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Abstract
The importance of integrative biobehavioral responses to complex challenges cannot be overlooked. In this study, the syn-
ergetic effects of icariin (a flavonoid present in the plant Epimedium brevicornum), natural enrichment (NaEn), and play 
behavior were investigated. Rats (n = 60) were assigned to standard housing or NaEn; these two groups were subsequently 
divided into controls, rats receiving icariin treatments, and rats receiving icariin and allowed to play with an individual from 
another cage. All rats were exposed to unpredictable mild stressors for 4 weeks. At the end of the treatment, a Forced Swim 
Task (FST) was conducted to assess emotional regulation during an inescapable acute challenge. Biological samples were 
collected weekly and before and after the FST to monitor endocrine changes. Corticosterone (CORT), dehydroepiandroster-
one (DHEA), and testosterone (T) were assayed. We found that icariin had a significant effect on DHEA/CORT ratios and 
T levels. NaEn also had a significant effect on both CORT and DHEA, but not on T levels. Play did not appear to be signifi-
cantly related to the endocrine changes. The strongest positive effects on emotional resilience were observed in NaEn rats 
that also received icariin. Our results confirmed that using multiple channels to stimulate adaptive responses can be effective 
in increasing the ability of an organism to face uncertainty. Considering how quickly our life can change due to unpredict-
able events, our data is instrumental to a better comprehension of the many aspects of integrative biobehavioral responses.
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Introduction

Humans pay a very hefty toll due to the consequences of 
chronic unpredictable stress: affective disorder rates related 
to high stress remain high despite the use of prescribed med-
ication, which has increased nearly threefold from the early 
2000s to reach an astonishing 21.8% reported in a recent 
national survey (Maust et al., 2017). On the other hand, 
psychotherapy and other behavioral and/or natural rem-
edies have been experiencing a reverse trend, with patients’ 
use of these methods decreasing from about 30% in the late 
1990s to less than 20% (Olfson and Marcus, 2009). This is 

problematic for two main reasons: (1) we do not fully under-
stand the wide range of behavioral and neurological side 
effects of psychoactive drugs (Cascade et al., 2009; Lakhan 
and Vieira, 2010; Lee et al., 2016); and (2) we do not have a 
clear picture of the effectiveness of the drugs currently used; 
in fact, several studies revealed that placebo effects can often 
mask, if not completely surpass, the therapeutic effects of 
the drug (Enck et al., 2008; Benedetti et al., 2011). Emo-
tional resilience can act as a neurobiological buffer against 
the negative effects of stress and can consequently lead to 
decreased susceptibility to psychiatric illnesses, which can 
lower the probability of a dangerous spiral toward overcon-
sumption of antidepressant and sedative drugs (Lambert 
et al., 2014). Therefore, we should prioritize more studies 
on how to naturally increase emotional resilience and an 
organism’s ability to respond to stressful situations in an 
adaptive manner.

Natural enhancers of emotional resilience have been 
studied extensively (Kinrys et al., 2009; Lakhan and Vieira, 
2010). Recently, compelling evidence has emerged on the 
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positive effects of icariin, the most common constituent of 
flavonoids isolated from Epimedium brevicornum (Li et al., 
2015; He et al., 2020). This plant belongs to the Berberi-
daceae family and is endemic to China and the Mediterra-
nean region (Ma et al., 2011). In China, alternative medicine 
has been institutionalized and employed alongside west-
ern medicine for physician-monitored treatments includ-
ing symptom relief, increased quality of life, and immune 
response improvement (McQuade et al., 2012). Icariin can 
exercise a protective effect against corticosterone provoked 
apoptosis in the hippocampus, as well as generally improve 
the function of the cardiovascular system specifically under 
mild oxygen deprivation (Liu et, al. 2015; Sun et al., 2019). 
Studies have also shown that icariin can be used to reduce 
the degenerative effects after a stroke (Pan et al., 2007). Cen-
tral mechanisms of activations for icariin have been recently 
identified, including a significant increase in sucrose intake, 
which could be related to a more efficient metabolic func-
tion, and an upregulation of neuroprotective factors in the 
hippocampus, such as brain-derived neurotrophic factors 
(BDNF) and Neuropeptide-Y (NPY) (Pan et al., 2013; Gong 
et al., 2016). More specifically to the current study, icariin 
has been shown to enhance neuroprotective mechanisms 
against stressful events (Hritcu et al., 2017). For example, a 
study published in 2016 found that icariin can reduce depres-
sion-like behavior in rats exposed to mild chronic stress by 
downregulating the mRNA expression of glucocorticoid 
receptors in the hippocampus (Wei et al., 2016).

Pharmacokinetically, icariin is widely distributed in the 
body, including the brain, indicating that icariin can bypass 
the blood–brain barrier (Li and Wang, 2008). Metabolic and 
pharmacokinetic studies have shown that these icariin deriv-
atives, such as icariside I, icariside II, and desmethylicaritin, 
can be found in the intestine through deactivation by intes-
tinal flora (Xu et al., 2007). Pharmacological studies have 
also found that icariin is a prenylated flavonol glycoside with 
rhamnosyl, glucosyl, and methoxy groups. Deglycosylation 
or demethylation of icariin can form different metabolites. 
For instance, icariside I is formed when the rhamnose resi-
due is removed, whereas icariside II is formed when the 
glucose residue is removed (Khan et al. 2015).

Social and physical environments can have profound 
effects on how the endocrine system mediates the response 
to external threats (Tafet and Nemeroff, 2016). For exam-
ple, raising rats in an enriched environment can decrease 
stress, improve neuroplasticity, and reduce inflamm-aging 
(Vega-Rivera et al., 2016; Ashokan et al., 2018; Scarola 
and Bardi, 2020). In our laboratory, we went a step fur-
ther to provide evidence that natural enrichment (NaEn) 
can be even more effective than artificial enrichment (Bardi 
et al., 2016; Lambert et al., 2016; Scarola et al., 2019). We 
found that NaEn promoted not only environmental explora-
tion, but social interactions as well; the promotion of these 

behaviors had a variety of positive effects on rats, such as 
reducing anxiety-like behaviors and increasing emotional 
resilience (Bardi et al., 2016; Lambert et al., 2016). Numer-
ous studies demonstrated that living near rural or coastal 
environments is beneficial for human health (Mitchell and 
Popham, 2008; Park et al., 2010; Rook, 2013). Additionally, 
it appears to reduce overall mortality and depressive symp-
toms, effects also related to increased subjective feelings of 
well-being. Clinical studies have demonstrated that patients 
recover more quickly when exposed to natural stimuli via 
mechanisms related to stress reduction and restorative influ-
ence (Ulrich, 1984; Frumkin et al., 2017). Based on these 
findings, it is critical to investigate the synergetic effects of 
herbal treatments and NaEn.

Play behavior in mammals is an essential part of develop-
ment due to its crucial role in acquiring behavioral cues and 
learning how to communicate with others (Pellis et al., 2010; 
Vanderschuren et al., 2016). Recent studies have found an 
intriguing connection between social play and the animal’s 
ability to process another animal’s emotional state — a con-
dition often referred to as empathy; pain contagion is com-
mon when they are relaxed, but when animals are in a state 
of stress, they tend to disregard signs of pain in other indi-
viduals (Martin et al., 2015). Interestingly, individuals have 
also shown increased stress when deprived of play (Pellis 
and Pellis, 2007). Evidence also showed that environmental 
enrichment is directly linked to higher frequencies of social 
play and, consequently, stress reduction (Nithianantharajah 
and Hannan, 2006; Bardi et al., 2016).

Early life experiences can exercise long-lasting effects 
influencing brain function, behavior, and emotional regula-
tion (McEwen, 2008). It is well known that early life adver-
sity can increase the risk for several systemic and mental 
disorders in both humans (Fagundes et al., 2013; Rehan 
et al., 2017) and non-human animals (Dallman et al. 1994). 
In our laboratory, we showed that early exposure to enriched 
conditions and positive training can have effects spanning 
the entire life of rats (Scarola and Bardi, 2020) and have 
profound consequences for emotional regulation and cogni-
tive development (Bardi et al., 2012, 2013; 2016; Scarola 
et al., 2020). Therefore, adolescent rats were selected in this 
experiment.

To monitor physiological stress, biomarkers of the 
hypothalamic–pituitary–adrenal (HPA) and the hypotha-
lamic-pituitary–gonadal (HPG) axes were measured with 
non-invasive methods. Corticosterone (CORT) and dehy-
droepiandrosterone (DHEA) were assessed in parallel to dif-
ferentiate between the positive and negative effects of HPA 
activation (Scarola et al., 2019). DHEA is released during 
a stress response to inhibit both catecholamine upregula-
tion in the adrenal medulla, as well as many of the nega-
tive effects of glucocorticoids in various tissues (Charney, 
2004). Potentially related to the reduction in stress response 
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and anxiety-like behaviors, research has demonstrated that 
DHEA can act centrally to decrease glucocorticoid-induced 
neuronal death in the hippocampus, in addition to promoting 
neurogenesis in the dentate gyrus of the hippocampus and 
in the sensory dorsal root ganglion neurons (Morgan et al., 
2009). Furthermore, the ratio between DHEA and CORT 
has been found to be a reliable index of neuroprotection and 
has a positive association with exposure to both NaEn and 
social interactions (Maninger et al., 2009; Bardi et al., 2016; 
Lambert et al., 2016). Little is known about the potential role 
of DHEA and icariin; however, it is known that icariin can 
act as a testosterone enhancer in male rats (Zhang and Yang, 
2006). Testosterone (T) plays a crucial role in behavioral 
modifications related to the reproductive effort of males, and 
it is well known that in response to stress, the peripheral con-
centrations of T often decrease (Charmandari et al., 2005).

The main goal of the present study was to investigate 
the synergetic effects of icariin, NaEn, and social play on 
Long-Evans male rats exposed to unpredictable chronic 
stress. Rats were exposed to ecologically relevant stressors 
for 4 weeks. Immediately following the treatment period, 
rats were challenged with a Forced Swim Task (FST). HPA 
and HPG activity were assessed weekly during the expo-
sure to chronic stress. Pre- and post-FST biomarkers lev-
els were also measured. We hypothesized that any of the 
three natural treatments (icariin administration; NaEn; and 
social play) would ameliorate the rats’ response to chronic 
stress by increasing DHEA/CORT ratios and T levels. We 
also hypothesized that the strength of these effects would be 
increased when rats were exposed to multiple treatments, 
thus demonstrating a synergetic interaction among them. 
Considering the pressing need to find safe natural treatments 
for skyrocketing stress levels in humans, our results could be 
useful for future translational research on improving emo-
tional resilience.

Materials and methods

Ethics statement

Rats were maintained in accordance with the Randolph-
Macon College Institutional Animal Care and Use Com-
mittee (protocol no. 19–01).

Rats, housing, and procedures

We purchased sixty male Long-Evans rats (Rattus norvegi-
cus), about 23 days old, from Envigo (Indianapolis, IN, 
USA). We focused on males to avoid further complications 
due to sex differences. Future studies will focus on females 

to obtain a more complete picture of the sex differences. 
Rats were selected at a prepubertal age to include this 
critical phase of their development, although this selection 
could introduce another confounding variable, differences 
in sexual maturation. When they arrived in our laboratory, 
rats weighed approximately 35–45 g, and they were all 
pathogen free. The sixty rats were paired randomly and 
placed in standard housing (48 cm L × 26 cm W × 21 cm 
H cages with approximately 2 inches of corn cob bed-
ding) for 6 days prior to treatments to be habituated to 
the environment. Corncob bedding and rodent chow were 
also acquired from Envigo (catalog no. T.2018.15, Teklad 
Global 18% Protein Rodent Diet, Envigo, Indianapolis, 
IN). Water was available ad libitum. Rats were on a 12-h 
light–dark cycle, with lights on at 0800 h and off at 2000 h. 
Although light was kept constant in all rooms throughout 
the experiment, we do not have a precise measurement 
of light intensity in Lux, and thus slightly variations in 
light exposure could be another confounding variable in 
this study.

After habitation, rats were randomly assigned to stand-
ard housing or naturally enriched (NaEn) housing for the 
remainder of the experiment (4 weeks). These two groups 
were subsequently divided into controls (Control Stand-
ard housing (CS), n = 10; Control Enriched housing (CE), 
n = 10), rats receiving icariin treatments (Icarin Standard 
housing (IS), n = 10; Icarin Enriched housing (IE), n = 10), 
and rats receiving icariin and allowed to play with an 
individual from another cage for 5 min (pairs were the 
same throughout the study) (Icariin Play Standard hous-
ing (IPS), n = 10; Icariin Play Enriched housing (IPE), 
n = 10) (Fig.1A).

Enriched housing consisted of natural objects (one large 
wooden stick to promote climbing, 3–4 stones, one small 
piece of wood, one handful of aspen bedding, and one 
natural hideaway) and twice as much corn cob bedding 
(Fig. 1B).

All rats were exposed to unpredictable mild stressors 
for the 4 weeks of treatment. To simulate ecologically 
valid stressors, rats were exposed to randomly selected 
stressors every other day. Three kinds of stressors were 
selected: (1) Predator-odor stressor: red fox urine (100 
µL; acquired from Pete Rickard Co., Cobleskill, NY) was 
injected into a cotton ball placed in the corner of an empty 
cage for 10 min; (2) Predator-sound stressor: hawk and owl 
calls were played over speakers (HK206, Computer Speak-
ers, Harmon Kardon, Stamford, CT) at moderate volume 
for 10 min; (3) Predator-touch stressor: a large binder clip 
was applied to the tip of the tail for 5 min to simulate tail 
pinching from a predator. Although all three the above 
challenges are rough simulation of real-life events, all 
three have been validated as enhancing stress in a way to 
approximate ecological challenges.
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Herbal treatment

We purchased 7 g of icariin from Tokyo Chemical Indus-
try Co., Ltd (Nihonbashi-honcho, Chuo-ku, Tokyo) ana-
lyzed by the manufacturer’s high-performance liquid 
chromatography (HPLC) which indicated a purity of 96%. 
Eagle Brand sweetened condensed milk was mixed 1:1 
with deionized water as the saline solution. The optimal 
dose of icariin, as determined by a pilot study conducted 
in our laboratory with low and high doses as treatment for 
chronic stress in Long-Evans rats (Johnson, 2019), was 
obtained by dissolving 80 mg/kg in 40 mL of saline solu-
tion. This pilot study was conducted prior of the experi-
ments on a different cohort of 29 male rats of similar 
age and housed in similar conditions. The low dose (LD) 
was selected at 40 mg/kg (n = 10) and high dose (HD) 
was double that amount, 80 mg/kg (n = 10). These dos-
ages were selected from the literature (Liu et al., 2015). 
Icariin was given twice per week for 4 weeks. The con-
trol group (n = 9) received 0.2 mg of 5 mL condensed 
milk mixed with 5 mL of water (414.08 micromolar). The 
weight of each rat was taken each week and all drugs were 
administered at 1700 h to minimize interactions between 
circadian rhythm and environmental factors. Following 
the administration of the drug, rats were monitored for 
abnormal behaviors in their original housing conditions. 

Results indicated that both cortisol and DHEA level 
changed significantly at HD, but not at LD (cortisol: 
F(2,26) = 17.821, p < 0.001; DHEA: F(2,26) = 25.351, 
p < 0.001). This is why in the current study we focused 
only on HD.

The saline group received a dose equaling the average 
amount of icariin doses for each week based on weight. 
Icariin and saline were administered following unpredict-
able stress treatments Monday, Wednesday, and Friday 
for 4 weeks.

Novel social play interaction

Social play behavior with an unfamiliar male was observed 
in 20 rats. Rats were housed in pairs and therefore they had 
unmonitored social interactions with their cage mate. To 
assess the benefits of novel social play interactions, indi-
vidual rats were paired with an unfamiliar rat from another 
cage for the duration of the experiment. The play behavior 
occurred in a room separated from housing. The play arena 
was constituted by a tank (76 cm L × 31 cm W × 32 cm H) 
that contained corncob bedding and a transparent divider 
(Fig. 1C). Rats were habituated in pairs individually for 
10 min before starting the social treatment exposure. Five 
days a week, rats were brought to the play arena in the after-
noon between 1300 and 1500 h for 10 min total. The divider 

Fig. 1   Timeline and apparatus. A Detail of the six experimental groups. B Example of a naturally enriched cage. C The play area with the trans-
parent divider. D Apparatus for the Forced Swim Task
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was kept down for the first 5 min to prevent interaction; the 
remaining 5 min the divider was removed so that the rats 
could interact with each other.

Behavioral test

At the end of the 4 weeks of treatment, a Forced Swim Task 
(FST) was conducted to assess emotional regulation during 
an inescapable challenge, as described in previous works 
(Bardi et al., 2012). Briefly, rats were individually placed in a 
tank (62 cm L × 32 cm W × 53 cm H) filled with 21 °C water 
and allotted 3 min to swim to stimulate an acute challenge 
(Fig. 1D). Behavioral responses were measured to verify that 
the task was challenging for the rats. Rats were monitored for 
the frequencies of dives and shakes. Dives were defined as a 
motion toward the bottom of the tank with the head completely 
submerged. As shown in previous works (Bardi et al., 2016; 
Lambert et al., 2016), dives are an indication of the animal’s 
ability to try to find a way out of a helpless situation. Shakes 
were defined as rapid rotating movements of the head and neck 
areas. Additionally, duration spent floating and swimming was 
observed. Following the completion of the trial, all rats were 
dried off and put back into their assigned cage. All trials were 
conducted on the same day between 1800 and 2300 h.

Biological sampling and hormone assays

A baseline fresh fecal sample was collected prior to the 
commencement of treatments after habituation. Fresh fecal 
samples were collected weekly, at the end of the week, for 
the duration of the treatment. Samples were also collected 
before and after the FST to monitor the stress response of the 
rats to an acute challenge. Overall, samples were collected 
at 7 points in time.

Stored fecal samples were thawed at room temperature to 
prepare for extraction. Samples were subsequently placed in 
individual glass tubes with 1 mL of 100% methanol (MeOH) 
and mixed via vortex (Vortex Genie 2, Scientific Industries, 
Inc.) for approximately 30 s. Following mixing, the tubes 
were centrifuged for 15 min at 3000 × g. The samples were 
then transferred to new test tubes using a transfer pipette. 
Samples were then diluted in MeOH (concentration 1:20) 
in an EIA buffer. Assay was completed by utilizing the 
materials and protocols provided by an Enzyme-Linked 
Immuno-Sorbent Assay (ELISA) kit (Enzo Life Science, 
Farmingdale, NY, USA). Sample readings were conducted 
using an automated micro-plate reader (BioTek, Winooski, 
VT, model Synergy) with the Gen5 software (BioTek, Win-
ooski, VT, version 2.04.11). A wavelength of 405λ with 
correction at 490λ was used for the sample readings. Log-
logit transformations of the data were analyzed using least-
squared regression analysis. Accuracy was verified at each 
standard curve point. Accuracy was demonstrated at each 

standard curve point (n = 8): accuracy was 95.6 ± 3.1% for 
CORT, 99.2 ± 1.1% for DHEA, and 90.5 ± 6.0% for T. Qual-
ity control pools were assayed in triplicate on each plate, 
with the following results: CORT (high) 6.4% coefficients 
of variation (cv); CORT (low) 6.9% cv; DHEA (high) 6.0% 
cv; DHEA (low) 5.9% cv; T (high) 9.3% cv; T (low) 7.8% cv.

The samples were validated using previously described 
procedures (Scarola et al., 2019). Readings were performed 
using an automated microplate reader (BioTek, Winooski, 
VT, model Synergy) and Gen5 software (BioTek, Winooski, 
VT, version 2.04.11). Readings were analyzed at a wave-
length of 405 λ with correction at 490 λ.

Assays were validated using standard methods described 
in previous research in our laboratory (Bardi et al. 2010).

Statistical analysis

General linear models (GLM) were used to determine the 
changes in HPA and HPG activity across the treatments 
and before and after the FST. Factors entered in the models 
(independent variables) were icariin administration (icariin/
saline), exposure to the enrichment (NaEn/standard hous-
ing), and exposure to play with an unfamiliar individual 
(play/no play). To evaluate the overall, independent effects 
of the treatments on the endocrine profile of rats after 
chronic stress, and in response to an acute stressor (FST), a 
series of models using a stepwise discriminant analysis (DA) 
were run. Discriminant analysis is a cluster analysis often 
used to classify cases into groups on the bases of various 
response variables. It offers information as to which charac-
teristics discriminate best between groups and analyzes the 
precision of these characteristics for group classification. 
Three stepwise DA were conducted on each of the treatment 
group (housing/icariin/play) using the following endocrine 
response variables: difference in hormone values between 
the baseline (prior to any treatment) and at the end of the 
chronic stress period, difference in hormone values between 
the pre- and post-FST. Since 3 hormones were assessed 
(CORT, DHEA, T), a total of 6 predictors were initially 
entered into each model. All analyses were performed using 
SPSS 25.0 (IBM, Armonk, NY).

Results

Metabolized CORT levels

Metabolized CORT levels steadily increased during the 
experiment (F (6,354) = 129.9, p < 0.001, η2 = 0.688). At the 
end of the 4 weeks of exposure to chronic stress, CORT lev-
els were almost double than at the baseline (Fig. 2A). Before 
the FST task, CORT was still elevated, right after the FST, 
the average for all rats increased significantly, surpassing 
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2000 pg/mL (Fig. 2A). This demonstrated that rats were still 
reactive to acute stressors at the end of the chronic stress 
exposure.

Metabolized CORT levels were affected by the treatments 
(F (5,54) = 14.92, p < 0.001, η2 = 0.58). There was a signifi-
cant interaction effect between time and treatment as well (F 
(30,324) = 10.14, p < 0.001, η2 = 0.484). Overall, rats in the 
NaEn condition with either or both icariin and play treatments 
maintained a lower CORT profile throughout the experi-
ment than any other groups, including just exposure to NaEn 
(Fig. 2B). Focusing on the individual effect of each treatment, 
it was found that play, when analyzed on its own, did not affect 
CORT levels (F (1,58) = 0.54, p = 0.47, η2 = 0.009), whereas 
both icariin (F (1,58) = 5.64, p = 0.02, η2 = 0.165 — Fig. 2C) 
and housing (F (1,58) = 39.7, p < 0.001, η2 = 0.439 — Fig. 2D) 
were related to a significant reduction of CORT levels. CORT 
changes during the experiment showed a significant interaction 
effect with both icariin (F (6,348) = 7.84, p < 0.001, η2 = 0.138 
— Fig. 2C) and housing (F (6,348) = 25.66, p < 0.001, η2 = 0.32 
— Fig. 2D): icariin affected the response of the rats specifi-
cally to the FST, whereas rats maintained in enriched housing 
showed a much lower profile of CORT throughout the whole 
experiment.

Metabolized DHEA levels

Metabolized DHEA levels increased during the experiment 
(F (6,354) = 206.9, p < 0.001, η2 = 0.861). At the end of the 
4 weeks of exposure to chronic stress, DHEA levels were 
more than double the baseline levels (Fig. 3A). After the 
FST, the average DHEA levels for all rats increased sig-
nificantly (Fig. 3A), once again demonstrating the ability to 
manifest an adaptive stress response to the FST.

Metabolized DHEA levels were affected by the treat-
ments (F (5,54) = 12.51, p < 0.001, η2 = 0.536). There was 
a significant interaction effect between time and treatment 
as well (F (30,324) = 17.57, p < 0.001, η2 = 0.619). After the 
first 2 weeks, in which no significant difference in DHEA 
was observed by treatment, the key conditions to increase 
DHEA metabolites were play an icariin. DHEA levels did 
not change significantly from the baseline for rats in both 
standard conditions and exposed to the NaEn when play and 
icariin were not present (Fig. 3B). After the FST, a spike 
in DHEA metabolites levels was recorded in all groups 
except for the SIP group (Fig. 2B). When the individual 
main effects of each treatment condition was assessed, 
it was found that, as we found for CORT, DHEA did not 

Fig. 2   Metabolized CORT levels (µg/mg ± 2 SEM) during the expo-
sure to unpredictable stress (weeks 1 through 4), and before and after 
the Forced Swim Task (FST). A Average CORT levels for all rats. B 
CORT levels by group. SS, control rats (standard housing and saline); 
SI, standard housing and icariin; SIP, standard housing, icariin, and 

play; ES, enriched housing and saline; EI, enriched housing and 
icariin; EIP, enriched housing, icariin, and play. C CORT levels in 
rats grouped by icariin treatment (80 mg/kg or saline). D CORT lev-
els in rats grouped by housing (NaEn or standard)
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differ significantly in rats by play (F (1,58) = 1.57, p = 0.21, 
η2 = 0.05), whereas both icariin (F (1,58) = 31.66, p < 0.001, 
η2 = 0.431 — Fig.  3C) and housing (F (1,58) = 5.42, 
p = 0.023, η2 = 0.191 — Fig. 3D) were related to a signifi-
cant increase in DHEA levels. A significant interaction effect 
between time and treatment was also found for both icariin 
(F (6,348) = 7.84, p < 0.001, η2 = 0.44 — Fig. 3C) and hous-
ing (F (6,348) = 25.66, p < 0.001, η2 = 0.206 — Fig. 3D): 
after the first 2 weeks, rats who were administered icariin 
showed an elevated DHEA level until the FST, while rats 
housed in the NaEn showed an elevated DHEA profile at the 
end of the experiment.

Metabolized T levels

Metabolized T levels changed significantly during the exper-
iment (F (6,354) = 77.12, p < 0.001, η2 = 0.567). T increased 
after exposure to the chronic stress and decreased signifi-
cantly after the FST (Fig. 4A).

Metabolized T levels did not change significantly by the 
treatments (F (5,54) = 1.24, p = 0.31, η2 = 0.103), but a sig-
nificant interaction effect between time and treatment was 

found (F (30,324) = 4.81, p < 0.001, η2 = 0.308). Rats not 
exposed to social play and/or icariin, in either housing con-
ditions, had the largest decrease in T after the FST (Fig. 4B). 
Analysis of the individual main effect for each treatment 
condition revealed that T did not differ significantly in 
rats by play (F (1,58) = 0.88, p = 0.20, η2 = 0.007) and by 
housing (F (1,58) = 0.98, p = 0.76; η2 = 0.011), but icariin 
had a significant effect on T (F (1,58) = 4.58, p = 0.031, 
η2 = 0.101 — Fig.  4C). A significant interaction effect 
between time and treatment was also found for both icariin 
(F (6,348) = 13.27, p < 0.001, η2 = 0.197 — Fig. 4C) and 
housing (F (6,348) = 5.36, p = 0.001, η2 = 0.098 — Fig. 4D): 
icariin was related to T levels after the FST (Fig. 4C), while 
enriched housing condition (NaEn) tended to increase T over 
time and after the FST as well (Fig. 4D).

Forced Swim Task

During the FST, dives were negatively correlated with 
CORT levels (r =  − 0.356, p = 0.005) and positively corre-
lated with T levels (r = 0.353, p = 0.006). Shakes showed a 

Fig. 3   Metabolized DHEA levels (pg/mg ± 2 SEM) during the expo-
sure to unpredictable stress (weeks 1 through 4), and before and 
after the Forced Swim Task (FST). A Average DHEA levels for all 
rats. B DHEA levels by group. SS, control rats (standard housing 
and saline); SI, standard housing and icariin; SIP, standard housing, 

icariin, and play; ES, enriched housing and saline; EI, enriched hous-
ing and icariin; EIP, enriched housing, icariin, and play. C DHEA 
levels in rats grouped by icariin treatment (80  mg/kg or saline). D 
DHEA levels in rats grouped by housing (NaEn or standard)
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positive correlation with CORT (r = 0.345, p = 0.007). Float-
ing time was not associated with hormones during the FST 
(all p > 0.08).

Housing and icariin showed a significant effect on the 
behavioral output during the FST. Animals in the NaEn con-
dition dove more (F (1,54) = 9.18, p = 0.004) and shook less 
(F (1,54) = 34.7, p < 0.001) during the FST (Fig. 5A). Ani-
mals receiving icariin dove more (F (1,54) = 22.5, p < 0.001) 
and also shook more (F (1,54) = 4.72, p = 0.034) during the 
FST (Fig. 5B). Novel play did not have a significant effect 
on behavior (all p-values > 0.51).

Integrative multivariate models

To evaluate the overall, independent effects of the treatments 
(icariin/NaEn/play) on the endocrine profile of rats after 
chronic stress and in response to an acute stressor (FST), we 
ran a series of models using a stepwise discriminant analysis 
(DA). The treatment served as the grouping variable, and the 
difference in endocrine levels between the baseline and at 
the end of the chronic stress for each hormone, as well as the 

difference between the pre- and post-FST for each hormone, 
as the independent variables.

Icariin administration provided the best fit, with a predic-
tion accuracy of 96.7% (Wilk’s λ(2,57) = 141.2, p < 0.001 — 
Fig. 6A). Two variables were retained in the model, the dif-
ference in the pre- and post-FST for metabolized DHEA and 
T levels. Housing provided the next best fit, with an accuracy 
of 73.3% (Wilk’s λ(1,58) = 41.3, p < 0.001 — Fig. 6B). In 
this model, the only variable retained was the difference in 
metabolized CORT between the baseline and at the end of 
the 4 weeks of chronic stress. The least accurate model was 
based on play (65.0% — Wilk’s λ(1,58) = 15.6, p < 0.001 — 
Fig. 6C). This model retained the difference in metabolized 
DHEA levels pre- and post-FST.

Discussion

The importance of integrative biobehavioral responses 
to complex challenges, such as prolonged unpredictable 
stress, is often overlooked by the emphasis on the molecu-
lar mechanisms of action (Walker et al., 2017). Neverthe-
less, organisms adapt to critical circumstances by evoking 

Fig. 4   Metabolized T levels (ng/mg ± 2 SEM) during the exposure 
to unpredictable stress (weeks 1 through 4), and before and after the 
Forced Swim Task (FST). A Average T levels for all rats. B DHEA 
levels by group. SS, control rats (standard housing and saline); SI, 
standard housing and icariin; SIP, standard housing, icariin, and play; 

ES, enriched housing and saline; EI, enriched housing and icariin; 
EIP, enriched housing, icariin, and play. C T levels in rats grouped by 
icariin treatment (80 mg/kg or saline). (D) T levels in rats grouped by 
housing (NaEn or standard)
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multifaceted resilience responses (Lambert et al., 2020). 
When experienced during early life, these responses can 
influence brain and body physiology for the entire life span 
(McEwen, 2008). The main purpose of the current study 
was to assess the effectiveness of a combination of natural 
treatments, namely administration of a plant extract known 
for its anxiolytic properties (Liu et al., 2015; Zheng et al., 
2019) in conjunction with natural environmental enrich-
ments, often associated with increased resiliency (Bardi 
et al., 2016; Lambert et al., 2016). Additional social stimu-
lation was also provided in the form of play behavior with an 
unfamiliar animal. Adolescent rats were selected to increase 
the probability of long-lasting effects. It was hypothesized 
that all treatments would be effective in reducing the nega-
tive behavioral and physiological responses to unpredictable 
stress in Long-Evans rats, and that their synergetic effect 
would increase adaptive responses even further. Our results 
partially confirmed these hypotheses, indicating that using 
multiple channels to stimulate adaptive responses can be 
effective in increasing the ability of an organism to face 
uncertainty. Considering how quickly our life can change 
due to unpredictable events (Spinelli and Pellino, 2020), our 
data is instrumental to a better comprehension of the many 
aspects of integrative biobehavioral responses.

Icariin had a significant effect on both CORT and DHEA 
in rats exposed to unpredictable stress and on the behavioral 
output during the FST as well. The effects on CORT were 
confined to the acute challenge (FST) after the 4 weeks of 
chronic stress, when rats given icariin showed a reduction 
in the amount of physiological stress caused by the forced 
swim. The effects of DHEA started to manifest during the 
second week of treatment, when icariin administration 

was related to a significant increase, more than twofold, in 
DHEA. The hormone DHEA remained elevated until the 
end of the experiment, and more importantly, after the FST. 
Considering previous studies indicated that higher DHEA/
CORT ratios are associated with mental health and resil-
ience (Charney, 2004; Markopoulou et al., 2009; Bardi et al., 
2012, 2013), our data showed that icariin could be effective 
in increasing emotional resilience by increasing the DHEA/
CORT ratio in rats exposed to unpredictable stress. The HPA 
activity in response to stress is an extraordinarily complex, 
layered biological adaptation that goes beyond what a sin-
gle marker can tell us (McEwen, 2018), and therefore we 
need to be cautious with the interpretation of our data. It 
is known, for example, that CORT alone cannot indicate if 
the rats’ response is adaptive (generally defined as “good 
stress”) or maladaptive (“bad stress”) (Aschbacher et al., 
2013). Therefore, in the effort to improve our ability to 
detect functional changes related to environmental stimuli, 
several authors have recommended the utility of exploring 
proportions, as opposed to individual values, of intercon-
nected biological responses to specific systems, such as the 
HPA axis (Dhabhar, 2014; McEwen, 2018; Lambert et al., 
2020; Scarola and Bardi, 2020). Although in this study we 
did not investigate the mechanism of actions able to explain 
this relationship, thus limiting considerably our ability to 
further speculate, previous works have revealed that DHEA 
can enhance neuroprotection by decreasing glucocorticoid-
induced apoptosis in various key brain areas, including the 
amygdala and hippocampus, and to promoting neurogenesis 
in the dentate gyrus (Maninger et al., 2009; Morgan et al., 
2009; Goncharova et al., 2012). Therefore, these mecha-
nisms could be the basis of the enhanced negative feedback 

Fig. 5   Differences in the behavioral output during the Forced Swim 
Task (FST) by treatment. Floating was measured in seconds and dives 
and shakes in frequency. (A)  Number of dives were significantly 
higher and number of shakes were significantly lower in rats living 

in natural enriched housing in comparison to rats in standard housing. 
(B) Both number of dives and shakes were significantly higher in rats 
that were given icariin
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system regulating neurochemical and cognitive reappraisal 
of stressful events observed in rats after icariin adminis-
tration. Further studies specifically designed to test these 
mechanisms are needed to test this hypothesis.

To verify if these effects were confined to the neurobio-
logical system directly involved in the stress response (the 
HPA axis) or if they could be part of a larger integrative 
response among multiple, interrelated systems, the HPG 
axis activity was also assessed by measuring T levels. It 
was found that metabolized T levels were also affected by 
icariin treatment; specifically, it was associated with higher 
T after the FST, thus showing that the icariin can protect 
against naturally occurring reduction in T usually observed 
in animals under stress (Retana-Marquez et  al., 2003). 
This is not surprising, since icariin has been identified as 
a testosterone enhancer (Zhang and Yang, 2006). In their 
study, Zhang and Yang found that prolonged treatment of 

hypoandrogenic male rats with icariin improved the con-
dition of reproductive organs and increased the circulat-
ing level of testosterone, thus indicating that icariin can 
upregulate HPG activity (Zhang and Yang, 2006). Moreo-
ver, sex steroids have been found to exhibit anxiolytic- and 
antidepressant-like effects in gonadectomized male rats, via 
a central mechanism involving T aromatization in the den-
tate gyrus (Carrier et al., 2015). Our results confirm that 
icariin can help in T production during stressful events in 
intact males as well. Alternatively, icariin could act on the 
metabolic relationship between DHEA and T (Prough et al., 
2016; Smith et al., 2019), thus creating an indirect effect 
on emotional resilience. It is well known that circulating 
DHEA is converted to testosterone or estrogen in the target 
tissues (Baulieu, 1996). Furthermore, testosterone is con-
verted to 5α-dihydrotestosterone (DHT) by 5α-reductase and 
exerts biophysiological actions through binding to androgen 

Fig. 6   Discriminant analysis (DA) models of the integrative relation-
ship between endocrine levels and treatments. Discriminant scores 
are plotted against the values of the variable with the highest contri-
bution to the model. A For icariin, the best fit retained the DHEA dif-
ference before and after the FST (96% accuracy). B For housing, the 

best fit retained the difference in CORT levels between the baseline 
and at the end of the 4  weeks of chronic unpredictable stress (96% 
accuracy). C For social play, the best model retained the DHEA dif-
ference before and after the FST (66% accuracy)
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receptors (Celotti et al., 1991). However, it remains unclear 
whether different areas can synthesize DHT from testos-
terone and/or DHEA, and whether these hormones affect 
glucose metabolism-related signaling pathways, and thus 
further studies are necessary to disentangle this issue.

Enriching the rats’ environment (NaEn) also had a signifi-
cant effect on both CORT and DHEA. An enriched environ-
ment helped to lower the CORT response of rats through-
out the 4 weeks of unpredictable stress and after the FST, 
while DHEA production was enhanced. Once again, these 
results pointed toward an increased DHEA/CORT ratio and, 
ultimately, improved emotional regulation, confirming the 
findings of previous studies (Bardi et al., 2016; Lambert 
et al., 2016). In contrast to the icariin effects, NaEn did not 
influence T directly. This result was unexpected since pre-
vious studies have found a significant association between 
environmental enrichment and T levels (Avital et al., 2011; 
Mitra and Sapolsky, 2012). One possible explanation is 
that the effects of NaEn on T could manifest later during 
adulthood in male rats, whereas our rats were still relatively 
young. Nevertheless, NaEn proved once more to enhance 
neuroprotection against unpredictable stress. Even more 
importantly, the synergetic effect of icariin and NaEn treat-
ments was found to have a stronger effect on all neuroendo-
crine markers and their ratios. These findings, if confirmed 
with human data, might have profound implications on how 
we shape policies to promote healthy life choices. Although 
we need to resist the temptation to data over-interpretation, 
rapidly increasing levels of stress, socio-economic dispar-
ity, and biological and environmental global threats such as 
COVID-19 and climate changes are all exerting a significant 
toll on human physical and mental health, and thus we need 
urgent solutions. In parallel with finding better ways to deal 
with each of these specific issues, it is also imperative to pro-
mote holistic and widely accessible methods of increasing 
emotional resilience. For example, medical students experi-
encing high level of stress showed impaired functional con-
nectivity in fMRI scans involving several limbic areas and 
the pre-frontal cortex; however, just 1 month of vacation 
was enough to reverse most of these neurological damages 
(Liston et al., 2009). In animal models, even moderate and 
discontinuous exposure to enrichment and other mitigating 
factors such as contingency learning in during early life were 
enough to provide benefits in stress reduction, aging, and 
immune activation throughout the life span (Scarola et al., 
2019; Scarola and Bardi, 2020). Our results indicate that any 
positive intervention during early life can have significant 
effects on adaptive mechanism of emotional regulation.

Novel social positive interactions with other rats did not 
appear to be significantly related to the endocrine profile 
during chronic stress and during following acute challenges 
(FST). This result was also surprising, since many studies 
have found that social play can significantly reduce stress 

and increase emotional regulation in both humans (Galyer 
and Evans, 2001) and non-human animals (Pellis et al., 
2010). The method and timing of which social play interac-
tions were conducted most likely influenced this result. In 
the future, a study planned on social interactions alone is 
planned. The biggest limitation of our study was that rats 
could still properly interact with a familiar peer in the home 
environment, thus potentially masking the effects of the 
5 min of interactions with a different animal. Furthermore, 
the effects of social play could have been washed out by 
the more pronounced effects of icariin and NaEn. When we 
attempted to disentangle these effects by assessing the syn-
ergetic effects of play with both icariin and NaEn, it was 
found that the group that received all three treatments did as 
well as the group just treated with icariin and NaEn. Further 
studies focusing on play behavior in different settings and 
with a larger number of rats would be needed to estimate the 
independent contribution of play on emotional regulation.

Multiple models were created to assess the effects of 
all three treatments on changing endocrine levels during 
the experiment. The goal of these models was to catego-
rize individual rats based on treatments (saline vs. icariin; 
standard housing vs. NaEn; no play vs. play). Discriminant 
scores were plotted against the most influential variable in 
the model. These plots were instrumental in interpreting the 
relative efficacy of the treatments. Data showed that the most 
effective treatment was icariin when plotted against DHEA 
levels before and after the FST. This result confirmed the 
value of icariin in enhancing DHEA levels during challeng-
ing events. The second most effective treatment was NaEn; 
in a model retaining CORT endocrine levels during the 
exposure to chronic stress as the most influential variable. 
This result led to the interpretation that NaEn is particu-
larly important in reducing the negative effects of prolonged 
stress, as found previously (Bardi et al., 2016; Lambert et al., 
2016). Clearly, more studies are needed to confirm this inter-
pretation, including assessing the differential role of icariin 
on males and females. It was also confirmed that the data 
collected on play was not enough to accurately categorize 
individuals within the model, corroborating the results of 
the GLM analyses. The synergetic effect of icariin and NaEn 
could be the result of two distinct pathways of action: icariin 
specifically increasing DHEA levels, and NaEn decreasing 
CORT levels. Further studies to investigate the mechanisms 
of these possible pathways are needed.

Conclusion

Overall, our data showed promising preliminary evidence 
that the combination of herbal treatments (icariin) and living 
in an enriched natural environment (NaEn) can effectively 
promote emotional resilience in adolescent rats. Current 
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evidence from the literature that icariin contains active 
ingredients that can have anti-oxidative and anti-inflamma-
tory properties that can ameliorate several conditions, from 
depression to cancer (Liu et al., 2015; Tan et al., 2016). Our 
data confirmed that icariin can contribute to the regulation 
and balance of endocrine activity of animals under stress. 
Several more questions remain to be addressed. For example, 
are these effects far-reaching and can extend throughout the 
rats’ lives or are they short lived? Can similar effects be veri-
fied in female rats? What are the specific neural mechanisms 
of action responsible for the increased emotional regulation 
due to icariin and NaEn? Can icariin and NaEn also interact 
to mediate essential functions such as the immune system, 
inflammation, and aging? How well can these results be 
translated to humans, especially when we focus on popula-
tions living in an impoverished area? Our model offers new 
avenues to determine how we can go back to more natural 
treatments as an alternative to more aggressive pharmaco-
logical treatments for affective disorders, such as anxiety and 
depression, in a time in which social, biological, and envi-
ronmental challenges have effectively become the new norm.
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