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Lithium from breast-milk inhibits thyroid iodine uptake and
hormone production, which are remedied by maternal iodine
supplementation
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Procedure: We developed a rat lithium and breast-feeding model at human therapeu-
tic levels to study the effects of lithium exposure through breast-milk on pups’ thyroid
function. Novel laser analytical spectroscopy, along with traditional blood and immu-
nohistochemical tests, were applied to further investigate the mechanisms behind the
thyroid dysfunction. Maternal iodine supplementation was evaluated as a therapeutic
method to address the pups’ thyroid dysfunction.

Results: Pups exposed to lithium via breastmilk, even with the dam on a sub-
therapeutic level, experienced weight gain, reduced blood thyroxine (T,), and elevated

blood urea nitrogen, indicating effects on thyroid and kidney function. We show that

lithium inhibited iodine uptake by thyroid follicles, initiating a mechanism that reduced
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1 | INTRODUCTION

Bipolar disorder (BD) is a severe psychiatric illness affecting be-
tween 2% and 3% of the general population and considered amongst
the ten leading causes of reduction in disability-adjusted life years
(World Health Organization, WHO).1? Lithium salts are considered
one of the most effective prophylactic treatments of BD® and one a
top choice in most bipolar guidelines.

Importantly, many patients who respond well to lithium do
not respond well to other treatments.* However, lithium's bene-
fits come, for some patients, at a cost as long term use of lith-
ium can lead to reduced thyroid function as well as other adverse
effects including a risk of kidney damage.s’8 Some of these con-
cerns are particularly relevant in relation to pregnancy and breast
feeding. Women with BD are at especially high risk of relapse in
the postpartum period (meta-analysis estimated the risk at 38%),
especially without medication (66%).7 While lithium can be effec-
tive, its benefits need to be weighed against the possible risk from
exposure of infants to lithium in breast milk. Only few and lim-
ited human studies have examined the effects of lithium during
the breast-feeding period.’°2 In absence of strong data, many
current practices and guidelines in post-partum often discourage
the use of lithium during breast-feeding, due to sleep loss for the
mother and transient abnormalities of thyroid-stimulating hor-
mone, blood urea nitrogen, and creatinine in infants.? The most
recent publications suggest that lithium should be given to nursing

mothers “with caution” *®

and “with monthly monitoring of blood
lithium concentration”,** but other experts advise against breast-
feeding altogether.!® The downside of these recommendations
is the loss of the breastfeeding benefits both to the infant and
the mother.'>*¢ All of these recommendations are based on case
series only. There are several factors contributing to the paucity
of data on lithium and breastfeeding. In developed countries, the
number of potential research subjects is limited as lithium use
has decreased the last decades and many mothers on medication
choose infant formula over breast-feeding. In developing regions,
breastfeeding with lithium is more common, because lithium is
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widely use and infant formula is expensive and not always

available. Breast-feeding in developing regions occurs in 90%2°

iodination of tyrosine, thyroglobulin cleavage, and thyroid hormone production.
Importantly, infant thyroid function can be significantly improved by administering
supplementary iodine to the medicated dam's diet during breast-feeding.

Conclusion: These results elucidate the mechanisms of lithium in thyroid function,
provide valuable information on use postpartum, and suggest a clinically applicable
remedy to side-effects. The results are particularly important for patients (and their

infants) who respond well to lithium and need, or choose, to breast-feed.

analytical chemistry, bipolar disorder, endocrinology, lithium, pediatrics, psychiatry

of mothers, but a limited research infrastructure in these coun-
tries hampers the research potential. Last but not least, the low
mass lithium atom is difficult to detect at trace levels (mmol/L) in
small, solid biological samples (um3—mm?) using traditional ana-
lytical methods such as mass spectroscopy and electrochemistry.
Lithium has been detected in blood plasma by capillary ion anal-
ysis?? and in brain tissue by neutron activation analysis.??> These
available techniques are less suited for rapid and in situ analysis of
solid biological samples in the pm®—mm? range.

In our study, we used an animal model of nursing with and with-
out lithium, in combination with a highly sensitive method of measur-
ing low lithium concentrations. Our aim was to test to what extent is
lithium detectable in maternal milk and whether it affects the nursed
pups’ development. We hypothesize that lithium will reach the pups
and significantly affect thyroid funding by inhibiting thyroid iodine
uptake, similar to our earlier observations in adult rats.?>?* Based on
the above findings, we also tested whether it was possible to reverse
the adverse effects of lithium on pup thyroid function by iodine sup-

plementation of the nursing rats (ie. mothers).

2 | METHODS

2.1 | Overview

In this study, we developed a rat lithium and breast-feeding
model adapted from our earlier adult model.?*"?° Nursing
mother rats received lithium at human therapeutic levels
(1000 mg/12 hours/50 kg) and effects on their pups were studied
at the organ, tissue, cell, molecular, and ion levels. This model is free
of confounding by indication (the underlying maternal disease) and
lithium doses are well-controlled. Lithium was primarily analyzed
using laser induced breakdown spectroscopy (LIBS), a novel method
highly sensitive to lithium in small samples of.23>72¢ LIBS was per-
formed on thyroid tissues. The LIBS laser ablates an ~um?® volume of
sample to obtain a spectrum. The spectrum contains emission lines
corresponding to elements present in the sample. The amplitude of
aline is directly related to the amount of the element in the sample.
LIBS is also highly sensitive to other low mass and biologically im-
portant elements such as lithium, sodium, magnesium, potassium,
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and calcium.?®-?8 Note that rat samples are very small compared
with human samples, making LIBS very important for this study. For
further details on data acquisition, analysis, and instrumentation of
LIBS, see Data S1. Blood and breast-milk from the dams were ana-
lyzed for lithium using inductively coupled plasma mass spectrom-
etry (ICP-MS) and LIBS respectively. Blood from pups was analyzed
for lithium, along with total thyroxine (T4), free T,, free triiodothy-
ronine (T3)y thyroid stimulating hormones (TSH), and urea nitrogen
(BUN), during, shortly after, and long after breast-feeding. T, T,
and TSH are markers of thyroid function and BUN is a marker of
kidney function. Pup body weight was monitored throughout the
study. Pups were behaviorally assessed using a forced-swim test
during breast-feeding. The thyroids and brains of pups underwent
trace element analysis for lithium, iodine, sodium, potassium, and
calcium during and shortly after breast-feeding. Based on the blood
test results, thyroid was further analyzed for thyroglobulin expres-
sion during breast-feeding. Finally, we tested whether it is possible
to reverse the adverse effects of lithium on pups’ thyroid function
by iodine supplementation of the nursing rats. The study overview

is graphically presented in Figure 1.

2.2 | Animals

Pregnant female Sprague Dawley rats (SD) (N = 26, weight 350—
450 g) entered the study at one week prior to giving birth. The rats
were provided by the AAALAC accredited Laboratory Animal Unit
of the University of Hong Kong. All the animals were housed indi-
vidually in the Laboratory Animal Research Unit (LARU) of the City
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University of Hong Kong. The unit had 12/12 hour light/dark cycles,
constant temperature of 25°C, and humidity of 60% to 70%. Dams
had regular access to chow food and drinking water. Each mother's
delivery day was noted. On the fourth day postpartum (postna-
tal day 4 for the pups, P4), all pups (hereon referred to as pups or
subjects) from each mother were weighed and the N = 12 heaviest
were chosen for breast-feeding, with equal numbers of males and
females. Fixing the litter size is necessary as rats of this age can
deliver 12-18 pups, with the variability affecting subsequent analy-
ses. This study employed three time points: P18 (during nursing),
P25 (shortly after weaning), and P60 (long after weaning). Note that
the rat nursing period is approximately 21 days. There were a total
of 26 x 12=312 subjects in this study. There were N = 18 (N = 7
control, N = 7 lithium, and N = 4 lithium+iodine) dams rearing P18
pups, N = 6 (N = 3 control and N = 3 lithium) rearing P25 pups, and
N =2 (N =1 control and N = 1 lithium) rearing P60 pups. The pups
underwent a range of analyses at the time points, including blood
testing, analytical spectroscopy, and immunohistochemistry. This
study was approved by the animal research ethics committees of
the City University of Hong Kong, the University of Hong Kong, and
the Department of Health of the Hong Kong Special Administrative
Region.

2.3 | Lithium preparation and administration

Lithium carbonate (Li,CO,, 62470-100G-F) was purchased from
Sigma Aldrich (USA). For Li treated dams, we used a dose of
1000 mg per 12 hours of Li,CO, per 50 kilogram of body weight,

FIGURE 1 Work flow of the study and illustration of methodology. Groups of lithium (N = 11), control (N = 11) and lithium+iodine

(N = 4) dams (mother rats) on the left giving birth to pups. Each litter was reduced to 12 pups only. The mother's breast milk is analyzed

with LIBS. The pups (N = 312) from all groups at time points postnatal day (P) 18, P25 and P40 go through body weight measurements

(N = 312), immunohistochemistry (N = 24), forced swimming (N = 48), blood measurements (Li, urea nitrogen, total thyroxine (T,), free T,, free
trilodothyronine (Ts), thyroid stimulating hormone (TSH)) (N = 240) and multi-elemental spectroscopy methods (N = 48)
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resulting in plasma Li level of ~0.5 mmol/L (see Figure S1, at the
lower end of the therapeutic window for humans.?’ This measure-
ment was taken at P18 after the pups were removed for analy-
sis. Prior to administering Li,CO, the animals were weighed daily.
Subsequently, subject specific 1 ml solutions of Li,CO, were pre-
pared to the right concentration in individual 10 ml tubes. The
Li,CO, salt was dissolved into distilled water with the help of mag-
netic stirring for 30 minutes at room temperature. Later, the re-
spective 1 ml solutions were fed using gavage. This daily regimen
of lithium treatment was continued throughout the nursing period
(P4 to approximately P21). Control mothers (N = 11) were similarly
gavaged with water only.

2.4 | lodine supplement preparation and
administration

Molecular iodine (l,, 326143-100G) was purchased from Sigma
Aldrich (USA). A 0.05% iodine solution was prepared by adding 0.5 g
of crystal molecular iodine to 1000 ml of distilled water. To dissolve
the iodine completely, the solutes were magnetically stirred in a
light-sealed beaker for 48 hours at room temperature. Each time a
fresh 0.05% (500 pg/ml) iodine solution was prepared, it was placed
in light-sealed 500 ml drinking bottles. The bottle was placed in the
cage of a breast-feeding dam administered lithium supplemented
with iodine (lithium+iodine). The water intake of adult rats weighing
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FIGURE 2 Health assessment of pups. (A) Group-averaged LIBS spectra from the breast milk of control lactating dams (N = 3) and lithium
treated dams (N = 3) expanded about 670 nm. A lithium (Li) emission line is observed in the milk of treated subjects only at 670.7 nm. (B)
Blood lithium levels in breast-fed pups (N = 24) during (P18), shortly after (P25), and long after (P60) breast-feeding. Lithium is detected

in the blood of pups of lithium treated dams during breast-feeding only. (C) Body weight of pups at P18 (N = 268) and P25 (N = 48). Body
weights at P60 (N = 24) are shown in Figure S2. In general, pups exposed to lithium weigh slightly more and the difference is statistically

significant (p < 0.05) during breast-feeding. (D) Blood urea nitrogen (BUN) levels in pups (N = 24) at P18 and P25. BUN is reduced in lithium
pups during breast-feeding, indicating transient kidney dysfunction. (E) Blood total thyroxine (T,) in pups (N = 24) at P18, P25, and P60. In
general, total T, is lower in lithium pups, indicating prolonged inhibition of thyroid hormone production. Combined with the increased body
weight, total T, reduction indicates that breast-fed pups of medicated dams suffer symptoms similar to those of hypothyroidism. (F-H) show
blood free T, and triiodothyronine (T,), and thyroid stimulating hormones (TSH) in pups (N = 72) at P18. Both free T, and free T, show the
same reduction trend with Li as total T4, but the effect is less. Therefore, inhibition of thyroid hormone production does not lead to clinically
significant effects. This is likely due to the compensatory increase of TSH production with Li. Blood lithium was measured by ICP-MS while
BUN, total T, free T, free T3 and TSH were measured by ELISA. (i) Swimming times on the forced swim test (N = 24) at P18. There are no
differences i |n depresswe like behavior in the two groups. This remains the case at P25 (see Figure S2)
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400 to 600 g is around 50 to 70 ml, respectively, per day.° The sup-
plemented iodine dose in our work ranged from 2 to 3 mg/day for
the lithium+iodine group. Note that the breast-fed pups likely re-
ceived a considerably lower iodine intake. The period of iodine sup-
plementation extended from day P4 to day P18. Note that the rat
chow (Labdiet 5053) given to dams contained 0.97 ppm of lodine,
which roughly equates to a normal iodine diet ranging from 2 to
7 ug/day.3*%2 Note that the pups received this indirectly through
the breast milk.

2.5 | Statistical analysis

Body weight, blood lithium, total T, free T, free T,, TSH, BUN, and/
or swimming duration were compared between control and lithium
pups at P18 and P25 using one-way analysis of variance (ANOVA)
at each time point. Post-hoc testing was performed with Tukey's
test. At P60, body weight and total T, were compared. Total T,, free
T, free T,, TSH, and body weight were compared between control,
lithium, and lithium+iodine pups at P18 using two-way ANOVA with
post-hoc test. Trace element contents were compared between con-
trol and lithium pups at P18 and P25 using one-way ANOVA with
post-hoc test at each time point. For elements measured by both
LIBS and the energy dispersive x-ray fluorescence (XRF) spectros-
copy (eg. iodine), separate analyses were performed for the two
spectroscopy methods. Optical densities (of thyroglobulin for thy-
roids) from control, lithium, and lithium+iodine pups were compared
by one-way ANOVA. A p-value threshold of 0.05 was considered
statistically significant.

2.6 | Analytical methods

Breast milk, blood, and tissue samples were analyzed with a range of
methods for analytes such as lithium and various thyroid hormones.
The analytical methods included laser induced breakdown spectros-
copy, x-ray fluorescence spectroscopy (XRF), enzyme-linked immu-
nosorbent assay (ELISA), ICP-MS, immunohistochemical staining,
and forced-swim test. Refer to Data S1 for details on these methods,

including sample preparation, data acquisition, and data processing.

TABLE 1 Displays the barplots of
Figure 2 (panels b-i) in table form.
Only P18 and P25 values are shown.
Abbreviations: limit of detection (LOD),
blood urea nitrogen (BUN), thyroxine
(T,), triiodothyronine (T,) and thyroid
stimulating hormone (TSH)

Blood Li (mmol/L)
Weight (g)

BUN (nmol/L)

T, (hmol/L)

Free T, (pmol/L)
Free T, (pmol/L)
TSH (mlU/ml)

Swim time (sec)

3 | RESULTS

Figure 2(A) shows the group averaged LIBS spectra obtained from
breast milk samples of control (black) and lithium treated dams (red)
at the P18 time point. The control spectrum does not show any
lithium emission line while the treated spectrum shows a prominent
line at 670.7 nm, which belongs to lithium. This shows the pres-
ence of Li in the breast milk of the dams administered with lithium.
The unnormalized intensity for lithium in breast milk is 672 + 132
arbitrary unit (a.u.) from the treated subject. Breast milk is likely
lithium's route of entry from medicated dam to breast-fed pups. It
is noteworthy that no comprehensive studies have been reported
on the impact of lithium on the lactation process.!® Figure 2(B)
shows the pup blood lithium concentrations in mmol/L at P18 and
P25. Note that the barplots in Figure 2 are also shown in table form
in Table 1. No lithium (below limit of detection of 0.007 umol/L)
was found in controls, whereas 0.075 = 0.03 mmol/L was meas-
ured in lithium exposed pups at P18 (~15% of the maternal levels).
However, no lithium was found in the blood of any pups at later
time points (also see Figure S2(A)). As the normal rat weaning pe-
riod is around P21, this suggests that lithium was cleared from the
pups’ blood shortly after weaning. Figure 2(C) shows the meas-
ured body weights from pups. Lithium treated pups were statis-
tically significantly heavier than controls at P18 (42.5 + 5.51 vs.
40.31 + 3.75 g, p < 0.05). Lithium exposed pups also appear to
weigh more than controls at P25 (74.95 + 6.2 vs. 72.31 + 4.6 g) and
P60 (333 + 68 vs. 310 + 91 g) (see Figure S2(B)), but the differ-
ences were not significant. Figure 2(D) shows the measured BUN
in nmol/L. BUN from lithium pups at P18 was significantly higher
than that of controls (6.71 £ 0.27 vs. 5.25 + 0.49 nmol/L, p < 0.05).
This indicates reduced kidney function during lithium exposure
from breast-feeding. After weaning, this difference disappeared.
The BUN in controls at P25 was 6.26 + 0.41 nmol/L and in the
lithium group it was 5.8 + 0.17 nmol/L (not significantly differ-
ent). At P60, BUN in controls was 6.06 + 0.38 nmol/L and in lith-
ium pups it was 5.9 + 0.23 nmol/L (see Figure S2(C)). Figure 2(E)
shows the blood total T, levels in nmol/L from pups. Total T, was
significantly reduced (p < 0.05) in lithium pups, compared with
controls, at P18 (67.2 + 5.21 vs. 93.41 + 10.60 nmol/L, p < 0.05)
and P25 (40.06 + 5.79 vs. 52.61 + 3.03 nmol/L, p < 0.05). Total

P18 P25

Control Lithium Control Lithium
<LOD 0.075 +0.03 <LOD <LOD
40.31+3.75 42.5+5.51 72.31+4.6 7495+ 6.2
5.25+0.49 6.71£0.27 5.8+0.17 6.26 +0.41
93.41 +10.60 67.2+5.21 52.61 +3.03 40.06 £ 5.79
11.53+2.0 1112+ 1.7

49+0.6 4.7+04

0.94 +£0.58 1.38+0.63

497.2 + 68 447 + 65
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T, was numerically lower in lithium pups at P60 (47.63 + 11.0 vs.
54.2 + 14.59 nmol/L), albeit not significantly. Figure 2(F-H) shows
free T,, free T, and TSH in pups at P18. Free T, and T, show the
same trend of Li reducing thyroid hormone output as total T,, but
the effect is less and not statistically significant. TSH is increased
in Li pups, likely as a compensatory mechanism to the Li-induced
reduction in thyroid hormone output. The impact of Li on blood
T, likely appears larger in the total T, measurement as total T, is
>99% of all T, in blood. The increased body weight, reduced total T,
and increased TSH of lithium pups suggests that Li exposure, even
indirectly through breast-milk, can inhibit thyroid hormone output,
leading to symptoms similar to those of hypothyroidism.®® The inhi-
bition persists after weaning and after lithium has cleared from the
blood. Figure 2(I) shows swimming times on the forced-swim test.
P18 pups, control, and lithium treated, perform similarly (see Figure
S2 (D) for P25).

Figure 3(A) shows the location of the thyroid in the rat. The ex-
tracted thyroid from each subject was analyzed with LIBS and XRF
to obtain the trace element information. A range of structurally and
physiologically important elements are observed with LIBS (see
Figure S3). Figure 3(B-D) shows the LIBS emission lines and inten-
sities for lithium (Li) and iodine (I). Lithium emission is observed at
670.7 nm in the thyroids of lithium treated pups at P18 and P25, but
not in control pups. Note that lithium was cleared from the blood
by P25 (see Figure 2(B)). In contrast, iodine emission at 746.9 nm
is significantly reduced in lithium pups at P18 and P25 (p < 0.05).
Other elements with levels significantly affected by lithium expo-
sure include calcium and potassium (also see Figure S4). Similar to
LIBS, XRF analysis of the same thyroids also observed that lithium
exposure significantly reduces thyroid iodine fluorescence at 427 eV
(Figure 3(Eand F), p < 0.05) at P18 and P25. Other elements with lev-
els significantly affected by lithium include chlorine and potassium
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FIGURE 3 Thyroid analysis at P18 and P25. (A) Sketch showing location of thyroid encircling the trachea. (B) Bar plots showing the mean
and standard deviation of LIBS emission intensities for lithium (Li) and iodine (l) from the thyroid glands of control (N = 12) and lithium groups
(N =12). (C) and (D) show the corresponding group averaged LIBS spectra expanded about Li and | respectively. (E) Bar plots showing the
mean and standard deviation of XRF emission intensities for | from the thyroid glands of control (N = 12) and lithium groups (N = 12). (F)
shows the corresponding group averaged XRF spectra expanded about I. (G) and (H) show representative immunohistochemical images (10X)
of thyroids stained with anti-thyroglobulin from control and lithium groups respectively. (I) and (J) are expanded views (20X) of the windows
marked on (G) and (H), respectively, showing enhanced thyroglobulin protein expression in the lithium group. Enhanced thyroglobulin
expression marked by arrow heads is obvious in the colloid (C). (k) and (I) shows the same as (G) and (H), respectively. Statistical analysis
between groups was performed with two-way ANOVA for P18 and P25, while one-way ANOVA was performed at P18 for thyroglobulin
expression. A post hoc analysis using two-tail t-test of equal variance was performed with p-value threshold of 0.05 considered statistically

significant. *indicates p < 0.05
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FIGURE 4 Inanormal thyroid follicle (ie. control), one I” ion enters the follicular cell through the sodium-iodide symporter (NIS), along
with two sodium (Na*) ions. The |I” enter the colloid where they bond with tyrosine on thyroglobulin proteins. The iodinated thyroglobulin
re-enter the follicular cell and split into T, and T, hormone molecules, which enter the blood stream. Lithium in the blood stream, such

as through breast-milk, significantly alters this process. Li is chemically similar to Na and may enter the follicular cell through the NIS.
However, the NIS cannot also bring in I~ while bringing in Li*. This leads to Li accumulation and | deficiency in the thyroid. With insufficient I,
thyroglobulin molecules are left non-iodinated, resulting in thyroglobulin accumulation and T,/T, deficiency. This leads to clinical symptoms

similar to those of hypothyroidism

(see Figure S5 and Sé). Lithium exposure through breast-milk re-
duces iodine uptake by the thyroid. This persists to at least P25,
after lithium has cleared from the blood. Note that iodine uptake
is required for the thyroid to produce the important T, and T, hor-
mones.3? Therefore, inhibition of iodine uptake is a key step in the
mechanism behind lithium inhibition of thyroid hormone production.
This likely occurs as iodine enters thyroid follicular cells through the
sodium-iodide symporter.?'g‘35 Lithium and sodium are chemically
very similar. Therefore, lithium likely blocks the symporter, prevent-
ing iodine from entering the thyroid.

Figure 3(G-L) show thyroglobulin stained sections of thyroid tis-
sue from P18 control and lithium pups. In controls, thyroglobulin is
primarily found in follicular cells, which can be located by the blue
nuclear counterstain. Follicular cells surround an unstained center
that is the colloid. In lithium pups, a number of colloids show high
thyroglobulin expression, indicating accumulation of thyroglobulin
in some follicles. The overall thyroglobulin optical densities of the
sections are significantly higher (p < 0.05) in lithium pups versus
controls. In the process of producing hormones, iodine bonds with
tyrosine molecules on thyroglobulin proteins.36 T, and T, molecules
are then cleaved from the thyroglobulin molecule and exit the thy-
roid to enter the blood and supply the body. Due to lithium impairing
thyroid iodine uptake, iodine does not bond with tyrosine and thy-
roglobulin does not split into T, and T,. Therefore, thyroglobulin ac-
cumulates, as observed in Figure 3 (G-L), and the pups suffer T, and
T, deficiency. For reference, enhanced expression of thyroglobulin
has been reported in adults receiving lithium treatment for mental
disorders.%” This mechanism of lithium inhibition of thyroid hormone

productionisillustrated in Figure 4. For reference, in our earlier work
on adult rat lithium subjects,38 lithium also elevates thyroid tyrosine
levels, likely because thyroglobulin is not splitinto T, and T,.

Figure 4 illustrates the proposed mechanism of lithium inhibiting
thyroid hormone production observed in this study. In control sub-
jects, iodide (I") ions moves from blood vessels to thyroid follicular
cells through the sodium-iodide symporter (NIS), along with two so-
dium (Na*) ions. The I” enter the colloid where they bond with tyro-
sine on thyroglobulin. The iodine helps thyroglobulin to re-enter the
follicular cell and split into T, and T, hormone molecules, which are
secreted to the blood stream. |” also iodinates the tyrosine to form
monoiodotyrosine (MIT) and diiodotyrosine (DIT). When lithium is
found in the blood stream (ie. lithium subjects), the iodination pro-
cess is significantly altered. Li* ions enter the follicular cell through
the NIS, resulting in Li accumulation and intrathyroid iodine defi-
ciency. With insufficient I~ because of Li*, thyroglobulin molecules
cannot split to secrete T, and T, hormones to the blood stream.
This in turn increases thyroglobulin in the colloid and reduces Taq
hormones.

The relationship between thyroidal iodine content and lithium
intake is in general, complicated. For example, the thyroid to serum
[T/5] ¥4 ratio was significantly increased through 38 and 95 days
animals administered with low iodine diet +lithium in contrast with
53 days for animal receiving lithium with normal iodine diet.>? The
iodine uptake was also increased. Besides, the rate of secretion
of ¥ from the thyroid was significantly decreased up to 25 days.
Lithium decreases thyroid iodine release, reduces iodide organi-
fication, and increases thyroid iodide content. On the other hand,
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lithium can cause hypothyroidism “%** by inhibiting thyroid iodine
uptake. Hypothyroidism can also be caused by low iodine. Lithium
has also been used, with reported success, to treat refractory hy-
perthyroidism, which can be caused by high iodine intake.*? Also,
excess iodine produces low thyroglobulin.43 Relating to our study,
low thyroid iodine enhances thyroglobulin expression (see Figure 3),
which is similar to the reference.** Overall, the relationship between
lithium intake and thyroid iodine content is likely affected by a num-
ber of factors, including the lithium dose, dose duration, and timing
of the iodine measurement relative to the lithium dosing.

Since thyroid uptake of iodine in lithium pups, compared with
controls, at P18 is significantly reduced, supplementing iodine may
improve iodine uptake and increase hormone production. To test
this hypothesis, we supplemented the dams’ diet with iodine during
breast-feeding. This is recommended in many breast-feeding guide-

lines,*>4¢

although the recommendations are not related to lithium
use. Figure 5(A) shows the body weights from control, lithium, and
iodine supplemented lithium pups (lithium+iodine). Note that the
barplots in Figure 5 are displayed in table form in Table 2. Figure 5(B-
E) shows blood total T, free T,, free T, and TSH levels, respectively,
from control, lithium, and lithium+iodine pups. lodine supplementa-
tion to the dam while on lithium increases pup total T, significantly
compared with lithium only pups (85.6 + 8.32 vs. 67.2 £ 5.21 nmol/L,
p < 0.05). Importantly, total T, in lithium+iodine pups is not far from
those in controls (85.6 + 8.32 vs. 93.41 + 10.60 nmol/L). Similarly,

iodine supplementation to the dam while on lithium also balances

Pups Body weight Pups total T,

TSH (1.38 £ 0.63 vs. 1.15 + 0.55 ulU/ml) when compared with con-
trols, whereas there is significant difference (p < 0.05) between lith-
ium (0.94 + 0.58 plU/ml) and control groups (1.38 + 0.63 ulU/ml).
Interestingly the effects in free T, and T, are similar, but smaller than
those observed in total T,. Body weight is not reduced after iodine
supplementation, but this is likely because children of mothers with
higher iodine levels weigh more,* independent of lithium. Thus, the
pups are likely in better health with maternal iodine supplementa-
tion.*” All in all, supplementing the dam's diet with iodine reduces
lithium inhibition of pup thyroid hormone production. This suggests
a clinically relevant remedy for lithium-induced thyroid disorders.
However, the authors note that it is important to carefully consider
the background iodine intake of specific patients prior to adminis-
tering iodine supplementation.*® Also the iodine dosage, dosing du-
ration, and dosing method (via an oral supplement to the mother, or
directly by gavage to the infant), should be futher studied.

Figure 5(F-H) shows an expanded view (20X) of anti-thyroglobulin
stained sections of thyroid tissue corresponding to the three pup
groups from Figure 5(A-E). From Figure 3, in controls, thyroglobu-
lin is primarily found in follicular cells. In lithium pups, a number of
colloids show high thyroglobulin expression. Whereas in lithium+io-
dine pups, thyroglobulin is also found in colloids (Figure 5(H)), but at
lower optical density than in lithium pups. This is likely related to the
partial recovery of total T, (Figure 5(B)) with maternal iodine supple-
mentation. The overall thyroglobulin optical densities of the sections

are significantly higher (p < 0.05) in lithium pups vs. controls and

Pups Free T, Pups Free T,

N
o
o

== (L:iontrol (A) 200 (B)

Body weight (g)

20 ©] 8 (D)

T,(pmol/L)
N

P18
4 Pups TSH
" (E)
- 1
E2
=}
=
n
B 1
0
P18
FIGURE 5

lodine supplementation of maternal diet. (A) shows the body weight of pups at P18 from control, lithium, and lithium on

supplemented iodine (dam) groups (lithium+iodine). The control and lithium group measurements are copied from Figure 2. (B)-(E) shows the
blood total T,, free T,, free T, and TSH, respectively, in pups (N = 36 each) at P18 from control, lithium, and lithium+iodine groups. Lithium
decreases T, and T, (significant for total T,) and increases TSH. lodine supplementation of the mother's diet restores total T, and TSH closer
to control levels, indicating an “improvement”. (F-H) are expanded views (20X) of anti-thyroglobulin stained sections of thyroid tissue at

P18 from control, lithium, and lithium+iodine groups respectively. (F and G) are copied from Figure 2. Lithium increases thyroglobulin in

the thyroid, especially in colloids. lodine supplementation reduces thyroglobulin expression, but unlike in controls, thyroglobulin is now
concentrated in colloids instead of follicular cells. Statistical analysis between groups was performed with one-way ANOVA at P18. A

post hoc analysis using two-tail t-test of equal variance was performed with p-value threshold of 0.05 considered statistically significant.

*indicates p < 0.05
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TABLE 2 Displays the barplots of
Figure 5 (panels a-e) in table form

Weight (g)

T, (nmol/L)

Free T, (pmol/L)
Free T, (pmol/L)
TSH (mIU/ml)

lithium+iodine group. Altogether, this thyroglobulin immunostaining
supports the blood measurements that iodine supplementation re-
duces lithium inhibition of the thyroid.

Lastly, trace element analysis of the frontal cortex of the brain
by LIBS observes lithium emission in lithium subjects at P18 and P25
(see Figure S7). No lithium is observed in controls (below limit of
detection). All elements observed by LIBS are presented in Figure
S4. Thus, lithium persists in the brain after weaning and after lithium

clears from the blood, similar to in the thyroid.

4 | DISCUSSION

We investigated lithium transmission from lithium-treated rats to
their nursed pups, and the impact of lithium in maternal milk on
health of the pups. Lithium is transmitted through breast-milk, and
exposed pups have increased body weight, reduced blood thy-
roxine (T,), and elevated blood urea nitrogen, indicating thyroid
and kidney impairment, while mothers had low therapeutic blood
lithium levels (in human scales). A transient increase in BUN is ob-
served, suggesting reduced kidney function that resolved shortly
after weaning (and lithium clearance). In contrast, lithium is not
rapidly cleared from the brain after weaning, although no behavio-
ral abnormalities are observed. In the thyroid, exposed pups have
higher TSH and reduced blood T,. These abnormalities seem re-
lated to hypothyroidism and persist after weaning, and after lithium
has been cleared from the blood. Thyroid iodine uptake is similarly
reduced during breast-feeding and shortly after. Likely due to lith-
ium's chemical similarity with sodium, lithium ions may interfere
with the sodium-iodide symporter, preventing iodine from entering
the thyroid. This initiates a mechanism where iodine cannot bind
with tyrosine molecules on thyroglobulin, resulting in accumula-
tion of thyroglobulin and under production of the key T, and T,
hormones. This results in the pups suffering from hypothyroidism
symptoms. Importantly, supplementing the dam's diet with iodine
resolves much of the pup's thyroid abnormalities. Despite recom-
mendations for adequate iodine intake for pregnant and nursing
mothers, iodine deficiency is widespread in developing countries
4% and a rapidly growing problem in developed countries.’® The
results of this study provide valuable information for doctors and
patients regarding lithium use during breast-feeding and the need
for iodine supplementation. The study also provides considerable
new insight on lithium mechanisms in the thyroid, kidney and the

P18
Control Lithium Lithium+lodine
40.31+£3.75 42.5+5.51 429 +4.6
93.41 + 10.60 67.2+5.21 85.6 £ 8.32
11.5+20 1112 +1.7 12.38+1.5
49+0.6 4.7 +04 47+04
0.94 +£0.58 1.38 £0.63 1.15+0.55

brain. In the future, iodine supplementation may be tested in pa-
tients using lithium in scenarios where existing thyroid treatments
are less suited.

ACKNOWLEDGEMENTS

This research was supported by start-up funding from the City
University of Hong Kong (project numbers 7200414 and 9610338).
The authors thank Prof John H Lazarus of Cardiff University for
providing valuable guidance on thyroid physiology and lithium

medication.

CONFLICT OF INTEREST
The authors declare no competing financial interests.

AUTHOR CONTRIBUTION
1A, VM, YL, FM, and SHM performed the experiments. ZL, CZ, SKP,
IB, and CL helped in analyzing the data. NA, MSK, RA, AWLL, Al, FR,
YZ, MA, VB, and CL contributed in writing the manuscript. IA and CL
supervised the whole work. All authors have given approval to the
final version of the manuscript.

DATA AVAILABILITY STATEMENT
The data sets used and/or analyzed during the current study are

available from the corresponding author on reasonable request.

ORCID
Sinai H. C. Manno
Ahmed Ali

Martin Alda
Condon Lau

https://orcid.org/0000-0001-6410-6873

https://orcid.org/0000-0002-2645-7258
https://orcid.org/0000-0001-9544-3944
https://orcid.org/0000-0002-6569-5814

REFERENCES

1. Merikangas KR, Akiskal HS, Angst J, et al. Lifetime and 12-Month
prevalence of bipolar spectrum disorder in the National Comorbidity
Survey replication. Arch Gen Psychiatry. 2007;64(5):543.

2. Murray CL The Global Burden of Disease: A comprehensive as-
sessment of mortality and disability from diseases, injuries, and
risk factors in 1990 and projected to 2020. Cambridge, Mass
Harvard Univ. Press behalf World Heal. Organ. Harvard Sch.
Public Heal. World Bank. 1996. http://apps.who.int/iris/bit-
stream/10665/41864/1/0965546608_eng.pdf

3. Kupka RW, Nolen WA, Post RM, McElroy SL, Altshuler LL, Denicoff
KD, et al. High rate of autoimmune thyroiditis in bipolar disor-
der: lack of association with lithium exposure. Biol Psychiatry.
2002;51(4):305-311.


https://orcid.org/0000-0001-6410-6873
https://orcid.org/0000-0001-6410-6873
https://orcid.org/0000-0002-2645-7258
https://orcid.org/0000-0002-2645-7258
https://orcid.org/0000-0001-9544-3944
https://orcid.org/0000-0001-9544-3944
https://orcid.org/0000-0002-6569-5814
https://orcid.org/0000-0002-6569-5814

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

AHMED ET AL.

BIPOILAE. IDISORDEES

Alda M Who are excellent lithium responders and why do they mat-
ter? World Psychiatry. 2017;16(3):319-320.

Rej S, Shulman K, Herrmann N Long-term effects of lithium on renal
function. Lancet. 2015;386(10007):1943-1944.

Shine B, McKnight RF, Leaver L, Geddes JR Long-term effects of
lithium on renal, thyroid, and parathyroid function: a retrospective
analysis of laboratory data. Lancet. 2015;386(9992):461-468.
Smith EG Long-term effects of lithium on renal function. Lancet.
2015;386(10007):1943.

Waring WS Delayed cardiotoxicity in chronic lithium poisoning: dis-
crepancy between serum lithium concentrations and clinical status.
Basic Clin Pharmacol Toxicol. 2007;100(5):353-355.

Wesseloo R, Kamperman AM, Munk-Olsen T, Pop VJM, Kushner
SA, Bergink V Risk of postpartum relapse in bipolar disorder and
postpartum psychosis: a systematic review and meta-analysis. Am J
Psychiatry. 2016;173(2):117-127.

Bogen DL, Sit D, Genovese A, Wisner KL. Three cases of lithium
exposure and exclusive breastfeeding. Arch Womens Ment Health.
2012;15(1):69-72.

Poels EMP, Bijma HH, Galbally M, Bergink V Lithium during preg-
nancy and after delivery: a review. Int J Bipolar Disord. 2018;6(1):26.
Viguera AC, Newport DJ, Ritchie J, Stowe Z, Whitfield T,
Mogielnicki J, et al. Lithium in Breast Milk and Nursing Infants:
Clinical Implications. Am J Psychiatry. 2007;164(2):342-345.

Wood W Lithium in pregnancy & lactation—safer than we thought?
Ment Heal Clin. 2012;2(1):8-9.

Wesseloo R, Wierdsma Al, van Kamp IL, Munk-Olsen T, Hoogendijk
WIJG, Kushner SA, et al. Lithium dosing strategies during pregnancy
and the postpartum period. Br J Psychiatry. 2017;211(1):31-36.
Galbally M, Bergink V, Vigod SN, et al. Breastfeeding and lithium: is
breast always best? The Lancet Psychiatry. 2018;534-536.

Martens PJ The Effect of Breastfeeding Education on Adolescent
Beliefs and Attitudes: A Randomized School Intervention in
the Canadian Ojibwa Community of Sagkeeng. J Hum Lact.
2001;17(3):245-255.

Jamison DT, Breman JG, Measham AR, Alleyne G, Claeson M,
Evans DB, et al. Disease Control Priorities in Developing Countries.
The International Bank for Reconstruction and Development/The
World Bank; 2006.

Meeting the Challenge in the Developing World. Neurological, psy-
chiatric, and developmental disorders. National Academies Press;
2001. http://www.nap.edu/catalog/10111

Samalin L, Vieta E, Okasha TA, et al. Management of bipolar dis-
order in the intercontinental region: an international, multicenter,
non-interventional, cross-sectional study in real-life conditions. Sci.
Rep. 2016;6(1):25920.

UNICEF. Breastfeeding: A Mother’s Gift, for Every Child | UNICEF
Publications | UNICEF. 2018. https://www.unicef.org/publicatio
ns/index_102824.html

Creson TK, Monaco PJ, Rasch EM, Hagardorn AH, Ferslew
KE Capillary ion analysis of lithium concentrations in biolog-
ical fluids and tissues of Poecilia (teleost). Electrophoresis.
1998;19(16-17):3018-3021.

Lichtinger J, Gernhduser R, Bauer A, et al. Position sensitive mea-
surement of lithium traces in brain tissue with neutrons. Med Phys.
2013;40(2):023501.

Ahmed I, Manno FAM, Manno SHC, Liu Y, Zhang Y, Lau C Detection
of lithium in breast milk and in situ elemental analysis of the mam-
mary gland. Biomedical optics express. 2018a;9(9):102-109.

Ahmed I, Yang J, Law AWL, Manno FAM, Ahmed R, Zhang Y, et al.
Rapid and in situ optical detection of trace lithium in tissues. Biomed
Opt Express. 2018b;9(9):4459.

Ahmed |, Ahmed R, Yang J, Law AWL, Zhang Y, Lau C Elemental
analysis of the thyroid by laser induced breakdown spectroscopy.
Biomed Opt Express. 2017;8(11):4865.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Manno SHC, Manno FAM, Ahmed |, et al. Spectroscopic examina-
tion of enamel staining by coffee indicates dentin erosion by se-
questration of elements. Talanta. 2018;189:550-559.

LiuY, Hsieh Y-K, Chu Y, et al. Quantitative trace elemental analysis
by laser-induced breakdown spectroscopy with dried droplet pre-
treatment. J Anal At Spectrom. 2020a;35(10).

Liu Y, Hsieh YK, Wong C, Ahmed |, Ahmed R, Shehzad Khan M,
et al. Rapid trace element analysis of microgram soft materials with
cryogenic milling and laser ablation spectroscopy. Appl Opt. 2020b;
59(26):7752-7759.

Viguera AC, Newport DJ, Ritchie J, Stowe Z, Whitfield T, Mogielnicki
J, et al. Lithium in breast milk and nursing infants: clinical implica-
tions. Am J Psychiatry. 2007b;164(2):342-345.

Claassen V, editor. Food and Water Intake. Neglected Factors
Pharmacol. Neurosci Res. Elsevier; 1994;267-87.

Kanno J, Onodera H, Furuta K, Maekawa A, Kasuga T, Hayashi Y
Tumor-promoting effects of both iodine deficiency and iodine ex-
cess in the rat thyroid. Toxicol. Pathol. 1992;20(2):226-235.

Mooij P, de Wit HJ, Drexhage HA A high iodine intake in Wistar rats
results in the development of a thyroid-associated ectopic thymic
tissue and is accompanied by a low thyroid autoimmune reactivity.
Immunology. 1994;81(2):309-316.

Segni M Disorders of the Thyroid Gland in Infancy, Childhood and
Adolescence. Endotext. MDText.com, Inc.; 2000. http://www.ncbi.
nlm.nih.gov/pubmed/25905261

Cho J-Y, Léveillé R, Kao R, Rousset B, Parlow AF, Burak WE, et al.
Hormonal regulation of radioiodide uptake activity and Na + /I -
symporter expression in mammary glands 1. J Clin Endocrinol Metab.
2000;85(8):2936-2943.

Tazebay UH, Wapnir IL, Levy O, et al. The mammary gland iodide
transporter is expressed during lactation and in breast cancer. Nat
Med. 2000;6(8):871-878.

Rousset B, Dupuy C, Miot F, Dumont J Chapter 2 Thyroid Hormone
Synthesis And Secretion. Endotext. 2000. http://www.ncbi.nlm.nih.
gov/pubmed/25905405

Baha Zantour WC, Chebbi W Lithium Treatment and Thyroid
Disorders. J Thyroid Disord Ther. 2014;03(01). http://www.omics
group.org/journals/lithium-treatment-and-thyroid-disorders-2167-
7948-1000143.php?aid=23948

Law AWL, Ahmed R, Cheung TW, Mak CY, Lau C. In situ cellular
level Raman spectroscopy of the thyroid Biomed. Opt Express.
2017;8(2):670-678.

Berens SC, Bernstein RS, Robbins J, Wolff J. Antithyroid effects of
lithium. J Clin Invest. 1970;49(7):1357-1367.

Kibirige D, Luzinda K, Ssekitoleko R Spectrum of lithium in-
duced thyroid abnormalities: A current perspective. Thyroid Res.
2013;6(1):1-5.

Lazarus JH The effects of lithium therapy on thyroid and
thyrotropin-releasing hormone. Thyroid. 1998;909-913.

Dickstein G, Shechner C, Adawi F, Kaplan J, Baron E, Ish-Shalom
S. Lithium treatment in amiodarone-induced thyrotoxicosis. Am J
Med. 1997;102(5):454-458.

Spencer CA, Takeuchi M, Kazarosyan M, et al. Serum thyro-
globulin autoantibodies: prevalence, influence on serum thyro-
globulin measurement, and prognostic significance in patients
with differentiated thyroid carcinoma 1. J Clin Endocrinol Metab.
1998;83(4):1121-1127.

Knudsen N, Biilow |, Jgrgensen T, Perrild H, Ovesen L, Laurberg P
Serum Tg—A Sensitive Marker of Thyroid Abnormalities and lodine
Deficiency in Epidemiological Studies. J Clin Endocrinol Metab.
2001;86(8):3599-3603.

Alexander EK, Pearce EN, Brent GA, Brown RS, Chen H, Dosiou
C, et al. 2017 Guidelines of the American Thyroid Association for
the diagnosis and management of thyroid disease during pregnancy
and the postpartum. Thyroid. 2017;27(3):315-389.


http://www.nap.edu/catalog/10111
https://www.unicef.org/publications/index_102824.html
https://www.unicef.org/publications/index_102824.html
http://www.ncbi.nlm.nih.gov/pubmed/25905261
http://www.ncbi.nlm.nih.gov/pubmed/25905261
http://www.ncbi.nlm.nih.gov/pubmed/25905405
http://www.ncbi.nlm.nih.gov/pubmed/25905405
http://www.omicsgroup.org/journals/lithium-treatment-and-thyroid-disorders-2167-7948-1000143.php?aid=23948
http://www.omicsgroup.org/journals/lithium-treatment-and-thyroid-disorders-2167-7948-1000143.php?aid=23948
http://www.omicsgroup.org/journals/lithium-treatment-and-thyroid-disorders-2167-7948-1000143.php?aid=23948

AHMED ET AL.

46.

47.

48.

49.

50.

Paulson JA, Baum C, Brock-Utne AC, Brumberg HL, Campbell
CC, Lanphear BP, et al. lodine deficiency, pollutant chemicals,
and the thyroid: New information on an old problem. Pediatrics.
2014;133(6)1163-1168.

Yang J, Zhu L, Li X, et al. Maternal iodine status during lactation and
infant weight and length in Henan Province, China. BMC Pregnancy
Childbirth. 2017;17(1):1-6.

Spaulding SW, Burrow GN, Ramey JN, Donabedian RK Effect of
increased iodide intake on thyroid function in subjects on chronic
lithium therapy. Acta Endocrinol. 1977;84(2):290-296.

Leung AM, Pearce EN, Braverman LE lodine nutrition in pregnancy
and lactation. Endocrinol Metab Clin NorthAm. 2011;765-777.

Panth P, Guerin G, DiMarco NM A Review of lodine Status of
Women of Reproductive Age in the USA. Biol Trace Elem Res.
2019;208-220.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Ahmed |, Ma V, Liu Y, et al. Lithium
from breast-milk inhibits thyroid iodine uptake and hormone
production, which are remedied by maternal iodine
supplementation. Bipolar Disord. 2021;00:1-11. https://doi.
org/10.1111/bdi.13047



https://doi.org/10.1111/bdi.13047
https://doi.org/10.1111/bdi.13047

