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1. INTRODUCTION AND DISSERTATION CONTEXT  

 

The incidence of opioid addiction in Chile and the world has become a global crisis of 

monumental proportions, encompassing a vast and intricate landscape that engulfs our 

society. The consumption of opioids used medicinally for their analgesic and sedative 

properties in the management of clinical pain, has increased by 345% in the U.S. between 

2001 and 2016 [1, 2]. However, the pursuit of the hedonistic effects of "well-being" and 

"euphoria," coupled with the non-therapeutic use of these substances, has led to a sharp rise 

in opioid abuse [3, 4]. In 2022 the CDC’s National Center for Health Statistics reported an 

estimated 107,622 opioid overdose deaths in the United States during 2021, an increase of 

nearly 15% from the 93,655 deaths estimated in 2020, with opioids responsible for almost 

70% of all drug overdose deaths [5, 6]. 

 

In South America, Chile's prevalence of opioid consumption, particularly among teenagers 

[7, 8], and the duplication of their consumption from 2015 to 2019 [9], make the situation 

especially disheartening. Relapse to opioid use is compounded by the pathological 

association of environmental perceptions with the drug's rewarding effects, and by the 

severity of the withdrawal syndrome [10, 11]. This multifaceted challenge has become a 

daunting problem for addiction science, with a dearth of enduring and efficacious 

interventions. 

 

In the vast landscape of opioid addiction, a challenge of global magnitude, my doctoral 

research sought to understand the nuanced mechanisms of morphine consumption, 

withdrawal syndrome, and relapse. Once opioids are administered, they bind and activate 

endogenous opioid receptors in the brain, such as the μ-opioid receptor (MOR) [12], which 

has the cascading effect of promoting the release of dopamine (DA) in key brain areas 

associated with rewarding stimuli and the learning of environmental perceptions linked with 

drug use. This complex process lays the groundwork for the hedonistic effects and 

reinforcement properties that contribute to addiction [13, 14]. 

 

Beyond the initial receptor reinforcement, continuous administration of opioids results in a 

pathological pairing of environmental and subjective stimuli conditioned with opioid use. 

The omnipresence of these signals during abstinence periods can trigger a new round of drug 

administration, driving relapse and perpetuating opioid intake, a cycle that can persist for 

years [15]. The addictive nature of opioids, coupled with the severe physical dependence they 

engender—evidenced by the swift onset of a potent withdrawal syndrome when consumption 

ceases—make these drugs particularly insidious [11]. 

 

Chronic use of opioids results in oxidative stress and neuroinflammation in the brain, which 

further exacerbates addictive behaviors [16]. The potential causal role of oxidative stress and 

neuroinflammation in triggering withdrawal syndrome and prompting consumption with 

subsequent relapse is an area of study that has received significant attention [17-20]. 

Research has revealed that sustained abuse of drugs [21], opioids included, can induce 

synaptic alterations [22-24]. Central to these alterations are glial cells - microglia and 

astrocytes - that envelop the synapses and participate actively in their modulation [25, 26]. 
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This interaction can lead to a deficit in the control of drug cravings, creating an environment 

conducive for dependency and subsequent relapse. 

 

Further investigations have identified the vital role of glutamatergic balance in the nucleus 

accumbens (NAc) in driving cravings triggered by environmental cues [27-29]. Neuronal 

afferents from the prefrontal cortex and the hippocampus influence this homeostatic balance 

[30-32]. For drug-dependent individuals, there is a notable deficiency in the reuptake of the 

neurotransmitter glutamate-mediated by astrocytes, thereby inducing a hyperglutamatergic 

state in the NAc [33-35]. 

 

Within this context, the astrocyte glutamate transporter GLT-1, responsible for 

approximately 90% of glutamate uptake in the brain, becomes critically involved [33, 36]. 

Reactive oxygen species (ROS) can directly inhibit GLT-1 through the lipoperoxidation 

product 4-hydroxynonenal, which forms adducts with this transporter [37, 38]. Notably, 

oxidative stress and neuroinflammation are linked to a reduction in GLT-1 activity and levels 

[39-41]. The resultant decrease in GLT-1 in the NAc and the corresponding rise in 

extracellular glutamate stimulate the excitatory neurotransmission of the brain's reward 

system, leading to heightened cravings and potentially initiating relapse to opioid use [42]. 

However, promising observations from morphine-dependent animal models suggest that the 

administration of β-lactams (inducers of the expression of the glutamate transporter GLT-1), 

such as ceftriaxone, can reverse the withdrawal syndrome induced by naloxone [43]. This 

demonstrates the potential to inhibit the reinstallation of morphine in conditioned place 

preference (CPP) through stimulation of GLT-1 expression [44]. Therefore, the reversal of 

glutamatergic dysregulation—induced by oxidative stress and neuroinflammation—

presents an exciting therapeutic opportunity to reduce chronic morphine consumption, 

prevent withdrawal syndrome, and subsequently inhibit morphine relapse. 

 

In essence, therapies targeting the increase in oxidative stress and neuroinflammation caused 

by opioid abuse could present a groundbreaking strategy to decrease chronic opioid use, 

alleviate withdrawal syndrome, and preventing relapse [45, 46]. However, due to the novelty 

of these mechanisms and the challenge posed by the blood-brain barrier, there are no 

currently available treatments focused specifically on reducing oxidative stress and 

neuroinflammation induced by chronic opioid consumption [47-49]. 

 

Unfortunately, current therapeutic strategies, primarily based on forced abstinence, prove 

largely ineffective, with a staggering relapse rate of over 90% after the first month of 

abstinence [50]. Presently, substitution therapy remains the mainstay of opioid dependence 

treatment. Here, the consumption of high-potency opioids such as morphine are substituted 

by less potent opioids like methadone or buprenorphine, which are considered safer due to 

their longer half-lives. This therapy aims to reduce the opioid dose gradually. Nevertheless, 

it carries substantial side effects such as respiratory depressions [51] and show highly 

variable distribution among individuals, complicating personalized administration [52]. 

Additionally, these replacement therapies have been found to increase oxidative stress in 

peripheral blood [53], a process linked with the development of drug dependence [54]. 

Considering these findings, my research sought to identify more effective interventions for 

opioid addiction. To curb relapse and halt the progression of opioid dependence, strategies 

that focus on reducing chronic consumption, managing cravings, and preventing withdrawal 
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syndrome are crucial. The challenges inherent to this endeavor reflect the intricate interplay 

of mechanisms that underlie opioid addiction, a dynamic area I explored in my research to 

uncover novel insights and therapeutic opportunities [55, 56] 

 

 An emerging approach for the treatment of complex neurological diseases is mesenchymal 

stem cell (MSC)-based therapy. MSCs stand out for their antioxidant and anti-inflammatory 

properties [57], which can be intensified by subjecting them to preconditioning stimuli in 

vitro [58]. The molecules secreted by these cells (secretome) can be used as a powerful 

biopharmaceutical, increasing the biosafety profile of the treatment compared to the 

administration of living cells. It has recently been shown that intranasal administration of 

secretome derived from preconditioned human MSCs (hMSCs) in an animal model of 

alcohol addiction reduced chronic consumption and prevented relapse to consumption after 

a period of abstinence [59]. These therapeutic effects were associated with a reduction in 

brain oxidative stress and neuroinflammation in animals that consumed alcohol [59]. 

 

 Stepping into this complex tableau, my doctoral research delved into the delicate 

underpinnings of opioid consumption, relapse, and withdrawal, aiming to unravel novel 

insights and dissect the intricate processes that underlie the crisis. These findings hold 

promise for transforming the landscape of opioid addiction treatment and opening new 

avenues for further exploration in addiction science 

 

 Based on these antecedents, this thesis presents the results obtained after the simultaneous 

intranasal and intravenous administration of the antioxidant and anti-inflammatory secretome 

generated from preconditioned hMSC on the precipitated (naloxone-induced) and 

spontaneous (oral model) withdrawal syndrome, the reduction in its chronic consumption, 

and the relapse to voluntary oral consumption (oral model) in rats exposed to continuous 

doses of opioids. Additionally, the association and role of oxidative stress and 

neuroinflammation in the different stages of morphine addiction were evaluated. 
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2. HYPOTHESIS 

 

The simultaneous administration of hMSC-derived secretome reduces chronic consumption, 

relapse, and withdrawal symptoms in rats. These effects are associated with a reduction in 

opioid-induced brain oxidative stress, neuroinflammation and the normalization of 

glutamatergic homeostasis. 

 

 

 

3. SPECIFIC OBJECTIVES 

 

1. Determine whether the administration of the secretome derived from preconditioned 

hMSCs reduces chronic consumption, alleviates withdrawal symptoms, and inhibits 

relapse to consumption in rats exposed to morphine, while simultaneously normalizing 

glutamate homeostasis (evidenced by extracellular glutamate levels, GLT-1, and xCT-

system).  

 

2. Evaluate whether the administration of the secretome derived from preconditioned 

hMSCs diminishes brain oxidative stress (measured by the GSSG/GSH ratio and lipid 

peroxidation) in rats with chronic consumption, withdrawal symptoms, and during 

relapse to consumption triggered by morphine administration.  

 

3. Investigate whether the administration of the secretome derived from preconditioned 

hMSCs reduces neuroinflammation (indicated by astrocytic and microglial density) in 

rats with chronic consumption, withdrawal symptoms, and during relapse to 

consumption induced by morphine administration. 
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4. Chapter 4  

 
Discussion  
 

 As the opioid addiction crisis continues to deepen, the need for robust, effective, and 

enduring therapeutic interventions has become critically important. This urgent context 

served as the driving force behind my doctoral research, which focused on investigating the 

therapeutic potential of human mesenchymal stem cell (hMSC) secretome in mitigating the 

effects of morphine addiction—one of the most common forms of opioid dependence. The 

results from two papers generated from this research substantiate the initial hypothesis that 

hMSC-secretome possesses substantial therapeutic potential in treating morphine addiction 

and withdrawal syndrome. 

 

In the third paper (considering the publication of the oral morphine model as the first paper), 

two distinct models were utilized. The first of these mimicked the chronic nature of morphine 

exposure, an experience common to many human addicts. In this model, a pump was 

subcutaneously implanted into Wistar rats to administer morphine continuously. The 

experiment led to a key discovery: the rats treated with hMSC-secretome exhibited a 

significant reduction in withdrawal symptoms triggered by the opioid antagonist, naloxone. 

This pivotal finding not only supported our hypothesis, but also underscored the therapeutic 

role of hMSC-secretome in addiction therapy. 

 

The second animal model was first introduced in the first paper and was further evaluated in 

the second paper. This model was designed to simulate voluntary oral morphine 

consumption. Upon administering hMSC-secretome, animals displayed a significant 

reduction in chronic morphine intake. Importantly, when morphine was reintroduced after a 

period of forced abstinence, the group treated with the secretome demonstrated a significant 

decrease in relapse consumption. Indeed, the combined intranasal and intravenous 

administration of hMSC-secretome was able to reduce chronic self-administration of 

morphine by 80% to 85%, and after a second dose during a deprivation stage, it further 

reduced morphine intake during relapse. 

 

Our research findings integrate well within the broader landscape of stem cell research and 

its potential therapeutic applications in various medical conditions, including addiction. A 

key facet of our findings was the notable neuroprotective effect of hMSC-secretome, 

indicated by reduced oxidative stress levels in the hippocampus and nucleus accumbens 

(third paper). This result signals an important advancement in our understanding of the 

neurophysiological benefits of hMSC-secretome and augments the scientific discourse 

around non-cellular therapeutic agents in addiction treatment. 

 

Despite our work focusing on morphine addiction, its implications extend to other substance 

abuse types. Considering the parallels in neurophysiological processes underlying different 

substance addictions, the hMSC-secretome presents a plausible therapeutic agent for a range 

of substance dependence. My doctoral research thus holds the potential for offering 
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transformative therapeutic options, which could help alleviate the substantial societal and 

personal burdens associated with opioid addiction. 

 

In summary, our findings validate our initial hypothesis about the therapeutic benefits of 

hMSC-secretome in opioid addiction, offering a new platform for future exploration. As the 

journey in addiction science continues, the results from this research raises pertinent 

questions for future investigations: what are the molecular mechanisms underlying the 

impact of hMSC-secretome on addiction behavior? Can it be applied to other forms of 

substance abuse (beyond the already studied)? 

 

The research presented in the third paper introduced additional findings of interest. For 

instance, continuous morphine administration resulted in reduced extracellular glutamate 

levels in the nucleus accumbens, an effect not altered by the secretome. However, a 

significant increase in the slope of no-net-flux glutamate determination induced by secretome 

treatment suggests potential effects on glutamate elimination dynamics. The lack of changes 

in the levels of glutamate transporters was unexpected, but these alterations could depend on 

specific opioid treatment schemes. 

 

Moreover, our studies noted an increase in brain oxidative stress associated with chronic 

morphine intake, an event linked with morphine consumption relapse. Remarkably, the 

combined intranasal and intravenous administration of hMSC-secretome significantly 

reduced both chronic self-administration and relapse to voluntary morphine consumption. 

These effects were correlated with a reduction in hippocampal oxidative stress. 

 

The compelling findings from this doctoral work underline that hMSC-secretome 

administration can significantly mitigate morphine withdrawal syndrome, reduce chronic 

morphine intake and relapse, normalize oxidative stress associated with relapse and chronic 

consumption, and reduce neuroinflammation during chronic consumption, withdrawal 

syndrome, and relapse. These outcomes offer immense translational value, particularly 

considering the alarming rise in opioid consumption and overdose deaths during the COVID-

19 pandemic. 

 

Our research journey, while far from complete, has already illuminated critical facets of 

opioid addiction and potential treatments. Future work should extend this investigation to 

other relapse evaluation models and further analyze the role of neuroinflammation and 

oxidative stress. We also need to address whether intravenous administration could prevent 

withdrawal syndrome induced by potent opioids like fentanyl. These critical questions will 

undoubtedly shape the direction of future research, bolstering our quest to tackle the global 

crisis of addiction  
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