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Abstract 

Background: Although lithium is considered the gold‑standard treatment for bipolar disorder (BD), it is associated 
with a variety of major endocrine and metabolic side effects, including parathyroid hormone (PTH) dependent hyper‑
calcemia. Aside from surgery and medication discontinuation, there are limited treatments for hypercalcemia. This 
paper will assess data from a randomized controlled trial (RCT).

Methods: This is a secondary analysis of an RCT that explored the effects of atorvastatin (n = 27) versus placebo 
(n = 33) on lithium‑induced nephrogenic diabetes insipidus (NDI) in patients with BD and major depressive disorder 
(MDD) using lithium (n = 60), over a 12‑week period. This secondary analysis will explore serum calcium levels and 
thyroid stimulating hormone (TSH) measured at baseline, week 4, and week 12.

Results: At 12‑weeks follow‑up while adjusting results for baseline, linear regression analyses found that corrected 
serum calcium levels were significantly lower in the treatment group (mean (M) = 2.30 mmol/L, standard deviation 
(SD) = 0.07) compared to the placebo group (M = 2.33 mmol/L, SD = 0.07) (β = − 0.03 (95% C.I.; − 0.0662, − 0.0035), 
p = 0.03) for lithium users. There were no significant changes in TSH.

Conclusion: In lithium users with relatively normal calcium levels, receiving atorvastatin was associated with a 
decrease in serum calcium levels. Although exciting, this is a preliminary finding that needs further investigation with 
hypercalcemic patients. Future RCTs could examine whether atorvastatin can treat PTH dependent hypercalcemia 
due to lithium and other causes.
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Background
Bipolar disorder (BD) affects over 800,000 Canadians 
at least once in their life [1]. Lithium is considered the 
gold standard treatment for BD and treatment-resist-
ant major depressive disorder (MDD), with 30–40% of 
patients responding better to lithium than any other 
treatments [2, 3]. However, lithium’s use has declined 
in the last three decades due to the risk of chronic kid-
ney disease and other adverse effects, with only 8% of 
BD patients currently receiving this drug in America 
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[4–7]. There are complementary and alternative thera-
pies that can be used in conjunction with medications 
for BD, but lithium remains as the gold standard [8].

One of lithium’s important endocrine and metabolic 
adverse effects is hypercalcemia [9]. Health Canada 
and the U.S Food and Drug Administration (FDA) 
issued a black-box warning for lithium highlighting 
the risk of hypercalcemia and hyperparathyroidism 
[10, 11]. They have advised monitoring calcium lev-
els throughout treatment and if hypercalcemia occurs, 
lithium withdrawal may be necessary as there are lim-
ited treatment options [11]. Approximately 2.0% of 
non-geriatric and 5.1% of geriatric lithium users have 
hypercalcemia and 23% of users have elevated PTH 
levels [12]. Lithium can alter calcium concentrations 
by increasing reabsorption of calcium within the loop 
of Henle and may also interfere with feedback mecha-
nisms in the parathyroid, therefore preventing the sup-
pression of parathyroid hormone (PTH) when calcium 
levels are high [13]. Hypercalcemia and hyperparathy-
roidism, can lead to acute kidney injury, chronic kid-
ney disease, nervous system defects, and decreased 
skeletal health [4, 5, 14]. To date, surgery is the rec-
ommended treatment for hyperparathyroidism for 
patients with parathyroid adenomas and hyperplasia 
with symptoms caused by hypercalcemia [15]. The 
other unpalatable option to treat lithium-associated 
hypercalcemia is lithium discontinuation, which is 
associated with very high (> 33–50%) rates of mood 
disorder relapse [16, 17].

An additional metabolic side effect of lithium is 
hypothyroidism [4]. Lithium users have a two-fold 
increased risk of hypothyroidism in comparison to the 
general population [12], and 33% of chronic lithium 
users over 65 years of age developed hypothyroidism, 
usually within 1–7 years of initiation [18].

New treatments for lithium-associated adverse 
effects are needed. Observational and animal data 
suggest that statins may be helpful to improve lith-
ium-induced nephrogenic diabetes insipidus (NDI) 
[19–21]. NDI is closely linked to other adverse effects 
associated with lithium use [22], and can have shared 
mechanisms (e.g. GSK3Beta inhibition with lithium 
use has been linked to effects on kidney function, 
diabetes, cancer) [23–25]. Thus, statins, given their 
pleiotropic effects, could be explored as a potential 
candidate for reducing serum calcium and other endo-
crine/metabolic adverse effects.

This secondary analysis of a randomized controlled 
trial (RCT) will assess whether atorvastatin use in 
lithium users can have an effect on serum calcium and 
thyroid stimulating hormone (TSH) [26–28].

Methods
Participants and study design
Data will be used from a pre-existing large double blind 
RCT conducted on lithium users to assess the effect of 
atorvastatin (20 mg/day) vs placebo on lithium induced 
NDI in patients with BD (n = 54) and MDD (n = 6). This 
double-blind RCT (Clinicaltrials.gov ID: NCT02967653) 
was conducted over a 12-week period [26–28]. For this 
secondary analysis, the RCT data will be used to assess 
whether atorvastatin versus placebo can reduce calcium 
levels in lithium users with BD and MDD. This study was 
approved by the local research ethics board at Douglas 
Mental Health University Institute (DMHUI), McGill 
University Health Centre (MUHC), and Jewish General 
Hospital (JGH) in Montreal, Canada and took place at 
these hospitals.

Participants were required to provide written informed 
consent prior to participating. Participants were consid-
ered eligible if they met the following inclusion criteria: 
18–85 years old, psychiatric diagnosis of BD or MDD, 
currently using lithium for at least 2 months prior, and 
have partial NDI (urine osmolality of < 600 mOsm/Kg) or 
complete NDI (urine osmolality of < 300 mOsm/Kg). Par-
ticipants not meeting this criteria were excluded from the 
study. A sample of n = 60 participants will allow an effect 
size of 0.34 at two-tailed alpha = 0.05 and Power (1-Beta) 
=0.8 [28]. For the detailed study methodology and Con-
sort Diagram, refer to the study protocol and the original 
RCT [26–28].

Intervention and control group
Participants were randomly assigned 1:1 to the interven-
tion group (20 mg/day atorvastatin for 12 weeks) or pla-
cebo control group. The placebo control group received 
a placebo pill that was similar to the atorvastatin pill for 
the duration of the 12 weeks. Over the 12-week period, 
participants were closely monitored and required to visit 
the data collection site (DMHUI, JGH or MUHC) at 
baseline, week 4, and week 12 for testing.

Outcomes
Upon each visit, blood and urine samples were col-
lected after a mandatory 10-hour water restriction and a 
12-hour fasting period. A variety of other tests took place 
to ensure safety of patients, including mood assessments 
and questionnaires (refer to study protocol and original 
RCT) [28].

This secondary analysis will assess serum calcium, 
thyroid stimulating hormone (TSH), and low-density 
lipoproteins (LDL) that were previously collected in 
the original RCT. LDL was previously reported in the 
original RCT [27]. Established literature and medical 
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guidelines were used to determine which values were 
considered within normal ranges for all blood and urine 
tests [29–31].

The outcomes for this study are changes in serum cal-
cium levels and TSH at 12-weeks follow-up adjusted for 
baseline in the atorvastatin compared to placebo group. 
LDL levels will be used as a proxy for atorvastatin treat-
ment adherence (in addition to pill counts). All lab tests 
were collected at the same laboratory (DMHUI) through-
out the study.

Data analysis
Demographic characteristics were described using 
descriptive statistics (e.g., mean and standard devia-
tion or frequency and percentages). To assess adequacy 
of randomization, baseline clinical and demographic 
characteristics were compared in the treatment versus 
placebo group using Chi-square, Mann-Whitney U, and 
t-tests. Normality was assessed using the Shapiro-Wilk 
Test and a linear regression model was used to assess the 
relationship between continuous variables. For the study 
outcomes, linear regressions were used to assess the dif-
ferences in the treatment versus placebo group between 
the adjusted baseline and week 12. For this analysis, a lin-
ear regression model is used where the change in calcium 
from baseline to 12 week is treated as a dependent vari-
able while adjusting for possible confounders/covariates 
and baseline value. The current international standard 
used by biostatisticians recommends that when assessing 
continuous variables in RCTs that a linear regression of 
raw scores adjusted for baselines should be used [32]. All 
statistical analyses were computed on The R Project and 
Statistical Package for the Social Science (SPSS) software 
version 25.0. Statistical significance was set to a p-value 
of less than or equal to 0.05.

Results
Demographic characteristics
A total of 60 participants (35 females, 25 males) were 
recruited for this study, with four participants dropping 
out (Retention Rate = 93.3%). There were 27 partici-
pants (48.1% females, 51.9% males) who were randomly 
assigned to the treatment group and 33 (66.7% females, 
33.3% males) assigned to the placebo group. There were 
no significant differences in demographics characteris-
tics between the treatment and placebo group except that 
participants in the treatment group had: a higher degree 
of education (χ2 = 9.696, p = 0.021) and a lower preva-
lence of antidepressant use (χ2 = 4.42, p = 0.035). Table 1 
shows additional demographic and clinical characteris-
tics of the study.

Study outcome
After adjusting for baseline values, corrected calcium 
levels at 12-week follow-up were significantly lower in 
the treatment group (Mean (M) = 2.30 mmol/L, Stand-
ard Deviations (SD) = 0.07) compared to the placebo 
group (M = 2.33 mmol/L, SD = 0.07) (β = − 0.03 (95% 
C.I.; − 0.07, − 0.0035), p = 0.03) (Table  2, Fig.  1). There 
were no reports of patients with hypercalcemic or hypoc-
alcemic serum calcium levels in this sample at base-
line – the maximum serum calcium level was 2.62, with 
a minority of patients with a baseline serum calcium 
level ≥ 2.5 mmol/L, n = 2.

No statistical significance was found between the treat-
ment and placebo group for TSH (p > 0.05) (Table 2).

As expected, LDL was significantly reduced in the ator-
vastatin treatment group (M = 1.69 mmol/L, SD = 0.79) 
compared to placebo (M = 3.07 mmol/L, SD = 0.98) 
at week 12 (β = − 1.07 (95% C.I.; − 1.38, − 0.77), 
p = 4.85 ×  10− 9).

Discussion
This is the first randomized controlled trial, to our 
knowledge, that has demonstrated the potential of ator-
vastatin to lower serum calcium levels in lithium users. 
In fact, we are not aware of any human or animal studies 
that have evaluated the effect of statins on serum calcium 
levels. The main finding of our study was that serum cal-
cium levels had significantly decreased in individuals 
using atorvastatin compared to individuals in the placebo 
group who were using lithium. These results provide 
helpful preliminary information that can lead to future 
large RCTs with hypercalcemic patients.

The mechanism by which atorvastatin could improve 
calcium levels remains unclear. The ability of statins to 
have pleiotropic mechanisms such as with cancer, tes-
tosterone, androgens, diabetes, and more, makes this 
a unique drug [33–35]. It appears that several lithium-
associated adverse effects, including metabolic ones, 
occur concurrently with NDI [22]. This suggests a similar 
biological mechanism to NDI, such as effects on GSK3β 
or intracellular calcium signalling pathways. Lithium 
decreases the aquaporin 2 protein, leading to NDI, which 
can also affect calcium levels. Statins can reverse this 
effect by increasing aquaporin 2, which may play a role in 
affecting calcium levels [36]. The exact biological mecha-
nisms could be explored further.

Since we processed all calcium and other lab tests at a 
single laboratory (DMHUI) and the standard deviations 
were very narrow, laboratory error is unlikely. However, a 
mean decrease of 0.03 mmol/L relative to placebo may be 
of limited clinical relevance. Considering this study had 
a relatively normo-calcemic sample of lithium users, it is 
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possible that atorvastatin’s potential effects on serum cal-
cium were less prominent. Future RCTs can investigate 
the effect of atorvastatin on participants with diagnosed 
hypercalcemia. The inclusion/exclusion criteria required 
participants to be taking lithium for at least two months 

prior to the start of the study, however the participants 
were mostly long-term lithium users with more than 
5–10 years of lithium use (average age 50.7 years). Lith-
ium adverse effects are generally more reversible when 
lithium use is < 5–10 years [37], therefore these effects of 

Table 1 Mean and standard deviation values or percent and number of participants for demographic characteristics in the treatment 
and placebo group

Variable Atorvastatin Group
(n = 27) Mean (SD) or %(n)

Placebo 
Group
(n = 33) Mean 
(SD) or %(n)

Demographic Characteristics
 Mean Age 47.81 (13.75) 53.12 (11.79)

 Gender

  Female 48.1% (n = 13) 66.7% (n = 22)

  Male 51.9% (n = 14) 33.3% (n = 11)

 Level of Education

  Elementary School 1.6% (n = 1) 0% (n = 0)

  High School 16.7% (n = 10) 26.7% (n = 16)

  University (Bachelor) 16.7% (n = 10) 28.3% (n = 17)

  University (Professional, Graduate Degree) 10.0% (n = 6) 0% (n = 0)

Lithium Use Variables
 Lithium Dose (First visit) 857.69 (246.85) 761.66 (323.95)

 Serum Lithium Level (First visit) 0.607 (0.16) 0.603 (0.19)

Psychiatric and Medical History
 Bipolar Disorder 88.88% (n = 24) 90.9% (n = 30)

 Unipolar Depression 11.11% (n = 3) 9.09% (n = 3)

 Number of past mood episodes 4.92 (1.62) 5.0 (1.52)

 Number of past manic episodes 3.11 (2.26) 4.12 (3.35)

 Number of Medications 4.89 (1.50) 4.82 (1.45)

 Number of psychotropics medications 3.52 (1.87) 3.64 (1.75)

 Patients taking antipsychotics 0.70 (0.47) 0.67 (0.48)

 Patients taking antidepressants 0.33 (0.48) 0.61 (0.50)

 Patients taking Valproate 0.15 (0.36) 0.06 (0.24)

 Patients taking Lamotrigine 0.19 (0.40) 0.24 (0.44)

 Patients taking Benzodiazepines 0.15 (0.36) 0.24 (0.44)

Table 2 Mean, standard deviation, confidence intervals, and p‑values for the study outcomes for the treatment and placebo group

Variable Visit Atorvastatin
Mean (SD)

Placebo
Mean (SD)

Statistics
β̂1 (95% CI)

Corrected Serum Calcium 
(mmol/L)

1 2.34 (0.06) 2.34 (0.10) −0.03 (−0.0662, − 0.0035)
p = 0.03362 2.31 (0.10) 2.34 (0.10)

3 2.30 (0.07) 2.33 (0.07)

TSH (mU/L) 1 2.12 (1.27) 2.36 (1.19) −0.27 (−0.8467, 0.3029)
p = 0.35822 5.86 (18.70) 2.30 (1.29)

3 1.89 (1.19) 2.34 (1.23)

LDL (mmol/L) 1 2.60 (0.67) 2.98 (0.99) −1.07 (−1.3793, −0.7661)
p = 4.85 × 10−9

2 1.76 (0.60) 3.05 (1.01)

3 1.69 (0.79) 3.07 (0.98)
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lowering serum calcium levels may be more prominent in 
other samples with patients who have more recently initi-
ated lithium. To assess clinical significance, studies must 
assess the effect of statins on patients with hypercalcemia 
or recent initiation of lithium.

There were no significant effects of atorvastatin on 
TSH. According to the literature, statins could decrease 
TSH levels [38], or could have no significant effect on 
TSH levels [39]. Hypothyroidism has been described to 
occur during the first seven years of lithium treatment 
and it is often treated by lithium discontinuation or thy-
roid replacement therapy once hypothyroidism is diag-
nosed [18, 40]. The effect of statins may have been less 
compelling in our short-term treatment trial but could 
be tested in a longer-term lithium-associated hypothy-
roidism prevention study. Future RCTs can also monitor 
triiodothyronine (T3) and thyroxine (T4) to examine the 
mechanism by which atorvastatin affects the thyroid.

Statins are traditionally used to reduce cholesterol 
levels, specifically LDL. As the levels of LDL were sig-
nificantly reduced in the treatment group after receiving 
atorvastatin, relative to the placebo group, it indicated 
that there was patient adherence in taking atorvastatin.

Strengths and limitations
A strength of this study was the use of a randomized 
double-blind placebo-controlled study design. This type 
of design allowed for the mitigation of potential biases 
in researchers and participants (e.g., demand charac-
teristics). Additionally, the placebo-controlled and lon-
gitudinal aspect of this study was useful for baseline 
comparisons to measure the actual effect of the treat-
ment group over time. One possible limitation is that 

this sample only included participants with partial or 
complete NDI (the parent RCT was designed to assess 
whether atorvastatin could treat NDI), which may theo-
retically limit generalizability to non-NDI lithium users. 
Another limitation was the modest sample size and small 
effect size. Since this was a secondary analysis of a par-
ent RCT, we were unfortunately missing systematic data 
examining vitamin D, dietary calcium intake, food fre-
quency questionnaire, 24-hour dietary recall, 3-day die-
tary record, serum PTH, serum proteins, serum albumin, 
urinary calcium, ACE inhibitors/ARBs, loop diuretics or 
NSAIDs [41, 42]. Our findings that serum calcium sta-
tistically decreased in atorvastatin users were nonethe-
less exciting, and the next steps would be examining the 
effect of atorvastatin while measuring for these variables 
in a sample with hyperparathyroidism and hypercalce-
mia. Hyperparathyroidism is relatively more common 
in older adults and females – our findings may be par-
ticularly relevant in that subpopulation of lithium users, 
which could be assessed in future studies.

Conclusion
We found that atorvastatin use may reduce serum cal-
cium levels in lithium users. This study was the first to 
demonstrate a link between statin effects and calcium. 
This effect occurred rapidly within 12 weeks of treatment 
on a normo-calcemic sample, thus, future studies are 
needed to assess proper dosing and duration of atorvas-
tatin use in a hypercalcemic sample. We propose that the 
calcium-reducing effects of statins may not solely be lim-
ited to lithium users and may be beneficial to other forms 
of hyperparathyroidism and PTH-dependent hypercal-
cemia. Future studies can assess clinical significance, 

Fig. 1 Change in serum calcium (mmol/L) in Atorvastatin versus placebo at baseline, week 4, and week 12 with standard error bars
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explore mechanism behind statin pathway and calcium 
metabolism, and confirm whether statins can reduce cal-
cium in patients with hypercalcemia.
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