 

Scheme 1  Experiment design
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their standard curves respectively and expressed as pg/mg 
protein.

Histological studies of specific brain regions of mice 
exposed to UCMS

Brain tissue obtained from the animals allocated for histologi-
cal studies in each group was fixed in 10% formaldehyde for 
7 days. The transverse sections (5–6 m thick) of the hippocam-
pus (cornu ammonis 3, CA3), prefrontal cortex and amygdala 
region were then obtained by microtomy and processed by 
the routine method for paraffin wax embedment sections [17] 
and a viable neuronal cells were estimated using binocular 
microscope (Olympus CH (Japan).

Statistical analysis

Data were analyzed using Graph pad prism 5 Biostatistics 
software (Graph pad Software, Inc., Lajolla, USA version 
5.0). All data were presented as mean ± SEM. Further 
analysis was done by one or two-way analysis of variance 
(ANOVA) and post hoc test (Benferroni) for multiple com-
parisons were appropriate. The level of significance for all 
tests was set at p < 0.05.

Results

d‑Ribose–l‑cysteine improves memory performance 
and reduces anxiety‑like behavior in stressed mice

One-way ANOVA showed that there were significant 
effect between treatment group: spatial memory [F(5, 
36) = 4.502, p = 0.0027] (Fig. 1a) and non-spatial memory 
[F(5, 36) = 7.152, p < 0.0001] (Fig. 1b). As shown in Fig. 1a-
b, mice that were exposed to UCMS daily for 21 days had 
impaired spatial and non-spatial memories as indexed by 
reduced correct alternations (%) and DI when compared with 
controls. Oral treatment with DRLC (25, 50 and 100 mg/kg, 
p.o.) or ginseng markedly (p < 0.05) reversed the memory 
impairments in chronically stressed mice. As presented in 
Table 2, UCMS exposure for 21 days produced anxiety-
like behavior due to increased duration of time spent in 
the closed arm and increased index of open arm avoidance 
(IOAA) in the EPM. Also, UCMS-mice exhibited anxi-
ogenic behavior as shown by greater time spent in the dark 
side of the light/dark box (Fig. 1c). However, treatments 
with DRLC (25–100 mg/kg, p.o) in similar fashions to gin-
seng attenuated the anxiogenic behaviors due to UCMS 
exposure (Table 2 and Fig. 1c). 

Effects of d‑Ribose–l‑cysteine on adrenal weight, 
glucose and corticosterone concentrations 
in chronically stressed mice

The effects of DRLC on UCMS-induced changes in adrenal 
weight, blood glucose and serum corticosterone concentra-
tions in mice are presented in Fig. 2a–c. As shown in Fig. 2a, 
daily UCMS induction for 21 consecutive days resulted in a 
profound (p < 0.05) increase in adrenal weight. DRLC (25 
and 50 mg/kg, p.o.) or ginseng mitigated the UCMS-induced 
increase in adrenal weight [F(5, 36) = 4.507, p = 0.0027] in 
mice (Fig. 2a). Mice exposed to UCMS showed marked ele-
vation in blood glucose (Fig. 2b) and serum corticosterone 
(Fig. 2c) levels in comparison with non-stress controls. It is 
evident from Fig. 2b that the oral dose of 25 mg/kg of DRLC 
significantly (p < 0.05) [F(5,36) = 5.935, p = 0.0004] low-
ered UCMS-induced increased blood glucose levels caused 
by UCMS in mice. Meanwhile, at doses of 25 and 50 mg/
kg, DRLC (p.o.) showed a significant [F(5, 36) = 5.388, 
p = 0.0011] decrease in the serum concentrations of corti-
costerone in chronically stressed mice (Fig. 2c).

d‑Ribose–l‑cysteine boosts brain antioxidant 
activities and reduces brain concentration 
of malondialdehyde in mice exposed to UCMS

Figure 3a–d showed the effects of DRLC on UCMS-induced 
depletion of antioxidant ctivities (SOD and catalase, GSH) 
and increased MDA in mice. Animals exposed to UCMS had 
a profound decrease in brain levels of SOD [F(5, 36) = 7.504, 
p < 0.0001] (Fig. 3a), catalase [F(5, 36) = 5.918, p = 0.0004] 
(Fig. 3b) and GSH [F(5, 36) = 5.675, p = 0.0011] (Fig. 3c). 
Also, UCMS produced a significant rise in the level of MDA 
[F(5, 36) = 4.143, p < 0.0001] (Fig. 3c) relative to control. 
However, treatment with DRLC (25–100 mg/kg, p.o.) sig-
nificantly (p < 0.05) boosts the brain SOD (Fig. 3a), catalase 
(Fig. 3b) and GSH (Fig. 3c) levels and reduced MDA con-
centrations (Fig. 3d) relative to stress controls.

d‑Ribose–l‑cysteine reduces brain nitrite content 
and acetyl‑cholinesterase activity in UCMS‑mice

The effects of DRLC on brain nitrite content and 
AChE activity in UCMS-mice are shown in Fig. 4a, b. As 
presented in Fig. 4a, the increase in brain nitrite concen-
trations [F(5, 24) = 5.470, p = 0.0011] caused by UCMS 
were expressively (p < 0.05) reduced by DRLC (25, 50 and 
100 mg/kg, p.o.) or ginseng. But, only 25 and 50 mg/kg of 
DRLC was able to reduce the elevated brain AChE activity 
[F(5, 24) = 6.347, p = 0.0004] in chronically stressed mice 
(Fig. 4b).
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Fig. 1  d-Ribose–l-cysteine 
improves spatial memory (a) 
and non-spatial memory (b) and 
reduced anxiety-like behavior 
(c) in mice exposed to unpre-
dictable chronic mild stress. Bar 
signifies the mean ± SEM of 6 
animals per group. *P < 0.05 
relative to vehicle group and 
#p < 0.05 relative to UCMS 
group (one/two-way ANOVA 
ANOVA followed by Bon-
ferroni post-hoc test). VEH 
Vehicle, UCMS unpredictable 
chronic mild stress, DRLC 
d-Ribose–l-cysteine
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Table 2  d-Ribose–l-cysteine 
reduces anxiety-like behavior in 
mice subjected to unpredictable 
chronic mild stress in the 
elevated-plus maze test

Values indicate the mean ± SEM of 6 animals per group. *P < 0.05 relative to vehicle group and #p < 0.05 
relative to UCMS group (one-way ANOVA followed by Bonferroni post-hoc test)
VEH Vehicle, UCMS unpredictable chronic mild stress, DRLC d-Ribose–l-cysteine

Groups and dose (mg/kg) Open arm duration (s) % open arm duration Index of open 
arm avoid-
ance (IOAA)

Vehicle (10 mL/kg) 71.51 ± 5.68 24.24 ± 2.89 62.38 ± 6.11
VEH + UCMS 32.73 ± 4.75* 8.38 ± 0.87* 84.89 ± 9.38*
DRLC (25 mg/kg) + UCMS 122.40 ± 9.77# 42.91 ± 3.69# 37.19 ± 4.17#

DRLC (50 mg/kg) + UCMS 109.22 ± 5.62# 36.700 ± 5.21# 33.45 ± 3.00#

DRLC (100 mg/kg) + UCMS 51.29 ± 7.32# 17.29 ± 0.48# 67.74 ± 6.12
Ginseng (50 mg/kg) + UCMS 94.73 ± 10.39# 32.11 ± 2.21# 53.25 ± 3.84#
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d‑Ribose–l‑cysteine attenuates unpredictable 
chronic mild stress‑induced changes in the brain 
concentrations of proinflammatory cytokines 
and apoptotic factor in mice

Mice exposed to UCMS for 21 days displayed increased 
brain concentrations of TNF-α [F(5, 24) = 5.470, p = 0.0011] 
(Fig. 5a) and IL-6 [F(5, 24) = 5.470, p = 0.0011] (Fig. 5b) 
relative to non-stress controls. However, DRLC (25, 50 
and 100 mg/kg, p.o.) significantly (p < 0.05) decreased the 
brain concentrations of TNF-α and IL-6 in the stressed mice 
(Fig. 5a, b). As presented in Fig. 5c, UCMS exposure for 
21 days caused a significant [F(5, 36) = 4.143, p < 0.0001] 
diminution in brain caspase-3 activity. Administration of 
DRLC (25 and 50 mg/kg, p.o.) or ginseng significantly 
(p < 0.05) reversed the UCMS-induced elevation of the brain 
caspase-3 activity in mice (Fig. 5c).

Histomorphological features and neuronal 
densitometric counts of stressed mice

Photomicrographs of the hippocampus (CA3), prefrontal cor-
tex and amygdala of mice subjected to UCMS are presented 
in Fig. 6a–c. Non-stress control animals displayed moderate 
normal structural organizations of neuronal cells, with the cells 
appearing compact. The UCMS-induced histomorphological 
distortions of the hippocampal (CA3) (Fig. 6a), prefrontal cor-
tex (Fig. 6b) and amygdala (Fig. 6c) were much improved in 
DRLC (25–100 mg/kg, p.o) groups. As presented in Fig. 6d, 
mice exposed to UCMS had profound decline in the number of 
viable neuronal cells in these brain areas relative to non-stress 
control. However, DRLC (25, 50 and 100 mg/kg, p.o) or gin-
seng (50 mg/kg, p.o.) attenuated the UCMS-induced neuronal 
cell loss as shown by increased neuronal densitometric counts 
in the three brain regions (Fig. 6d).

Fig. 2  Effect of d-ribose-l-
cysteine on adrenal gland (a), 
blood glucose (b) and serum 
corticosterone (c) contents in 
mice subjected to unpredict-
able chronic mild stress. Bar 
represents the mean ± SEM of 
6 animals per group. *P < 0.05 
relative to vehicle group and 
#p < 0.05 relative to UCMS 
group (one-way ANOVA fol-
lowed by Bonferroni post-hoc 
test). VEH Vehicle, UCMS 
unpredictable chronic mild 
stress, DRLC d-Ribose–l-
cysteine
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Discussion

The adaptogenic-like activity of DRLC and the putative 
mechanisms underlying its action were investigated in mice 
exposed to UCMS. The UCMS replicates the patterns human 
experience stresses on daily basis and is widely used for the 
exposition of the interplays between the psychopathologi-
cal consequences and the deregulated biochemical signaling 
pathways associated with chronic stress [7–10]. The findings 
from this study indicate that oral administration of DRLC 
reversed memory impairment, anxiogenic and depressive-
like behaviors in UCMS-mice. The increase in adrenal 
weight, blood glucose and corticosterone concentrations 
in mice subjected to UCMS were attenuated by DRLC. It 
further restores brain MDA, GSH and antioxidant enzymes 
status compromised by UCMS in mice. DRLC exhibited 
inhibitory activity against UCMS-induced upsurge in brain 

levels of nitrite and pro-inflammatory cytokines in mice. The 
deregulated brain AChE and caspase-3 activities induced 
by UCMS were also normalized by DRLC treatment. The 
histomorphological studies showed that DRLC displayed 
neuroprotective effect as depicted by decreased neuronal 
distortions and neurodegeneration in the hippocampal CA3 
region, prefrontal cortex and amygdala of mice subjected 
to UCMS.

Several reports indicate that persistent stress causes 
behavioral derangements [1, 3, 10, 25]. It has been shown 
clinically that repeated uncontrollable stress plays impor-
tant role in ageing-related cognitive disorders, and a key 
player in the pathogenesis of AD [3]. Persistent stress or 
traumatic life event has been found to impair the ability of 
susceptible individuals to form new, retain and to recover 
stored memory with increasing tendencies of anxiogenic and 
depressive episodes [3, 25, 26]. The UCMS model which 
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Fig. 3  d-Ribose–l-cysteine boosts brain activities of superoxide dis-
mutase (a) catalase (b), and glutathione (c) and reduced brain con-
centration of malondialdehyde (d) in stressed mice. Bar represents 
the mean ± SEM of 6 animals/group. #P < 0.05 relative to vehicle 

group; *P < 0.05 relative to UCMS control (One-way ANOVA fol-
lowed by Bonferroni post-hoc test). VEH Vehicle, UCMS unpredict-
able chronic mild stress, DRLC d-Ribose–l-cysteine
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closely replicates the pattern of human stress exposures have 
been extensively documented to cause cognitive impairment 
via loss of cortical dendrites in rodents [3, 27]. Our study 
revealed that mice subjugated to UCMS had impaired spa-
tial and non-spatial memories, and anxiety-like behaviors. 
This result is similar to earlier reports that have also shown 
that rodents subjected to chronic stress exhibited deficits 
in spatial/non-spatial memories, increased anxiety and 
elevated brain AChE activity, which were reversed by treat-
ments with adaptogens [2, 10]. In this study, the glutathione 
booster, DRLC reversed UCMS-induced memory deficits, 
anxiety and enhanced cholinergic pathway through inhibi-
tion of AChE activity in mice. Besides, our recent studies 
also showed that DRLC improves memory performance in 
rodents exposed to neurotoxicants such as LPS [17]. Overall, 
these findings suggest that DRLC might attenuate memory 

dysfunctions compromised by chronic stress and environ-
mental neurotoxicants.

The HPA axis is the primary neuroimmune system 
implicated in the release of cortisol with the consequential 
activation of oxidative, inflammatory and other molecular 
signaling pathways that orchestrate stress-induced organ 
pathologies [1, 2, 4, 8]. Among the early effects of stress is 
the activation of adrenal glands to produce cortisol, which 
in turns increased blood glucose levels through gluconeo-
genesis, lipogenesis, and reduced cellular glucose uptake 
[1–3]. The released cortisol is meant to help maintain cel-
lular homeostasis, but when in excess, damages various 
organs of the body particularly the brain and the adrenal 
glands; the two main frontliners in the battle against stress. 
Excess cortisol has been shown to cause adrenal hypertro-
phy [1–3, 10]. Thus, adrenal gland enlargement, increased 

Fig. 4  d-Ribose–l-cysteine 
reduces brain nitrite content 
(a) and acetyl-cholinesterase 
activity (b) in mice subjected 
to unpredictable chronic 
mild stress. Bar signifies the 
mean ± SEM of 6 animals/
group. *P < 0.05 relative to 
vehicle group; #P < 0.05 rela-
tive to UCMS control (One-way 
ANOVA followed by Bon-
ferroni post-hoc test). VEH 
Vehicle, UCMS Unpredictable 
chronic mild stress, DRLC 
d-Ribose–l-cysteine
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glucose and cortisol concentrations are widely considered 
as major indicators of chronic stress states [1–3, 10]. Our 
results also showed that UCMS increased adrenal gland 
weight, blood glucose and serum corticosterone concen-
trations in mice, which were reversed by DRLC treatment. 
Previous studies have reported that compounds including 
ginseng with adaptogenic-like property attenuated adrenal 
hypertrophy, hyperglycemia and cortisol release in rodents 
exposed to chronic stress [1–3, 10]. Consequently, the ability 
of DRLC to normalize UCMS-induced adrenal hypertrophy 
and deregulated glucose and corticosterone levels suggest an 
adaptogenic-like activity.

Cortisol-mediated increased formation of neuronal dam-
aging molecules such as ROS/NOS have been implicated 

in the psychopathalogical sequlae caused by chronic stress 
[2, 4]. In addition, injured neuronal cells release cytokines, 
which additionally heightened tissue injury, free radical gen-
eration followed by gradual neuronal death that character-
ized neurological deficits especially loss of cognition and 
depression [17, 28]. Several studies have shown that physical 
and psychological stressors induce depletion of antioxidant 
machineries [26, 29]. The first line of defense against oxida-
tive stress entails activation of antioxidant defenses mecha-
nisms, which swings into action to protect cellular constitu-
ents against injurious effects of oxidant molecules [2, 4]. 
Thus, the loss of neuronal antioxidant protective machiner-
ies plays a crucial role in mediating neuroinflammation and 
increased vulnerability to neurodegeneration [4]. Protracted 
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Fig. 5  d-Ribose–l-cysteine attenuates unpredictable chronic mild 
stress-induced changes in the brain concentrations of TNF-α (a), IL-6 
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inflammation in combination with oxidative stress have been 
identified as primary mediators of brain damage and hall-
marks of senescence, a condition related to reduced adapta-
tion [4, 30]. In fact, age-related diseases have been reported 
as complications arising from senescence occasioned by 
diminished malleability to stress [4, 30]. Our findings also 
showed that chronic stress increased oxidative stress charac-
terized by elevated MDA and nitrite contents complemented 
by decreased antioxidant defense systems (GSH, SOD and 
catalase) in mouse brain. Our data also showed increased 
pro-inflammatory cytokines (TNF-α and IL-6) in the brains 
of mice subjected to UCMS paradigms, which is congru-
ent with the non-specific effects of stress in rodent’s whole 
brain [10]. However, DRLC in a similar fashion to ginseng 
reduces the UCMS-induced increases in oxidative stress and 
pro-inflammatory cytokines, which might have contributed 
to its adatogenic-like activity. It is well reported in litera-
ture that adaptogens produce non-specific resistance to stress 
[31] by decreasing the levels of mediators of oxidative stress 
and chronic inflammation [2, 4, 5].

The histopathological consequences of prolonged stress 
on neuronal integrity and functioning have been thoroughly 
studied over the years especially in relation to cognitive 
disorders. The UCMS has been shown to cause cognitive 
impairment, emotional flattening through degeneration of 
neurons and dendritic spines of the hippocampal areas in 
rodents through the upstream cortisol-related mechanisms 
[2–4, 27]. Indeed, alterations of dendritic spines in the CA3 
and decreased synaptogenesis in the sub-granular zone of 
the hippocampus, prefrontal cortex and amygdala have 
been reported to cause poor formation and storage of new 
memories in rodents [27]. Our results revealed that UCMS-
induced neuronal derangements in the hippocampus (CA3), 
prefrontal cortex and amygdala of mice were attenuated by 
DRLC suggesting neuroprotective activity. The neuroprotec-
tive and cognitive effects exhibited by DRLC herein may be 
connected to its well-known ability to enhance GSH levels 
in neuronal cells [12, 13, 17]. Thus, the development of safer 
GSH precursor molecule such as DRLC with the capability 
to readily cross the blood brain barrier [13] and confer neu-
roprotection against injurious oxidative and inflammatory 
insults in chronic stress holds potential therapeutic benefits 
that need to be explored.

Executioner caspases are popularly known in the medi-
ation of cell death during apoptosis [31, 32]. Of these 
caspases, caspase-3 plays the role of cleaving the main-
stream of caspase substrates that are needed for initiation 
of apoptosis occasioned by stimulus factors such as stress 
[32, 33]. Caspase 3 is well recognized as an important 
rate-limiting apoptotic factor in the mediation of neuronal 
cell death [32]. Surprisingly, our data showed that expo-
sures of mice to UCMS protocols resulted in decreased 
caspase-3 activity in mouse brain. Although, several stud-
ies have shown that caspase-3 also plays essential role 
in dendritic pruning, neuroprotection, neurogenesis and 
synaptogenesis [31–34]. Moreover, in vitro studies fur-
ther indicated that caspase-3 facilitates neuroprotective 
activity via a bidirectional modulation of pro and anti-
apoptotic pathways in cultured neuronal cells when they 
are mildly stimulated [32–35]. In line with this, in another 
study elsewhere, stress was shown to down-regulate cas-
pase-3 activity accompanied by increased neuronal cell 
death [34, 35]. Therefore, boosting caspase-3 activity 
under this condition might confer neuroprotection and 
might serves as a striking additional approach to enhance 
resilience of an organism to stress. Adaptogens have also 
been found to exhibit neuroprotection by inhibiting pro-
gram cell death during apoptosis [2, 5]. The findings that 
DRLC increases brain activity of caspase-3 in mice might 
also be contributing to its adaptogenic-like property in 
decreasing neuronal cell distortions induced by UCMS. 
Nevertheless, further studies using TUNEL test is neces-
sary in order to delineate the adaptogenic-like effects of 
DRLC on apoptotic-like mechanisms in mice exposed to 
chronic stress. Meanwhile, further extensive investiga-
tions are necessary to establish the reason (s) for the lack 
of dose-dependency in some of the effects exhibited by 
DRLC in this study.

In conclusion, our study showed that DRLC exhibits 
adaptogenic-like activity by enhancing antioxidant defense 
mechanisms and positively modulated the neuronal cells 
damaging molecules in mice exposed to UCMS. These 
findings suggest that DRLC might be beneficial in amelio-
rating stress-induced psychopathologies relevant to anxi-
ety, memory and aging-related disorders.
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