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Abstract
A growing body of literature has elucidated the involvement of the central renin–angiotensin system (RAS) in various 
neuropsychiatric diseases. While consensus on the exact mechanism of the central RAS in schizophrenia pathophysiology 
does not currently exist, increasing evidence reveals promise in harnessing the therapeutic potential of RAS modulation in 
the treatment of schizophrenia. In this review, we examine how the central RAS affects inflammation, glutamate, dopamine, 
gamma-aminobutyric acid (GABA), and peroxisome proliferator-activated receptor (PPAR)-γ, all of which are associated with 
schizophrenia etiology. In addition, a recent study has demonstrated the therapeutic potential of RAS modulators, especially 
angiotensin II type 1 receptor blockers (ARBs), as adjunctive therapy to the currently available antipsychotic medications for 
schizophrenia treatment. With a greater understanding of how RAS inhibition directly modulates neurotransmitter balance 
in the brain, it is possible that compounds with RAS-inhibiting properties could be used to optimize physiological levels 
of glutamate, dopamine, and GABA, and the balance among the three neurotransmitters, analogously to how antipsychotic 
medications mediate the dopaminergic pathways. It can be hoped that a novel approach based on this concept, such as 
adjunctive telmisartan therapy, may offer practical interventional strategies to address currently unmet therapeutic needs in 
patients with schizophrenia, especially those with treatment-resistant schizophrenia.
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Key Points 

While consensus on the exact mechanism remains 
inconclusive, the role of the intrinsic central renin–angi-
otensin system (RAS) in schizophrenia pathophysiology 
appears to be multifaceted, spanning neuroinflammation; 
neurotransmitter homeostasis of glutamate, dopamine, 
and gamma-aminobutyric acid (GABA); and peroxisome 
proliferator-activated receptor-γ activity.

Given such broad-spectrum effects of the central RAS 
system, compounds with RAS-inhibiting properties 
(specifically, angiotensin II type 1 receptor blockers 
with high lipophilicity such as telmisartan), may confer 
therapeutic effects in patients with treatment-resistant 
schizophrenia.

Specific target engagements and restoration of neuro-
transmitter balance with RAS inhibitors require further 
investigation.

1  Introduction

Schizophrenia is ranked the 12th most disabling disorder, 
and its best-practice treatment outcomes remain dismal 
[1]. Only 13.5% of patients meet the clinical and func-
tional recovery criteria [2], and one-third are considered 
to have treatment-resistant schizophrenia (TRS) with per-
sistent symptoms such as delusions and hallucinations 
[3]. The suboptimal clinical management comes at a cost 
of $US60 billion in the USA alone every year [4]. Novel 
treatment approaches targeting alternative neural circuits 
and pathways are therefore urgently needed.

An intrinsic brain renin–angiotensin system (RAS), 
distinct from the peripheral RAS, was first reported in the 
seminal article by Ganten et al. [5] in 1971. Subsequent 
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studies have shown a central RAS comprising all precur-
sors and enzymes needed for the formation and metabo-
lism of all biologically active forms of angiotensin, includ-
ing angiotensinogen (precursor for angiotensins I, II, and 
III), renin, angiotensin-converting enzyme (ACE), amin-
opeptidases A and N, and specific receptor proteins [6, 7]. 
Angiotensin production was stimulated and replicated even 
after a nephrectomy, and messenger RNA (mRNA) expres-
sion for renin and angiotensinogen has been demonstrated 
in the brain [8, 9]. In addition, all major angiotensin recep-
tors are expressed in the brain [10]. Different RAS compo-
nents have been identified in various brain regions, includ-
ing the hippocampus and amygdala, which are involved in 
cognition, emotion, and behaviors [11]. Furthermore, the 
established crosstalk between the central and peripheral 
RAS through circumventricular organs (CVO), the sites 
that lack the blood–brain barrier (BBB) [12], supports 
the broad-spectrum role for central RAS: regulation of 
cerebral spinal fluid (CSF), control of arterial pressure, 
neuroprotection, memory consolidation, thermoregulation, 
thirst, and even sexual behavior [13–15].

A growing body of literature has elucidated the involve-
ment of the central RAS in various neuropsychiatric dis-
eases, including Alzheimer’s and Parkinson’s diseases 
[16]. For example, losartan, an angiotensin II type 1 recep-
tor (AT1R) blocker, prevented and rescued cerebrovascu-
lar, neuropathological, and cognitive deficits in an Alz-
heimer’s disease model [17]. Such effects have also been 
demonstrated in Parkinson’s disease animal models with 
both ACE inhibitors (captopril and perindopril) and AT1R 
antagonists (losartan, candesartan, and telmisartan) [18].

Consensus on the exact mechanism of brain RAS in 
schizophrenia pathophysiology is yet to be established, but 
increasing evidence reveals the promise in harnessing the 
therapeutic potential of RAS modulation for schizophrenia 
treatment. In this review, we examine the multipronged 
role of the brain angiotensin system in schizophrenia etiol-
ogy and present systematic implications for RAS inhibi-
tion as a novel pharmacotherapeutic approach to refractory 
schizophrenia.

2 � Current Understanding of the Role 
of the Renin‑Angiotensin System (RAS) 
in Schizophrenia

2.1 � RAS, Inflammation, and Schizophrenia

The proinflammatory state in patients with schizophrenia has 
been well-established [19]. Both Naudin et al. [20] and Lin 
et al. [21] reported that serum levels of tumor necrosis factor 
(TNF)-α and interleukin (IL)-6 were significantly higher in 

patients with chronic schizophrenia than in controls. Vari-
ous autoimmune diseases, including bullous pemphigoid, 
acquired hemolytic anemia, thyrotoxicosis, and celiac dis-
ease, have also been associated with a higher prevalence 
of schizophrenia [22]. A recent report on anti-N-methyl-D-
aspartate (NMDA) receptor encephalitis psychosis, similar 
to that of schizophrenia, also shone light on potential direct 
pathologic immune involvement in the disease.

A large body of literature has suggested that the dys-
regulation of inflammatory and immunological processes 
is related to schizophrenia symptomatology. For example, 
our group first reported that higher serum levels of C-reac-
tive protein (CRP) and white blood cell count (WBC) were 
correlated with worse psychopathology in patients with 
schizophrenia [23, 24]. Other studies have also suggested 
that inflammation may play a role in treatment response 
in patients with schizophrenia. Among 79 patients with 
schizophrenia who withdrew from haloperidol treatment up 
to 6 weeks, those with higher baseline levels of CSF IL-2 
were associated with worsening psychotic symptoms during 
the withdrawal period [25]. In another 12-week study with 
78 patients who received either risperidone or haloperidol, 
patients with lower serum IL-2 level showed greater clinical 
improvement [26]. More recently, the potential benefit of 
anti-inflammatory agents in the treatment of schizophrenia 
has also been examined. Muller et al. [27] used celecoxib, 
a selective cyclooxygenase (COX)-2 inhibitor, in adjunct to 
risperidone for patients with acute exacerbation of schizo-
phrenia and found significant improvement in psychopathol-
ogy. However, these data should be interpreted with caution, 
as celecoxib did not confer improvement in clinical symp-
toms or measures of disability in a different study sample of 
patients with schizophrenia [28].

While overall immune dysregulation in the setting of 
schizophrenia is no longer in question, the crux of the matter 
lies in whether such immune dysfunction is directly tied to a 
pathologic state of the central immune system or is second-
ary to various clinical and systemic factors associated with 
schizophrenia, including metabolic syndrome [29]. Albeit 
scarce compared with that of systemic inflammation, evi-
dence of neuroinflammation in schizophrenia pathophysi-
ology has increasingly been demonstrated by imaging and 
post-mortem studies [30, 31]. Specifically, in regard to imag-
ing studies, researchers have harnessed the role of microglial 
activation in response to inflammatory stimuli, which can be 
captured by the increase in expression of the 18-kDa trans-
locator protein (TSPO) [32] in vivo with positron emission 
tomography (PET) radiotracers. While various PET studies 
have replicated the elevated microglial density, ultimately 
suggesting increased cerebral activation of the immune sys-
tem [30, 33], these studies include limitations, especially 
considering their small sample size, different tracer types 
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(i.e., generation of the TSPO ligand), binding affinity, and 
disease time course. For instance, a recent meta-analysis 
showed that the statistical significance of elevation of TSPO 
binding in patients with schizophrenia was dependent on 
whether volume of distribution (null finding) or binding 
potential (positive finding) was used as the main outcome 
measure [30]. Post-mortem studies are also not without their 
drawbacks, including variable study designs, different meth-
odologic approaches, and the large number of null studies. 
Despite the heterogeneity, some post-mortem brain studies 
have shown increased microglial activity and expression of 
proinflammatory genes [31, 34]. Microarray studies have 
also consistently demonstrated elevation in the expression 
of both serpin peptidase inhibitor clade A member 3 (SER-
PINA3, acute phase protein shown to increase with inflam-
mation) and interferon-induced transmembrane protein 
(IFITM, immune-related protein suggested to be involved 
in neuroinflammation) [34], further indicating the role of 
neuroinflammatory processes in schizophrenia etiology.

The proinflammatory properties of angiotensin II are 
well-studied. Overactivity of AT1R has been shown to be an 
integral determinant of uncontrolled and excessive inflam-
mation, alterations in cerebrovascular function, and abnor-
mal response to stress [35, 36]. Some RAS blockers have 
been shown to have anti-inflammatory and immunomodula-
tory effects [37]. Aldosterone, an end hormone of the RAS 
pathway, has also been identified as a major contributor for 
the central inflammatory process. Following lipopolysaccha-
ride administration, aldosterone has been shown to activate 
the mineralocorticoid receptors, which then further triggers 
production and release of proinflammatory cytokines [38].

Numerous studies support the anti-inflammatory effects 
of AT1R blockers (ARBs). For example, Miura et al. [39] 
studied the metabolic effects of telmisartan in place of vals-
artan or candesartan in patients with hypertension and type 
2 diabetes mellitus (T2DM). These authors found significant 
increases in the serum levels of adiponectin and a decrease 
in the serum levels of CRP, both of which are known to be 
associated with protection from diabetes mellitus and ath-
erosclerosis [39]. Koulouris et al. [40] also showed positive 
effects of ramipril, telmisartan, and combination therapy on 
inflammation and lipid peroxidation in patients with T2DM 
free of coronary artery disease [40]. A more recent clinical 
study reported anti-inflammatory and anti-oxidative-stress 
effects of irbesartan in patients with hypertension [41]. Pre-
vious studies collectively have demonstrated that ARBs may 
exert vascular and metabolic benefits by inhibiting the afore-
mentioned angiotensin-mediated inflammation and oxidative 
stress. Therefore, using ARBs to inhibit RAS activity may 
mediate clinical symptoms of schizophrenia through their 
impact on the upregulated systemic and neuroinflammatory 
status in patients with schizophrenia.

2.2 � RAS, Glutamate, and Schizophrenia

The abnormal presynaptic dopamine transmission usually 
seen in schizophrenia is absent in TRS [42]. It therefore 
is no surprise that typical and atypical antipsychotic medi-
cations that modulate the dopamine pathway in varying 
degrees are unsuccessful in conferring clinical improve-
ment in individuals with TRS. Increased glutamate levels 
have been reported in antipsychotic-naive or antipsychotic-
free patients with schizophrenia [43]. Recent studies dem-
onstrated higher glutamate levels in the anterior cingulate 
cortex of antipsychotic-treated first-episode patients with 
unremitted psychotic symptoms and in treatment-resistant 
patients versus medication responders [42, 44]. It has been 
postulated that abnormal glutamatergic signaling secondary 
to excessive stimulation of non-NMDA glutamate receptors 
(e.g., α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid [AMPA] and kainate) may result in calcium influx and 
neuronal injury, which likely lead to clinical symptoms, 
including cognitive impairment in patients with schizophre-
nia [45].

Various studies have shown that the RAS can affect glu-
tamate-mediated cell injury. Angiotensin II type 2 recep-
tor (AT2R) binding was found to be increased a few hours 
after glutamate exposure, and increased AT2R mRNA was 
suppressed by MK-801, an NMDA-receptor antagonist 
[46]. Positive findings also exist for AT1R: Fujita et al. [47] 
reported suppression of ischemia-induced extracellular glu-
tamate activity and concomitant reduction of reactive oxy-
gen species (ROS) production with administration of cande-
sartan, an AT1R inhibitor. Whether ultimately via AT1R or 
AT2R, the RAS appears to contribute to glutamate-induced 
oxidative stress, a proinflammatory mechanism frequently 
associated with schizophrenia [48].

The ability of ARBs to confer neuroprotection partly 
results from restoration of neurotransmitter homeostasis. 
Wu et al. [49] recently described how ARBs attenuate glu-
tamate neurotoxicity by inhibiting oxygen glucose deple-
tion (OGD)-induced extracellular glutamate release, reactive 
oxygen species production, and nitric oxide generation via 
glutamate transporter 1 (GLT-1) upregulation. Telmisartan 
was shown to significantly reduce glutamate-induced neu-
ronal injury and apoptosis in cultured rat primary cerebel-
lar granule cells (CGCs) [50]. Presumably, ARBs such as 
telmisartan may have therapeutic effects on schizophrenia 
through their modulatory influence on glutamate activity 
in the brain.

2.3 � RAS, Dopamine, and Schizophrenia

The dopamine hypothesis of schizophrenia postulates that 
hyperactivity of dopamine neurotransmission in subcortical 
and limbic brain regions contributes to positive symptoms 
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such as delusions and hallucinations. On the other hand, neg-
ative and cognitive symptoms of schizophrenia can be attrib-
uted to the hypofunctionality of dopamine neurotransmis-
sion in the prefrontal cortex [51]. Recent studies have shown 
dopamine deficiency extending to most cortical regions and 
even some extra-striatal subcortical regions not previously 
considered hypodopaminergic in schizophrenia [52].

Both angiotensin and dopamine receptors are located in 
neurons, microglia, and astrocytes [53]. Previous reports 
suggest that a decrease in dopaminergic activity may induce 
compensatory upregulation of local RAS function in both 
dopaminergic neurons and glia. The subsequent overactiva-
tion of RAS can lead to microglia activation and inflamma-
tory response, resulting in production of oxidative stress and 
neurotoxicity [54]. Therefore, inhibition of the brain RAS 
might be an effective neuroprotective strategy against dopa-
minergic deficit in various cortical and subcortical regions 
in schizophrenia and ultimately confer clinical improvement, 
especially in the domains of negative symptoms and cogni-
tion [55].

2.4 � RAS, Gamma‑Aminobutyric Acid (GABA), 
and Schizophrenia

Among the vast conflicting data regarding schizophrenia 
pathophysiology, one of the most consistent and well-repli-
cated post-mortem findings is the reduction of mRNA that 
encodes the 67-kd isoform of glutamic acid decarboxylase 
(GAD67), an enzyme principally responsible for the synthe-
sis of GABA [56]. GAD67 protein levels were also reported 
to be lower in patients with schizophrenia [57], which fur-
ther corroborates the pathologic GABA transmission com-
promise associated with the disease.

GABA is considered a key player in brain function given 
its integral role in sustaining synchronous oscillations in cor-
tical networks [58]. A hallmark of neuronal network func-
tion, oscillatory activity takes part in input selection, neu-
roplasticity, and consolidation and combination of learned 
information in the thalamus, hippocampus, and neocortex 
[59]. GABA-mediated cortical oscillations in fact have been 
shown to be critical in wide-ranging cognitive and percep-
tual processes pertaining to working memory [60], asso-
ciative learning [61], and visual short-term memory [62]. 
Therefore, it has been hypothesized that altered cortical 
GABA transmission is involved in the molecular mechanism 
of cognitive deficit observed in schizophrenia. For instance, 
functional hypofrontality, working memory, and physiologic 
dysfunction of the dorsolateral prefrontal cortex have been 
linked to schizophrenia, and impaired performance of work-
ing memory on cognitive control tasks has been attributed to 
decreased GABA-mediated oscillatory activity [63, 64]. In 
fact, Frankle et al. [65] recently reported in vivo neuroimag-
ing evidence of impaired GABA transmission in the context 

of cognitive disturbance in patients with schizophrenia by 
measuring the binding of [11C]flumazenil, a radiotracer that 
binds to the benzodiazepine site of the GABAA receptor.

The interplay between RAS and GABA transmission 
therefore becomes quite salient, as enhanced GABA activity 
through RAS modulation could produce cognitive benefits. 
Studies have revealed the interdependence of the two sys-
tems: sympathomimetic responses following acute blockade 
of GABAA receptors in the paraventricular nucleus (PVN) 
depends on AT1R activation [66]; bilateral microdialysis 
of the AT1R blocker ZD7155 into the rostral ventrolateral 
medulla (RVLM) increases GABA levels [67]. Sanchez-
Lemus et al. [68] further revealed that cortical benzodiaz-
epine 1 (BZ1) receptor expression, a modulator for GABA 
activity, is under AT1R control. They found that candesar-
tan, an ARB, ameliorates stress-induced alterations in BZ1 
receptor expression, thereby preventing alterations in the 
cortical GABAA complex [68]. This finding carries impor-
tant clinical implications, as restoration of physiological 
GABA activity could potentially lead to alleviation of cog-
nitive impairment.

Further, the anti-inflammatory effect of ARBs can be 
attributed partially to restored GABA expression. Being an 
inhibitory neurotransmitter, GABA carries a parallel inhibi-
tory role in immune function [69]. Pathogenic T-lymphocyte 
and inflammatory cytokine production in peripheral mac-
rophages were both shown to be mediated by extracellular 
GABA activity [70, 71]. Therefore, with enhanced GABA 
level via AT1R blockade, ARBs may confer their benefi-
cial effects in patients with schizophrenia through the anti-
inflammatory properties of GABA.

2.5 � RAS, Peroxisome Proliferator‑Activated 
Receptor‑γ, and Schizophrenia

Peroxisome proliferator activated receptor-γ (PPAR-γ) is a 
nuclear transcription factor that exists in the form of a heter-
odimer complex with the retinoid X receptor-α. Activation of 
PPAR-γ causes the receptor complex to affect the expression 
of key target genes that mediate beneficial effects on glucose 
and lipid metabolism. The clinical fame of PPAR-γ is mostly 
derived from its use as the therapeutic target of insulin resist-
ance, diabetes mellitus, and metabolic syndrome [72]. Two 
thiazolidinedione PPAR-γ agonists, pioglitazone and rosigl-
itazone, are approved by the US FDA for diabetes mellitus 
treatment. In fact, studies have also shown that these PPAR-γ 
agonists can decrease serum levels of CRP and WBC [73] and 
reduce nuclear factor (NF)-κB and monocyte chemoattractant 
protein (MCP)-1, which support the additional anti-inflamma-
tory and antioxidative effects of PPAR-γ agonists [74].

The previously studied metabolic and cardioprotective 
roles of PPAR-γ have also been extrapolated to the brain. 
Pioglitazone treatment following traumatic brain injury was 
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found to protect mitochondrial function, reduce inflammation, 
minimize cortical lesion, and improve cognitive function [75]. 
Experimental evidence from acute brain injuries, chronic neu-
rodegenerative diseases, and animal models of focal cerebral 
ischemia, spinal cord injury, multiple sclerosis, and Alzhei-
mer’s and Parkinson’s diseases have revealed that the benefi-
cial effects of PPAR-γ agonists are mediated by the prevention 
of uncontrolled microglial activation, neutrophil/macrophage 
infiltration, inflammatory cytokine and chemokine expression, 
and proinflammatory transcription factor activation, along 
with promotion of antioxidant enzymatic activity [76].

Interestingly, the current literature supports an interplay 
between the seemingly unrelated RAS and PPAR-γ systems: 
PPAR-γ agonists have been shown to downregulate AT1R 
expression [77] and suppress AT1R-mediated inflammation 
[78] in vivo, whereas angiotensin II in turn reduces PPAR-γ 
mRNA expression [79]. In addition, the neuroprotective 
effects of telmisartan were decreased but not abolished in 
CGCs of AT1R-knock-out mice, and a PPAR-γ antagonist 
partially reversed telmisartan-induced neuroprotection [50], 
further supporting the two-pronged mechanism of telmisar-
tan-induced neuroprotection involving both AT1R blockade 
and PPAR-γ agonism.

No proof yet exists of a causal relationship between 
PPAR-γ alterations and schizophrenia. However, a recent 
study reported an association between the PPAR-γ gene 
and clinical symptom profiles in patients with schizophre-
nia [80]. Given the decreased levels of PPAR-γ activity in 
schizophrenia [81], the use of ARBs with PPAR-γ agonist 
effects, such as telmisartan, as a therapy for schizophrenia 
appears promising.

3 � Telmisartan: A Potentially Novel 
Treatment for Schizophrenia

We recently reported the positive clinical impact of adjunc-
tive telmisartan treatment in patients with schizophre-
nia or schizoaffective disorder who were receiving either 
olanzapine or clozapine [82] in a 12-week randomized, 
double-blind, placebo-controlled study. The subject pool 
received adjunctive telmisartan 80 mg daily, and its effect 
on psychopathology and cognition was measured using the 
Positive and Negative Syndrome Scale (PANSS) and the 
Measurement and Treatment Research to Improve Cognition 
in Schizophrenia Consensus Cognitive Battery (MCCB). 
Albeit findings were negative for change in cognitive meas-
ures, the study revealed a significant decrease in the PANSS 
total score in the telmisartan group (N = 22) compared with 
the placebo group (N = 21), along with a significant reduc-
tion in plasma levels of IL-6, a well-established inflamma-
tory marker. While larger sample sizes and longer treatment 
durations are warranted to further elucidate the specific 

clinical benefit of telmisartan therapy, the study attests to 
the promise of RAS modulation in schizophrenia treatment.

Telmisartan is a drug of particular interest regarding its 
effect on the central RAS. Among other drugs in the ARB 
class that cross the BBB, telmisartan is a drug of highest 
lipophilicity that readily enters the CNS in a dose- and time-
dependent manner to block centrally mediated effects of 
angiotensin II [83, 84]. Its slow clearance from the brain, as 
seen by consistently high brain/plasma ratio within the PET 
scanning period, also reflects its central long-acting phar-
macokinetics [85]. It is an ARB with not only the strong-
est anti-inflammatory property but also the highest binding 
affinity for PPAR- γ [86].

4 � Conclusion

Central RAS inhibition can reduce glutamate-mediated 
excitotoxicity, minimize dopamine deficiency-associated 
microglial activation, and restore GABA and PPAR-γ activ-
ity in the brain as well as reduce inflammatory response 
and oxidative stress. All these effects may lead to potential 
benefits in schizophrenia treatment (Fig. 1). The use of RAS 
modulators, especially ARBs, as an adjunct to the currently 
available antipsychotic medications for schizophrenia treat-
ment appears potentially promising.

However, more research is still needed to fill the knowl-
edge gap and address the following important questions: 
(1) the available evidence relating to RAS and glutamate 
or GABA mostly comes from animal studies, so more 
human data in both healthy or disease conditions are 
needed; (2) as the etiology of each of the three major types 
of symptoms of schizophrenia (positive symptoms such 
as delusions and hallucinations, negative symptoms such 
as social withdrawal and flat affect, and cognitive impair-
ment) remains uncertain, which symptoms are more likely 
associated with RAS is unclear; (3) while the processes 
that ARBs may affect (inflammation, glutamate, dopamine, 
GABA, PPAR-γ) could be relevant to the etiology of schiz-
ophrenia, no direct evidence yet links these processes and 
an antipsychotic effect.

Our recent preliminary findings on the effects of adjunc-
tive telmisartan in patients with schizophrenia receiving 
clozapine or olanzapine are encouraging, but they need to 
be replicated in larger-scale trials with a longer treatment 
duration. An ongoing follow-up study in our group will 
examine the target engagement in the brain of patients with 
schizophrenia who receive telmisartan treatment. Specifi-
cally, we will measure how telmisartan treatment affects 
glutamate and GABA levels in the brains of patients with 
TRS using proton magnetic resonance spectroscopy (1H-
MRS). With a greater understanding of how RAS inhi-
bition directly modulates neurotransmitter balance in the 
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brain, perhaps compounds with RAS inhibition property 
could be used to optimize physiological levels of gluta-
mate, dopamine, and GABA, and the balance among the 
three neurotransmitters, analogously to how antipsychotic 
medications affect the dopaminergic pathways. It can be 
hoped that the novel approach, such as adjunctive telmisar-
tan, may offer practical interventional strategies to address 
currently unmet therapeutic needs in patients with schizo-
phrenia, especially in those with TRS.
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