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Abstract

Background: Growing evidence from clinical trials and epidemiological studies suggests that statins can have clinically significant antidepressant
effects, potentially related to anti-inflammatory action on several neurobiological structures. However, the underlying neuropsychological mechanisms
of these effects remain unexplored.

Aims: In this experimental medicine trial, we investigated the 7-day effects of the lipophilic statin, atorvastatin on a battery of neuropsychological
tests and inflammation in healthy volunteers.

Methods: Fifty healthy volunteers were randomised to either 7days of atorvastatin 20mg or placebo in a double-blind design. Participants were
assessed with psychological questionnaires and a battery of well-validated behavioural tasks assessing emotional processing, which is sensitive to
putative antidepressant effects, reward learning and verbal memory, as well as the inflammatory marker, C-reactive protein.

Results: Compared to placebo, 7-day atorvastatin increased the recognition (p=0.006), discriminability (p=0.03) and misclassifications (p=0.04)
of fearful facial expression, independently from subjective states of mood and anxiety, and C-reactive protein levels. Otherwise, atorvastatin did not
significantly affect any other psychological and behavioural measure, nor peripheral C-reactive protein.

Conclusions: Our results reveal for the first time the early influence of atorvastatin on emotional cognition by increasing the processing of anxiety-
related stimuli (i.e. increased recognition, discriminability and misclassifications of fearful facial expression) in healthy volunteers, in the absence
of more general effects on negative affective bias. Further studies exploring the effects of statins in depressed patients, especially with raised

inflammatory markers, may clarify this finding and inform future clinical trials.

Keywords

Atorvastatin, emotional processing, reward learning, verbal memory, inflammation, experimental medicine, healthy volunteers, depression

Introduction

Statins are a class of anti-cholesterolemic drugs widely used for
the prevention and treatment of cardiovascular, cerebrovascular
and metabolic disorders (Sizar et al., 2021). Historically, their
primary mechanism of action was recognised as the inhibition of
the rate-limiting liver enzyme, 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase (Endo et al., 1976), with
consequent decline of blood cholesterol levels (Law et al., 2003).
However, statins also have pleiotropic effects that, either directly
or indirectly, affect many neurobiological (neurotransmission,
neurogenesis, oxidative stress and excitotoxicity), cardiometa-
bolic and immune systems that have been implicated in the aeti-
opathogenesis of depression (Kohler-Forsberg et al., 2020).
Indeed, the anti-inflammatory effects of statins are of particular
interest in this respect because of the postulated role of inflam-
mation in the pathophysiology of depression (Miller et al., 2017).

Both observational, epidemiological studies (Parsaik et al.,
2014) and randomised clinical trials (Salagre et al., 2016) have
suggested that statins may have clinically meaningful antidepres-
sant effects (De Giorgi et al., 2021a). For example, in a recent
within-subject cohort study of over one million statin-treated

patients, Molero et al. (2020) reported lower rates of depression
diagnoses during periods when patients were receiving statins
relative to when they were not. A previous cohort investigation
found that patients taking selective serotonin reuptake inhibitors
(SSRIs) in combination with statins had lower rates of psychiatric
hospital contacts for depression than patients taking SSRIs alone
(Kohler et al., 2016). A previous meta-analysis of a small number
of placebo-controlled, randomised trials found that the combina-
tion of statins SSRIs produced a greater decrease in depression
ratings than SSRIs given alone (Salagre et al., 2016). However, a
more recent study of rosuvastatin in young people with depression
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(only some of whom were also taking antidepressant medication)
showed a numerical but not statistically significant benefit of sta-
tin treatment over placebo on the primary end-point of difference
in depressive scores (Berk et al., 2020).

Despite these promising antidepressant effects of statins in dif-
ferent kinds of clinical investigation, as far as we are aware, there
are no experimental studies of the effects of statins on emotional
processing. We have previously shown that a variety of pharmaco-
logical agents with established antidepressant effects produce
rapid positive biases in tasks of emotional processing in both
healthy participants and patients with depression (Harmer et al.,
2017; Pringle et al., 2011). Measures of emotional processing
therefore have the potential to detect the putative antidepressant
efficacy of novel compounds (Harmer et al., 2011, 2017).
Interestingly, the same tasks have been able to detect negative
effects on emotional processing produced by drugs of known
depressogenic potential such as the cannabis receptor antagonist,
rimonabant (Horder et al. 2012). Similarly, induction of inflamma-
tion in healthy participants, a procedure known to cause depressive
symptoms, produces negative emotional biases (Cooper et al.,
2018), deficit in reward-seeking behaviour (Felger and Treadway,
2017), and overall cognitive impairment (Paine et al., 2015).

The primary aim of this study was to assess the effect of short-
term (7days) treatment with the lipophilic statin, atorvastatin,
upon a battery of emotional processing tasks previously shown to
be sensitive to the early effects of standard antidepressants such
as the SSRI, citalopram. Secondarily, we investigated the effects
of statin treatment on reward learning and verbal memory. As
noted above, the antidepressant effects of statins have been
linked to their anti-inflammatory properties; we therefore also
explored the effect of this period of statin use on plasma levels of
the inflammatory marker high-sensitivity C-reactive protein (hs-
CRP) in relation to potential changes in the behavioural tasks. To
our knowledge, no previous experimental medicine trials have
studied the effects of statins on behavioural tasks assessing emo-
tional processing, reward learning and verbal memory. However,
in view of previous evidence suggesting that statins may exert
antidepressant effects, we tentatively predicted that 7-day atorv-
astatin would have positive effects on these measures.

Methods

The protocol for this double-blind, parallel groups, randomised
(gender-stratified), placebo-controlled, experimental medicine
trial was approved by the University of Oxford Central University
Research Ethics Committee (MS-IDREC R61966/RE001) and
registered on Clinicaltrials.gov (NCT03966859).

Participants

Fifty healthy volunteers (males and females, aged 18-50years,
body mass index: 18-30) were recruited for this study and pro-
vided full written informed consent. Participants were screened
to be free of current or past mental disorders via the structured
clinical interview for Diagnostic and statistical manual of mental
disorders (5th ed.; DSM-5) (First et al., 2016) and identified as
‘healthy’ on the basis of the latter as well as their reported psychi-
atric, medical and drug history (no regularly prescribed medica-
tions, no psychotropic drugs over the last 3 months). Women who

were pregnant, breastfeeding or of child-bearing potential not
using appropriate contraceptive measures were excluded.
Participants who withdrew from the study were replaced.
Sample size calculation was performed with software
G*Power v3.1.9.6 (Faul et al., 2007) and based on the primary
outcome of accuracy at recognising emotional facial expressions
derived from a previous study of antidepressants in healthy vol-
unteers (Harmer et al., 2004), where a N=38 would give 90%
power to detect changes of a comparable magnitude (citalopram
vs placebo effect size F'=0.5, see Supplemental Material, S1).

Study procedures

Potential participants were screened according to pre-specified
inclusion and exclusion criteria (see above and registered protocol
NCT03966859). If eligible, they were asked to complete a battery
of questionnaires including the Beck Depression Inventory (BDI,
Beck et al., 1961), the Eysenck Personality Questionnaire (EPQ,
Eysenck et al., 1985), the Positive and Negative Affect Schedule
(PANAS, Watson et al., 1988), the Snaith—-Hamilton Pleasure
Scale (SHAPS, Snaith et al., 1995), a side-effects questionnaire
(nausea, dizziness, dry mouth, headache, alertness and agitation
scored from 0 to 3), the State-Trait Anxiety Inventory (STAI,
Spielberger et al., 1970) and the Bond-Lader Visual Analogue
Scales (BL-VAS, Bond and Lader, 1974) at baseline. Also, a first
blood sample for measuring hs-CRP was collected.

Enrolled participants were then randomised according to a
randomisation code drawn up by a researcher uninvolved in the
study using an online randomisation tool (https://www.sealeden-
velope.com/simple-randomiser/v1/lists) to either atorvastatin
20 mg or sucrose placebo, encapsulated in identical opaque white
capsules, taken orally once daily for 7 days. A 20-mg atorvastatin
dose was selected as this is considered a safe and commonly used
dosage for cardiometabolic disorders, and it has been employed
in previous clinical trials in depression (Abbasi et al., 2015;
Haghighi et al., 2014). To monitor compliance, participants were
asked to report their adherence and to return their capsules’ bot-
tles on the day of testing.

After 7 days of atorvastatin or placebo administration, partici-
pants attended a testing visit involving the completion of further
questionnaires (PANAS, side-effects questionnaire, STAI-state,
BL-VAS), a second sample for hs-CRP and the administration of
the behavioural tasks described below.

Behavioural tasks

The behavioural tasks included the emotional test battery (ETB),
the probabilistic instrumental learning task (PILT) and the audi-
tory-verbal learning task (AVLT).

ETB

The ETB assesses emotional processing (‘hot cognition’) with
five well-validated computerised cognitive tasks: the facial
expression recognition task (FERT), the Emotional Categorisation
Task (ECAT), the Emotional Recall Task (EREC), the Emotional
Recognition Memory Task (EMEM) and the Faces Dot-Probe
Task (FDOT), which have previously been described in full
(Harmer et al., 2009).
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The FERT involved various facial expressions showing six emo-
tions: anger, disgust, fear, happy, sad, surprise and a neutral one,
selected and modified from the Karolinska Directed Emotional
Faces (KDEF) set (Lundqvist et al., 1998) each at a range of inten-
sity levels (Young et al., 1997). The facial stimuli were randomly
presented on the computer screen for 500 ms and replaced by a blank
screen. Participants were probed to identify as quickly and as accu-
rately as possible the emotion of the face displayed in front of them
and gave their responses by pressing a labelled key on the keyboard.
Accuracy to identify the correct emotion was the primary outcome
measure for this study. A signal detection analysis was used to assess
discriminability (', perceptual choice, a measure of sensitivity), and
response bias (3, decisional choice, a measure of conservativeness)
(Grier, 1971). A further analysis was performed using the change in
hs-CRP from the baseline to the testing visit as a covariate to inves-
tigate whether potential differences between groups could be
explained by change in inflammatory status. Mean reaction times
and misclassifications for each emotion were also recorded.

The ECAT asked participants to indicate as quickly and as accu-
rately as possible by pressing a labelled key on the keyboard whether
they would like or dislike to be referred to as one of a series of 60
positively (e.g. cheerful) or negatively valenced (e.g. hostile) words
(Anderson, 1968) presented on the computer screen for S00ms.
These words were matched in terms of word length, ratings of fre-
quency, and meaningfulness. Accuracy and mean reaction times for
positive compared to negative words were recorded. The EREC was
a surprise free-recall task during which participants were required to
recall and write down as many self-referent words from the ECAT as
possible in 4min. Correctly (hits) and falsely recalled (false alarms)
words were recorded. The EMEM included 60 self-referent words
from the ECAT, alongside 60 matched distractors (30 positive, 30
negative) presented on the computer screen for 500 ms. Participants
were required to recognise them as previously seen (familiar) or
unseen (novel) in the ECAT by pressing a labelled key on the key-
board. Accuracy, reaction times and false alarms (incorrectly attrib-
uting a previously unseen word to the ECAT) were recorded.

In the FDOT, two faces (either an emotional (fearful or happy) or
a neutral face) were shown at the top and at the bottom of the com-
puter screen and then replaced by a pair of dots, to which the partici-
pant had to respond by indicating whether the dots are vertically or
horizontally aligned by pressing a labelled key on the keyboard. On
half the total 192 trials, the faces were presented very briefly and
immediately switched to a muddled face mask. Attentional vigilance
scores were calculated by subtracting the mean reaction time from
trials when probes appeared in the same position as the emotional
face (congruent trials) from trials when probes appeared in the oppo-
site position to the emotional face (incongruent trials).

PILT

The PILT assesses probabilistic instrumental learning to reward/loss.
This is a modified version of that described in Pessiglione et al.
(2006) and has previously been described in full (Walsh et al., 2018).
The task stimuli presented on the computer screen consisted of two
pairs of symbols displayed for 4000 ms with one pair associated with
win outcomes (win £0.20 or no change) and the other associated
with loss outcomes (lose £0.20 or no change). Each symbol in the
pair corresponded to reciprocal probabilities (0.7 or 0.3) of the asso-
ciated outcomes occurring and was randomly positioned either to the
left or the right of a central fixation cross. Participants began the task

with £1.50 and performed 60 independent trials (30 win trials and 30
loss trials), for two runs, receiving outcome feedback (win or lose)
after each trial. To maximise their winnings, participants should use
the outcome feedback to gradually learn the symbol-outcome asso-
ciations over time, such that they consistently chose the symbol with
the high-probability win and avoided the symbol with the high-prob-
ability loss. Outcome measures, averaged across the two runs,
included end total amount, amount won, amount lost and number of
choice switches (proportion of trials in which the chosen symbol
was different to the symbol chosen in the previous trial within the
same condition, therefore a measure of confidence such that the
lower the proportion of switch trials, the greater the confidence the
participant is thought to have had in their choices).

AVLT

The AVLT assesses declarative verbal memory (‘cold cognition”)
(Rey, 1964), through a list of 15 nouns (List A) that participants
were asked to recall and repeat to the researcher. After five repeti-
tions of free-recall, a second ‘interference’ list (List B) was pre-
sented and assessed in the same manner. After this trial,
participants were immediately asked to recall the words from
List A. After a 20-min delay, participants were asked to again
recall the words from List A. Overall, correct words, intrusions
and repetitions were measured. After this ‘delayed recall’ task, a
list of 50 words was presented containing all of the words from
Lists A and B as well as distracting words; participants were then
asked to indicate if the word belonged to List A or not. Correctly
(hits) and falsely recalled (false alarms) words were recorded.

Statistical analysis

IBM SPSS v27 statistical software (IBM, 2020) was used to ana-
lyse the data. Data distributions were visually checked using box-
plots and corrected for extreme outliers (i.e. data values which lie
more than 3 times the interquartile range below the first quartile
or above the third quartile were excluded). Demographics, clini-
cal characteristics and baseline questionnaires were reported
descriptively. Repeated questionnaires (PANAS, side-effects
questionnaire, STAl-state, BL-VAS) and hs-CRP were analysed
using repeated-measures analysis of variance (ANOVA) with
group (atorvastatin vs placebo) as the between-subject factor and
time (baseline vs testing visit) as the within-subject factor.
Behavioural tasks’ results were analysed using repeated-meas-
ures ANOVA with group as the between-subject factor and emo-
tion/valence as the within-subject factor. Any significant
interaction was followed up using simple main effect analyses.
When assumptions of equality of variances were not fulfilled, the
Greenhouse—Geisser procedure was used to correct the degrees
of freedom. Partial eta squared (n?) was reported for the main
significant comparisons as a measure of effect size (2=0.01,
small effect; n2=0.06, medium effect; n2=0.14, large effect).

Results

Baseline measures

The sample’s demographic, clinical and baseline questionnaires
(BDI, EPQ, SHAPS, STAI-trait) data are detailed in Table 1. By
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Table 1. Sample’s demographics, clinical characteristics and baseline
questionnaires.

Atorvastatin Placebo

Sample size 22 28
Gender 11F/11 M 14 F/14 M
Age 24.8 (6.0) 27.6 (7.3)
English as first language 13 17
Education

High school/college 1 2

Undergraduate 14 14

Postgraduate 7 12
Family history of mental disorder 9 12
Smoke/day 0.1(0.2) 0.3 (1.0)
Alcohol units per week 7.0 (6.3) 5.9 (5.3)
Caffeinated drinks per day 1.8 (1.2) 1.5 (1.2)
BMI 21.7 (2.4) 22.9 (3.1)
BDI 1 (1.4) 1.4 (1.8)
EPQ

Neuroticism/stability 5.2 (3.5) 6.0 (4.8)

Psychoticism/socialisation 3.0 (1.9) 2.3 (2.0)

Extroversion/introversion 14.3 (3.6) 14.7 (3.8)

Lie/social desirability 8.9 (4.9) 9.6 (4.3)
SHAPS 0.6 (1.5) 1.0 (1.9)
STAIL-t 30.9 (5.5) 28.5 (6.7)

BDI: Beck Depression Inventory; BMI: body mass index; EPQ: Eysenck Personal-
ity Questionnaire; SHAPS: Snaith-Hamilton Pleasure Scale; STAI-t: State-Trait
Anxiety Inventory-Trait.

Values represent means (standard deviations).

the end of the study, 22 participants were randomised to atorvas-
tatin (11 females) and 28 (14 females) to placebo.

Testing visit measures

The sample’s questionnaires (PANAS, STAl-state, side-effects
questionnaire) and hs-CRP data, measured both at baseline and
testing visit, are detailed in Table 2. For the PANAS-positive,
there was a main effect of time of visit (/) 43=6.28, p=0.02) due
to higher scores in both groups at the testing visit in comparison
to the baseline visit, but no group-time interaction (#<<0.91,
p>0.20). The side-effects questionnaire showed a significant
group-time interaction (F, 43=4.33, p=0.04) due to higher scores
at the testing visit in comparison to the baseline visit for the pla-
cebo group and the opposite for the atorvastatin group. For the
hs-CRP, there was a main effect of time of visit (F} 4;,=5.91,
p=0.02) due to lower scores in both groups at the testing visit in
comparison to the baseline visit, but no group-time interaction
(F<0.11, p>0.20). The PANAS-negative and STAl-state did
not show any main effect of time of visit or group-time interac-
tion (F<1.78, p>0.20).

For the BL-VAS (descriptive statistics in Supplemental Material,
S2), the items ‘clumsy- well coordinated’ and ‘antagonistic-
friendly’ showed a main effect of time of visit (respectively,
F) 43=6.09, p=0.02 and F; 43=5.09, p=0.03) due to lower scores in
both groups at the testing visit in comparison to the baseline visit,
but no group-time interaction (#'<<0.21, p>0.20). The item ‘sad-
happy’ showed a significant group-time interaction (F 44=6.33,

p=0.01) due to higher scores at the testing visit in comparison to the
baseline visit for the placebo group (scored more towards happi-
ness) and the opposite for the atorvastatin group (scored more
towards sad). All the other items on this scale did not show any
main effect of time of visit or group-time interaction (#<<0.92,
p>0.20).

Behavioural tasks

All descriptive statistics are reported in Supplemental Material,
S3. No participant was excluded for being an extreme outlier.

ETB results

FERT. For facial expression recognition (Figure 1), we found a
significant group-emotion interaction for total accuracy
(Fyp53=3.46, m>=0.07, p=0.01) and sensitivity index (d’
Fga83=2.61,12=0.06, p=0.04), but no group-emotion interaction
for response bias (B Fi 33=1.20, p>0.30); pairwise comparisons
revealed that participants receiving atorvastatin were more accu-
rate at recognising fear than those on placebo (F,5=8.64,
p=0.006; d’F, 43=2.62, p=0.03), but not other emotions (¥'<<2.9,
p>0.10). These results remained consistent when hs-CRP was
used as a covariate. Because of the finding of a group-time interac-
tion for the ‘sad-happy’ item on the BL-VAS, this was also ana-
lysed as a covariate, but again outcome scores did not change.
Moreover, there was a significant group-emotion interaction for
total misclassifications (F ,55=3.25, n2=0.06, p=0.02), with fol-
low-up pairwise comparisons showing that the atorvastatin group
were more likely to falsely classify faces as fearful (/) ;3=4.38,
»=0.04) and less likely to misclassify faces as surprised
(F145=5.91, p=0.02) or neutral (F, 4;3=4.88, p=0.03). When posi-
tive (happy, surprise) versus negative (fear, disgust, anger, sadness)
emotions were compared, no effect for group or group-emotion
interaction was identified (F<2.81, p>0.10). Likewise, reaction
times did not show any effect for group or group-emotion interac-
tion (F<<0.78, p>0.55).

Other ETB tasks. No significant group or interaction effects
were observed for all measures of assessment of word valence
(ECAT F<0.45, p>0.40), recall (EREC) and recognition
(EMEM) of positive or negatively valenced words (F<1.61,
»>0.20), and attentional vigilance towards happy or fearful
faces (FDOT F<1.77, p>0.20).

Probabilistic instrumental learning task
results

For reward as measured by the PILT, an interaction effect was
observed for the total number of choice switches (/) 43=4.92,
p=0.03); however, post hoc analyses showed no significant dif-
ferences between the atorvastatin and placebo groups for the
losses or wins conditions (p > 0.70). Also, no significant differ-
ences were identified for all other outcomes (F'<1.42, p > 0.20).

AVLT results

For verbal memory as measured by the AVLT, no significant dif-
ferences between the atorvastatin and placebo groups were iden-
tified for any of the outcomes measured (' <0.82, p >0.20).
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Table 2. Sample’s repeated questionnaires and hs-CRP.

Atorvastatin Placebo p visit p group X visit
Screening visit Research visit Screening visit Research visit
PANAS-positive 31.86 (5.67) 33.23 (6.23) 33.32 (7.93) 36.36 (7.11) 0.02* >0.20
PANAS-negative 12.14 (2.75) 13.18 (3.03) 12.14 (2.21) 12.11 (2.69) >0.20 >0.20
Side-effects 2.14 (1.13) 1.68 (1.25) 2.18 (1.72) 2.57 (1.67) >0.20 0.04*
STAI-s 32.27 (5.53) 32.64 (6.73) 31.64 (8.91) 30.00 (6.79) >0.20 >0.20
hs-CRP 1.44 (1.41) 1.04 (1.30) 1.55 (1.75) 1.02 (1.05) 0.02* >0.20

hs-CRP: high-sensitivity C-reactive protein; PANAS: Positive and Negative Affect Schedule; STAI-s: State-Trait Anxiety Inventory-state.

Values represent means (standard deviations).

“A statistically significant difference between the atorvastatin and placebo groups.
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Figure 1. Effect of atorvastatin on facial expression recognition (FERT). Results for accuracy (a) and misclassifications percentage (b) for all seven

emotions are shown.
Values are means = standard error of the mean bars.

*A statistically significant difference between the atorvastatin (dark) and placebo (white) groups.

Discussion

To our knowledge, this is the first study to investigate the psycho-
logical effects of a statin in healthy volunteers with a battery of
emotional processing tasks under laboratory conditions.

Overall, we observed that 7-day atorvastatin treatment, com-
pared to placebo, led to increased recognition, sensitivity and mis-
classifications for fearful facial expressions, but not for other
emotions, independently from subjective states of mood and anxi-
ety, and C-reactive protein levels. We did not identify any further
significant changes for other tasks measuring emotional processing,
nor for those assessing reward learning and verbal memory. In addi-
tion to our primary analysis on accuracy in recognising emotional
facial expressions, we conducted several other analyses that were
not corrected for multiple comparisons because of our relatively
small sample size, which is a limitation to our study. However, the
majority of these additional analyses did not show any statistically
significant difference between the atorvastatin and the placebo
group, which mitigates the potential reporting of false positives.

The finding that atorvastatin can affect emotional processing
is of particular interest, since changes in cognitive affective bias
in the early stages of drug treatment have been shown to be

predictive of antidepressant efficacy or alternatively adverse
effects on mood (Harmer et al., 2011, 2017; Horder et al. 2012).
More specifically, we found convincing evidence that 7-day ator-
vastatin administration compared to placebo increases the identi-
fication of fearful facial expressions in healthy volunteers, as
highlighted by greater accuracy and discriminability for recog-
nising fear as well as a higher number of fear misclassifications.
The lack of any change in response bias suggests that the effect
concerns sensitivity to fearful stimuli rather than a decisional
choice bias. Although a negative effect of atorvastatin was
observed on the BL-VAS item ‘sad-happy’, our results remained
consistent when this element was introduced as a covariate; oth-
erwise, no significant changes in subjective states of mood and
anxiety were identified. These results appear in contrast to our
initial, cautious prediction that 7-day atorvastatin treatment
would be associated with a positive effect on emotional process-
ing, and therefore deserve further discussion.

Increased fear recognition may reflect an augmented process-
ing of threatening cues and a worsening of negative bias, both of
which have been associated with acute SSRI administration
(Browning et al., 2007; Godlewska and Harmer, 2021). Also,
anxiety states have been linked to increased recognition of fearful
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facial expressions (Mogg and Bradley, 2002) and administration
of anxiolytic drugs such as the benzodiazepine and diazepam has
been shown to specifically decrease the recognition of fear
(Zangara et al., 2002). On these bases, one could argue that atorv-
astatin may play a role in worsening anxiety symptoms. Indeed, a
recent animal study showed that high doses of simvastatin or rosu-
vastatin caused increased anxiety in rats (Okudan and Belviranli,
2020). However, this appears in contrast with clinical research
findings. A randomised controlled trial found no significant differ-
ence in anxiety scores between rosuvastatin and placebo given in
addition to treatment as usual (antidepressant, psychological ther-
apy) for 12 weeks to a young sample of patients with depression
(Berk et al., 2020). More significantly, a large cohort study on a
Swedish nationwide register of statin users followed up for 8
years showed no effect for all statins on the risk of anxiety disor-
ders (Molero et al., 2020), whereas a previous observational study
on patients with coronary artery disease even reported a small
improvement (odds ratio=0.69, 95% confidence interval=0.47—
0.99) in anxiety symptoms among 4-year statin users (Young-Xu
etal., 2003). It should be noted that all the clinical studies involved
a much longer period of statin use compared to our 7-day admin-
istration; moreover, none of these studies specifically used atorv-
astatin. The interpretation of our main finding, namely that 7 days
of atorvastatin increases fear processing, might therefore be more
complex and requires further contextualisation.

Changes in the recognition of fearful expressions are most
frequently reported in studies exploring the effects on emotional
processing of commonly prescribed antidepressants (Harmer and
Cowen, 2013). For example, the administration to healthy par-
ticipants of a single dose of the SSRI citalopram, respectively,
intravenously (Harmer et al., 2003) and orally (Browning et al.,
2007), led to higher detection of facial expressions of fear. A
similar effect has been seen with acute administration of seroto-
nin precursor, tryptophan (Attenburrow et al., 2003). However,
when citalopram was given for 7 days, a reduction in fear recog-
nition was observed (Harmer et al., 2004). These results appear to
parallel clinical experience with SSRIs: an early exacerbation of
anxiety and agitation usually followed by anxiolytic effects on
prolonged treatment (Harmer et al., 2011) — an effect that has
been similarly observed in animal models of anxiety (Burghardt
et al., 2004). This reversal of action seems to involve a desensiti-
sation of SHT, receptors (Deakin and Graeff, 1991); in line with
this, the SHT,,, receptor blocker mirtazapine immediately
reduced fear recognition (Arnone et al., 2009).

It is tempting to match our finding that 7-day atorvastatin
heightens threat processing in a way that is similar to the acute
effect of SSRIs (Browning et al., 2007; Burghardt et al., 2004;
Harmer et al., 2003). Then, consistently with clinical studies, con-
tinued treatment with statins might lead to a paradoxical improve-
ment in anxiety (Berk et al., 2020; Molero et al., 2020; Young-Xu
etal., 2003) and indeed depressive symptoms (Parsaik et al., 2014;
Salagre et al., 2016). The neuropsychological and neurobiological
underpinnings for such delayed effect appearing even longer than
with SSRIs (Harmer et al., 2017) remain unclear. Although some
of the peripheral, especially anti-inflammatory, actions of statins
seem relatively fast (i.e. <7days) (Macin et al., 2005), the com-
plex downstream effects on the central nervous system (CNS) and
its dedicated immune system, and thus on anxiety and depressive
symptoms, may be slower. Additional experimental medicine trials
examining the effects of long-term administration of statins on

emotional processing, possibly complemented by the use of more
sensitive techniques such as functional Magnetic Resonance
Imaging (fMRI), may help clarify this issue.

The most established effects of statins on cholesterol and
inflammation (Jain and Ridker, 2005) also warrant further con-
sideration. We did not observe any significant change in hs-CRP
due to atorvastatin as compared to placebo, and its levels did not
seem to affect measures of emotional processing. However, this
exploratory analysis should be interpreted with caution since hs-
CRP levels were not generally elevated (see Table 2) for both
groups in this sample of healthy volunteers. A mediating effect of
CRP on emotional processing could still become apparent in a
study conducted on depressed participants with elevated baseline
hs-CRP. Moreover, we did not measure blood cholesterol levels,
and this is a limitation that other studies may want to explore.
Another study from our group has recently shown that a single
dose of the antibiotic minocycline, which possesses putative anti-
depressant mechanisms, acutely decreases fear misclassifications
on the ETB while increasing cholesterol and decreasing CRP lev-
els in healthy volunteers (Chan et al., 2020).

Intriguingly, a previous clinical trial of the anti-inflammatory
drug infliximab in a depressed sample did not identify any effect
on mood scores until participants were stratified according to
their serum CRP: those with CRP >5.0mg/L improved during
infliximab treatment, whereas those with CRP below that thresh-
old even showed a deterioration of their depressive symptoms
(Raison et al., 2013). On the basis of several animal studies, it has
been hypothesised that a degree of ‘healthy inflammation’ is nec-
essary to maintain homeostatic processes of neuronal integrity,
such as neuroplasticity and neurogenesis, that are involved in the
pathophysiology of depression (Miller et al., 2017); in other
words, any undue curbing of natural inflammatory processes in
the CNS might be as detrimental as an excessive amount of neu-
roinflammation. It should be noted that our sample of healthy and
mostly young volunteers, perhaps unsurprisingly, presented with
overall quite low (mean=1.58 mg/L) levels of hs-CRP across the
two visits. Moreover, there is evidence suggesting that younger
depressed patients administered a statin may encounter less ben-
efit on depressive symptoms (Berk et al., 2020), whereas a step-
wise reduction in the risk of emerging depressive episodes with
increasing age was observed for statin users (Redlich et al.,
2014). Although peripheral CRP and young age may not neces-
sarily reflect baseline inflammation in the CNS, this raises the
possibility that atorvastatin produced a worsening negative bias
in our young participants because it impaired physiological
homeostatic processes involved in emotional processing.
Furthermore, the use of atorvastatin doses other than the 20mg
employed in this study could variably affect such homeostasis,
and therefore lead to more positive or negative effects on emo-
tional processing. Atorvastatin is safely administered to patients
with cardiometabolic conditions in dose ranges between 10 and
80mg according to guidelines (Chou et al., 2016). Therefore, fur-
ther studies investigating these other dosages may help clarify
whether there is any dose—response relationship between atorvas-
tatin use, anti-inflammatory effects and emotional processing.

It has been advocated that future clinical trials in depression
should follow precision medicine principles by selecting a priori
a subset of patients with elevated inflammatory markers, such as
CRP, who most likely would respond to anti-inflammatory drugs
(Chamberlain et al., 2019). The same strategy could be applied to
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translational research: the next experimental medicine studies of
statins ought to focus on samples of patients with depression or
at-risk of depressive episodes, possibly pre-selected for high
CRP, to elucidate whether our results are replicated or indeed
reversed in these specific clinical samples. Furthermore, inflam-
matory processes and lipid metabolism physiologically undergo
complex interactions (Hudgins et al., 2003; Van Diepen et al.,
2013) that are liable to be further complicated by the distinct
activity of statins on these two systems. Lipids are crucial to
brain structure and function, and there is evidence that changes in
CNS cholesterol, phospholipids and sphingolipids are associated
with psychiatric disorders (Schneider et al., 2017) and, in ani-
mals, they seem to interact with antidepressant drugs (Gulbins
et al., 2013; Lee et al., 2009). Thus, the emerging field of lipid-
omics in psychiatric disorders and especially in depression
(Walther et al., 2018) suggests that further characterisation of the
participants’ lipid profile might need to be taken into account
when interpreting the effect of statins on depressed patients.

On a related note, although most statins may share similar
effects, their ability to cross the blood-brain barrier varies accord-
ing to their lipophilicity (McFarland et al., 2014), and might
therefore influence the local expression of such effects in the
CNS. For example, a previous observational study showed that
while simvastatin seemed to reduce the risk of a new diagnosis of
depression (odds ratio=0.93, 95% confidence interval=0.89—
0.97), atorvastatin showed the opposite effect (odds ratio=1.11,
95% confidence interval=1.01-1.22) (Redlich et al., 2014). In
this study, we used a relatively low dose (20 mg) of atorvastatin,
which has a reasonably high lipophilic index though lower than
simvastatin and lovastatin (Corsini et al., 1999). However, it is
possible that the negative effect on emotional processing seen in
this study may be specific to atorvastatin and that other statins
could behave differently.

Notably, observational evidence indicates that simvastatin had
the most beneficial effect in reducing the odds of depression (odds
ratio=0.93, 95% confidence interval =0.89-0.97) among all statins
(Molero et al., 2020) and compared to atorvastatin (Abbasi et al.,
2015). A recent exploratory network meta-analysis from our group
showed a similar trend in randomised controlled trials (De Giorgi
et al., 2021b), though this result has not been replicated in another
study (De Giorgi et al., 2021c¢; Lee et al., 2021). Conversely, sev-
eral recent trials using large-molecule anti-inflammatory agents
incapable of penetrating the brain parenchyma have reported little
overall effects on depressive scores (Husain et al., 2020; McIntyre
et al., 2019; Salvadore et al., 2018). Since central inflammation
seems to be as important as peripheral inflammation in depression
(Enache etal., 2019), drugs which are capable of regulating inflam-
matory processes within the CNS might be more likely to express
a therapeutic effect in depressed patients. Hence, clinical trials of
statins in depressed patients too ought to consider using a statin
with high brain penetration such as simvastatin — as seems to be the
case in currently running clinical studies (Husain et al., 2019; Otte
et al., 2020).

Impaired reward processing, related to anomalies in dopa-
mine neurotransmission, is widely regarded as the foundation of
the anhedonia that often characterises an inflammatory pheno-
type of depression (Miller et al., 2017). In our study, we used the
PILT to verify whether atorvastatin had any effects on reward
learning, but found no consistent effects. In view of the apparent
close relationship between inflammatory processes and the

functioning of reward circuitry, it is again possible that we failed
to detect significant effects of atorvastatin in this task because
our sample did not have baseline high inflammation, or the dose
and type of statin we employed could not express its full potential
in the CNS. Also, a longer period of statin administration could
have gradually affected downstream effects on the dopaminergic
system that may have resulted in changes on the PILT. For exam-
ple, the norepinephrine-dopamine reuptake inhibitor (NDRI)
bupropion was found to cause an initial worsening of reward pro-
cessing at 2 weeks in depressed participants which was reversed
and normalised only after 6 weeks of treatment (Walsh et al.,
2018). It should also be noted that this study was powered on the
primary outcome of accuracy at recognising emotional facial
expressions; therefore, it may have been underpowered (i.e.
increased false negatives) to capture changes in reward learning.
The same caveats could be applied to the apparent lack of effects
of atorvastatin on verbal memory, although we did not necessar-
ily expect to see any difference on the AVLT since reports on the
effects of statin on ‘cold’ cognitive functions have been incon-
sistent (Schultz et al., 2018).

Finally, although the short duration of treatment may have not
captured long-term side effects, we could add to the extensive
evidence confirming the safety profile of statins (Collins et al.,
2016) as evidenced by scores lower than placebo on the side-
effects questionnaire.

In summary, our study is the first to identify the early effects
of atorvastatin on emotional processing in healthy volunteers, in
the absence of any important changes in subjective state.
Although the lack of the potentially confounding effects of
depressive and anxiety symptoms is suitable for a mechanistic
study as such, the clinical relevance of our findings cannot cur-
rently be specified. We recommend that future experimental
medicine trials should explore the effects of statins in a depressed
population, possibly with elevated markers of baseline inflam-
mation, to determine whether early changes in emotional pro-
cessing might predict subsequent beneficial effects on clinical
symptoms of depression and anxiety.
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