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Summary 

Elevated lipoprotein(a) (Lp(a)) levels have been found in individuals suffering from depression posing an increased risk 
of cardiovascular disease (CVD).  Efforts to effectively reduce circulating Lp(a) levels have been limited due to an 
inability to ascribe a clear cellular uptake pathway, despite multiple receptors being implicated in Lp(a) uptake. We 
report here that Lp(a) uptake is mediated by the fluid-phase endocytic process, macropinocytosis. Furthermore, serotonin 
and commonly prescribed antidepressants promote Lp(a) uptake by macropinocytosis in liver cells by increasing cell 
surface association. These findings represent a major paradigm shift in Lp(a) biology since previous studies have 
attributed Lp(a) uptake to receptor-mediated endocytosis. They also imply that treatment with antidepressants may 
improve cardiovascular as well as mental health. 

Abstract. 

Multiple receptors have been implicated in lipoprotein(a) (Lp(a)) uptake, yet each receptor only partially accounts for the 
uptake, and no endocytic pathway has been described for Lp(a) internalisation to date. In this study, we define 
macropinocytosis as the endocytic pathway responsible for internalising Lp(a). In liver and macrophage cells, Lp(a) 
uptake was dependent on extracellular calcium and inhibited by amiloride or its derivative EIPA (5-(N-ethyl-N-
isopropyl)-Amiloride). Uptake of the unique protein component of Lp(a), apolipoprotein(a) (apo(a)) alone was also 
dependent on macropinocytosis, indicating that it is the likely mediator of Lp(a) uptake. In macrophages, the tricyclic 
antidepressant, imipramine, and the selective serotonin reuptake inhibitors (SSRIs) citalopram, fluoxetine and sertraline 
all inhibited Lp(a) uptake, likely due to macrophage de-differentiation effects and dynamin inhibition (in the case of 
sertraline). In liver cells, imipramine and citalopram strongly stimulated Lp(a) uptake, while sertraline inhibited uptake. 
Imipramine and citalopram enhanced cell surface binding of Lp(a) rather than upregulating macropinocytosis per se, 
indicating that immobilisation on the plasma membrane is an important step in Lp(a) macropinocytosis. Serotonin 
treatment also increased Lp(a) cell surface binding, promoting subsequent macropinocytotic uptake, consistent with 
imipramine and citalopram boosting extracellular serotonin levels through serotonin transporter inhibition. Imipramine 
and citalopram increased Lp(a) delivery to Rab11-positive recycling endosomes which promoted recycling of the apo(a) 
component of Lp(a) into the culture media. These findings support the utility of imipramine and citalopram as promising 
Lp(a)-lowering therapeutics in people suffering from depression who often have elevated Lp(a) levels and an increased 
risk of cardiovascular disease. 

Keywords: lipoprotein(a) | macropinocytosis | endosomal sorting | atherosclerosis | selective serotonin 
reuptake inhibitors | Rab11 | depression | endocytosis | serotonin 

Introduction  

Lipoprotein(a) (Lp(a)) is a highly atherogenic form of 
low-density lipoprotein (LDL)1. Lp(a) consists of an 

LDL-like particle containing apolipoprotein-B (apoB), 
covalently bound to apolipoprotein(a) (apo(a)), a 
glycoprotein that is structurally similar to plasminogen2. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 13, 2021. ; https://doi.org/10.1101/2021.03.26.437114doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.26.437114
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Redpath, Deo et al. | Antidepressants regulate Lp(a) uptake      |2 

Lp(a) is elevated (greater than 100 nmol) in at least 20% 
of the population3 and recent data from the United 
Kingdom Biobank indicates that every 50 nmol 
increment increase in Lp(a) imparts a greater risk of 
cardiovascular disease (CVD) development4. While 
LDL is often referred to as the “bad” cholesterol, 
elevated Lp(a) levels are frequently overlooked despite 
having an equal impact on CVD development and risk5. 
Unlike with LDL, specific Lp(a) lowering treatments 
remain limited, with RNA antisense therapy targeted to 
apo(a) being the only treatment close to becoming 
clinically available6. Understanding how LDL is cleared 
from circulation by endocytosis has led to the 
development of statins and newer therapies such as 
PCSK9 inhibitors7 to lower LDL. Despite the 
importance of endocytic processes in lipoprotein 
clearance, little is known about the endocytic regulation 
of Lp(a). The inability to ascribe a clear single receptor 
that mediates Lp(a) uptake has hampered the 
development of effective therapies for Lp(a) lowering. 

Multiple receptors have been implicated in binding 
Lp(a) and mediating Lp(a) endocytic uptake into the cell 
including the LDL receptor8–11 , VLDL receptor12 and 
plasminogen receptors13, yet in each case the impact of 
each receptor on Lp(a) uptake is either inconsistent or 
only partially responsible for uptake, leaving our 
understanding of the process of Lp(a) catabolism 
incomplete11,14–17. Given the multitude of receptors 
implicated in Lp(a) uptake without any clearly defined 
mechanistic role in Lp(a) endocytosis, we hypothesised 
that Lp(a) uptake occurs via the endocytic process called 
macropinocytosis. 

There are many pathways of endocytosis identified to 
date, each with specific cargoes, activation conditions 
and functions18. Clathrin-dependent and fast endophilin 
mediated endocytosis represent mechanisms of receptor-
mediated endocytosis. In both cases, cargo/ligand 
binding to the receptor leads to the assembly of adaptor 
and coat proteins around the forming endosome which 
promote receptor and cargo internalisation19–22. In 
contrast, macropinocytosis is a calcium-dependent 
endocytic pathway where cargo is internalised via 
membrane remodelling events as opposed to receptor-
mediated initiation of endocytosis. Macropinocytosis 
requires extracellular calcium to initiate an intracellular 
signalling cascade which stimulates characteristic actin 
remodelling required for engulfment of cargoes23. To 
date a requirement for extracellular calcium has not 

been documented for other forms of endocytosis in non-
neuronal cell types22,24–26. Macropinocytosis is not 
defined by specific protein or cellular markers, although 
large dextran polymers (70 kDa and above) have been 
shown to be bona fide macropinocytosis cargo and thus 
often used as a marker of the process27.  

We determined that macropinocytosis was a key 
endocytic pathway regulating Lp(a) uptake in liver cells, 
likely through the apo(a) protein component. Consistent 
with this, we found EGTA effectively inhibited Lp(a) 
uptake in liver cells and THP-1 macrophages. Amiloride 
and its derivative EIPA effectively inhibits 
macropinocytosis by preventing activation of the 
GTPases, Rac1 and CDC42, which are required for actin 
remodelling28. Accordingly, we found that these 
inhibitors significantly diminished Lp(a) uptake in liver 
cells and macrophages, identifying macropinocytosis as 
a key endocytic mechanism in Lp(a) uptake. Using the 
tricyclic antidepressant imipramine, a recently identified 
macropinocytosis inhibitor29, we found Lp(a) uptake 
was partially inhibited in macrophages. Surprisingly, 
imipramine stimulated Lp(a) uptake in liver cells, 
leading us to determine the effects of commonly used 
selective serotonin reuptake inhibitor (SSRI) 
antidepressants on Lp(a) uptake. Citalopram also 
robustly stimulated Lp(a) uptake in liver cells while 
sertraline inhibited Lp(a) uptake, likely due to its effects 
as a dynamin inhibitor.  

Finally, we defined how imipramine and citalopram 
regulated Lp(a) uptake. Neither drug directly affected 
macropinocytosis, but stimulated Lp(a) binding to the 
cell surface. Serotonin treatment also enhanced Lp(a) 
cell surface binding and subsequent uptake by 
macropinocytosis. Imipramine and citalopram therefore 
likely exert their effects by enhancing extracellular 
serotonin levels through serotonin transporter inhibition. 
Together, these findings establish macropinocytosis as a 
key endocytic mechanism responsible for Lp(a) uptake 
and reveal that serotonin and antidepressants are 
important regulators of Lp(a) cell surface binding and 
uptake.  

 

Results 

Lp(a) uptake is mediated by macropinocytosis. 

To first establish if Lp(a) uptake occurs via 
macropinocytosis, we investigated the requirement of 
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extracellular calcium for Lp(a) uptake into HepG2 liver 
cells. Extracellular calcium was depleted from the 
cellular media using 2.5 mM EGTA for 1 hour prior to 
Lp(a) addition. Lp(a) was added to HepG2 cells for 1 
hour following which cells were fixed, permeabilised 
and Lp(a) detected. To quantify Lp(a) endocytosis, cells 
were imaged by confocal microscopy using identical 
settings within the independent experiment and image 
threshold applied to remove Lp(a) signal at the plasma 
membrane for specific identification of endosomal Lp(a) 
vesicles (Figure S1). Image quantification confirmed 
that Lp(a) uptake strictly requires extracellular calcium, 
with EGTA almost completely abolishing Lp(a) uptake 
(Figure 1A,B). 

To confirm that macropinocytosis was responsible for 
Lp(a) uptake, we utilised the widely used 
macropinocytosis inhibitor, the amiloride analogue 5-
(N-Ethyl-N-isopropyl)amiloride (EIPA)28. While EIPA 
predominantly inhibits macropinocytosis, it is also 
capable of inhibiting fast endophilin mediated 
endocytosis 21. Fast endophilin mediated endocytosis 
strictly requires growth factors present in serum21,22 
therefore to minimise any potential contribution of this 
alternate endocytic pathway, all experiments were 
performed in serum free media following a minimum of 
1 hour serum starvation. EIPA treatment in serum free 
media lead to robust inhibition of Lp(a) uptake (Figure 
1C,D) confirming macropinocytosis is an important 
endocytic mechanism for Lp(a) internalisation. 

Macropinocytosis also represents an important 
endocytic uptake mechanism for native LDL in 
macrophages during atherogenesis30,31, although 
macropinocytosis of native LDL has not been 
documented in the liver or HepG2 cells. We sought to 
exclude a contribution of the LDL moiety of Lp(a) to 
Lp(a) macropinocytosis by specifically investigating the 
apo(a) protein component. HEK923 cells were 
transfected with an apo(a)-cDNA construct fused to the 
fluorescent protein, mScarlet. Cell media was collected 
4 days post transfection, cell debris pelleted and apo(a)-
mScarlet concentrated by centrifugation of the media in 
a 100 kDa molecular weight cut off spin column. 
Concentrated apo(a)-mScarlet did not contain any apoB 
(Figure S2A) and was capable of forming Lp(a) when 
incubated with plasma from a human apoB expressing 
mouse (Figure S2B). We concluded that concentrated 
apo(a)-mScarlet was an appropriate system for probing 
the function of apo(a) alone. Inhibition of 
macropinocytosis with EIPA in serum free media also 
inhibited apo(a)-mScarlet uptake (Figure 1E,F). Lp(a) 
macropinocytosis is therefore likely mediated by the 
apo(a) component of Lp(a). 

We next sought to confirm that Lp(a) uptake by 
macropinocytosis was not specific to HepG2 cells, but 
rather represents a broad endocytic mechanism of Lp(a) 
internalisation. We differentiated THP-1 monocytes into 
macrophages using PMA32. EGTA (Figure 2A,B) and 
amiloride (Figure 2C,D) inhibited Lp(a) uptake, 
supporting Lp(a) uptake being regulated by 
macropinocytosis. To provide additional confirmation 
that Lp(a) uptake is regulated by macropinocytosis we 
used the tricyclic antidepressant imipramine, which has 
been recently identified as a macropinocytosis inhibitor 
in macrophages29. Imipramine inhibited both Lp(a) 
uptake and 70 kDa dextran uptake (Figure 2E-H), 
providing further confirmation that macropinocytosis is 
responsible for Lp(a) uptake. 

Antidepressants are modulators of Lp(a) uptake. 

Antidepressants have been long observed to increase 
circulating HDL and LDL levels33–37. As imipramine 
inhibited Lp(a) uptake in THP-1 macrophages, we tested 
whether clinically utilised SSRI antidepressants could 
modulate Lp(a) uptake. The SSRIs citalopram, 
fluoxetine and sertraline all inhibited Lp(a) and dextran 
uptake into differentiated THP-1 macrophages following 
overnight treatment (Figure 2G-H), indicating SSRIs 
reduce Lp(a) uptake into macrophages by inhibiting 
macropinocytosis. 

We next evaluated the effects of antidepressants in 
HepG2 cells. Unexpectedly, imipramine treatment 
stimulated Lp(a) uptake in HepG2 cells in a 
concentration-dependent manner (Figure 3A,B). 
Treatment of HepG2 cells with 20 µM imipramine 
overnight lead to an average ~280% increase in Lp(a) 
uptake across seven independent experiments (Figure 
3C), strongly indicating that imipramine is a robust 
stimulator of Lp(a) uptake into liver cells. 

Similar to imipramine, overnight treatment with the 
SSRI citalopram induced robust, concentration-
dependent increases in Lp(a) uptake (Figure 3D-F). The 
SSRIs fluoxetine and sertraline were applied for 2 hours 
prior to Lp(a) uptake as overnight treatments were not 
well tolerated in HepG2 cells. Fluoxetine did not alter 
Lp(a) uptake (Figure 3G-I). In contrast, sertraline 
induced a concentration-dependent inhibition of Lp(a) 
uptake (Figure 3J-L). Unexpectedly, dextran uptake was 
not increased with imipramine or citalopram treatment 
and was inhibited by fluoxetine and sertraline treatments 
(Figure 3M,N). Imipramine and citalopram therefore do 
not stimulate Lp(a) uptake by specifically inducing 
macropinocytosis in liver cells.  
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We explored the discordant results between macrophage 
and liver cells with respect to the effects of imipramine 
and citalopram.  Both drugs are previously established 
de-differentiators of THP-1 macrophages, with 
corresponding functional reductions in phagocytosis38. 
Given the similarities between phagocytosis and 
macropinocytosis39, we tested dextran and Lp(a) uptake 
in undifferentiated versus differentiated THP-1 cells. 
Undifferentiated THP-1 cells exhibited almost no uptake 
of dextran or Lp(a), with differentiation inducing 
significant increases in uptake of both (Figure S3 A-D). 
These results show that like phagocytosis, 
macropinocytosis can be upregulated in differentiated 
macrophages, suggesting that imipramine and 
citalopram could inhibit Lp(a) uptake in macrophages 
by dedifferentiation, an effect not reported in liver cells. 
With respect to the inhibitory effect of sertraline on both 
cell lines, potent off target inhibitory effects on the 
mediator of endosome scission, dynamin, have been 
observed for sertraline but not for citalopram or 
imipramine40. Sertraline inhibition of dynamin prevents 
endocytosis of the bona fide dynamin-dependent cargo 
transferrin41. While macropinocytosis is conflictingly 
described as dynamin-dependent and dynamin-
independent27,42, constitutive macropinocytosis (as 
opposed to growth factor activated macropinocytosis) is 
dependent on dynamin in a wide range of cell types 
including primary rat hepatocytes42,43. Given the hepatic 
origin of the HepG2 cell line and the exclusion of serum 
in our experiments, constitutive macropinocytosis is the 
process likely active in our experimental conditions. We 
therefore hypothesised that the inhibitory effects of 
sertraline on Lp(a) macropinocytosis were due to 
inhibition of dynamin-dependent uptake processes. To 
test this, we quantified the uptake of transferrin, Lp(a) 
and dextran in the presence or absence of sertraline. As 
expected, sertraline inhibited the uptake of the dynamin-
dependent cargo transferrin (Figure S3 E,F), as well as 
Lp(a) and dextran (Figure S3 G-J), consistent with the 
inhibitory effects of sertraline on macropinocytosis 
being due to dynamin inhibition. 

Imipramine and citalopram stimulate Lp(a) binding 
to the cell surface. 

We next sought to understand how imipramine and 
citalopram stimulated Lp(a) uptake in liver cells. We 
hypothesised that imipramine or citalopram may be 
stimulating Lp(a) uptake by increasing Lp(a) binding to 
the plasma membrane, which could then allow higher 
levels of engulfment without directly stimulating 
macropinocytic processes. To test this, we performed 
experiments specifically investigating Lp(a) and dextran 
bound to the cell surface. HepG2 cells were treated with 

imipramine or citalopram overnight, cooled to prevent 
endocytic uptake occurring and the amount of Lp(a) or 
dextran-TRITC bound was quantified. Lp(a) was 
detected by incubation of the LPA4 antibody and 
corresponding secondary antibody to chilled cells, while 
dextran was detected directly. Consistent with 
imipramine and citalopram stimulating Lp(a) surface 
binding, Lp(a) levels on the cell surface were increased 
following treatment in HepG2 cells (Figure 4A,B). 
Conversely, dextran surface binding was unaltered by 
imipramine and citalopram treatment (Figure 4C,D), 
confirming that the increase in Lp(a) macropinocytosis 
induced by imipramine and citalopram is due to specific, 
enhanced Lp(a) binding to the plasma membrane. 

To further confirm the effect of citalopram on HepG2 
cells, cells were citalopram treated overnight, 
glutaraldehyde-fixed and imaged using scanning 
electron microscopy. Citalopram treatment lead to 
formation of distinct protrusions and membrane ruffles 
projecting from the plasma membrane (Figure 4E,F, 
white arrows). These plasma membrane alterations are 
consistent with the plasma membrane remodelling 
consistently observed in macropinocytosis44, and the 
increased microvilli observed in HepG2 cells that 
facilitate immune cell adhesion to the plasma 
membrane45. The effects of citalopram on the cell are 
consistent with the facilitation of increased adhesion of 
Lp(a) and apo(a) to the plasma membrane and 
subsequent macropinocytic engulfment. 

To confirm that apo(a) is the predominant mediator of 
Lp(a) uptake, we repeated surface binding and uptake 
results using apo(a)-mScarlet. Imipramine and 
citalopram induced increases in apo(a) surface binding 
to HepG2 cells (mean surface intensity of 461850 for 
imipramine, 432856 for citalopram vs. 174446 for 
vehicle control) in each of 4 independent experiments, 
however this did not reach statistical significance 
(Figure S4A,B). Imipramine and citalopram both 
induced robust, significant increases in apo(a)-mScarlet 
uptake into HepG2 cells (Figure S4C-E), indicating that 
the increased surface binding observed is biologically 
relevant. Together, these results indicate apo(a) 
mediates the plasma membrane binding and subsequent 
uptake of Lp(a). 

Serotonin enhances Lp(a) cell surface binding and 
macropinocytosis 

The primary target of antidepressants is the serotonin 
transporter. Serotonin transporter inhibition prevents 
serotonin uptake from the extracellular space46, leading 
to elevated extracellular serotonin levels. Interestingly, a 
recent study found addition of exogenous serotonin to 
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cells enhances transferrin cell surface binding and 
subsequent endocytosis by altering the physical 
properties of the plasma membrane independent of 
serotonin receptors or transporter47. HepG2 cells only 
express minimal levels of the serotonin receptors 1A 
and 1D and the highest level of the serotonin transporter 
of any human cell line (Human Protein Atlas48). 
Imipramine and citalopram treatment may enhance 
Lp(a) surface binding by inhibiting the serotonin 
transporter, allowing accumulation of extracellular 
serotonin and inducing membrane changes as observed 
by Dey et al47. 

To test whether serotonin alone enhanced Lp(a) binding 
to the plasma membrane, we treated HepG2 cells with 
serotonin overnight, prior to Lp(a) addition to cells 
incubated on ice. Treatment with 0.5 mM serotonin 
resulted in a significant increase (~230%) in Lp(a) 
binding to the cell surface (Figure 5A,B). Consistent 
with increased Lp(a) surface binding, treatment with 0.5 
mM serotonin induced a comparable increase in Lp(a) 
uptake (~260%, Figure 5C-E). Interestingly, co-
treatment of cells with serotonin and the 
macropinocytosis inhibitor EIPA abolished the effect of 
serotonin on Lp(a) (Figure 5D,E), indicating that 
serotonin-enhanced surface binding still requires 
macropinocytosis for cargo uptake. In keeping with the 
specific effects of imipramine and citalopram on Lp(a) 
uptake, treatment of HepG2 cells with serotonin resulted 
in no significant changes in dextran binding to the cell 
surface (Figure 5F,G). Further, as would be expected 
with no changes in surface binding, no significant 
changes were observed in dextran uptake into the cell 
with serotonin treatment. This data therefore 
demonstrated that serotonin specifically increases Lp(a) 
surface binding to HepG2 cells that translates into 
increased Lp(a) uptake via macropinocytosis. 

Imipramine and citalopram stimulate Lp(a) and 
apo(a) recycling. 

We have previously reported that following 
internalisation, the apo(a) protein component of Lp(a) is 
recycled back into the extracellular environment while 
the LDL component is targeted to the lysosome13. We 
thus tested the effects of imipramine and citalopram on 
the endosomal sorting of Lp(a) and apo(a) into recycling 
compartments of the cell.  

Lp(a) was added to HepG2 cells for 30 or 120 minutes 
following overnight imipramine/citalopram treatment, 
cells fixed, permeabilised and co-stained for Lp(a) and 
Rab11 (recycling endosomes), Rab7 (late endosomes) or 
LAMP1 (lysosomes). Cells were then imaged by 
confocal microscopy and co-localisation between Lp(a) 

and endosomal compartment markers determined by 
overlap of threshold-defined endosomal signals between 
channels to exclude contribution of plasma membrane 
signal. 

After 30 minutes of incubation, Lp(a) co-localisation 
with Rab11 was significantly increased with imipramine 
and citalopram treatments compared to vehicle control 
(Figure 6A,E). No significant difference in Lp(a) and 
Rab11 co-localisation was observed between vehicle 
control and imipramine/citalopram following 120 
minutes of Lp(a) incubation (Figure 6B,E). No 
significant difference between vehicle control and 
imipramine/citalopram treated cells was observed in 
Lp(a) co-localisation with either Rab7 (Figure 6C,D,F) 
or LAMP1 (Figure S5 A-C) at any timepoint. Apo(a) 
co-localisation with Rab11 was significantly increased 
by citalopram treatment compared to vehicle at both the 
30 and 120-minute timepoints, while imipramine did not 
induce significant changes to apo(a) colocalisation 
(Figure S5A-C). These results are concordant with our 
previous study showing Lp(a) is sorted primary to 
recycling and not degradative compartments within the 
cell13 and indicates imipramine and citalopram promote 
apo(a) delivery into Rab11+ recycling endosomes. 

We next tested the functional impact of the 
antidepressant-induced alterations to Lp(a) and apo(a) 
recycling by Western blot. Lp(a) or apo(a) were added 
to vehicle, imipramine or citalopram treated HepG2 
cells for 2 hours in serum free media. Lp(a)/apo(a) 
containing media was then removed, cells washed, and 
fresh media added. This media was then immediately 
collected, and cells lysed for baseline uptake and 
recycling measurements, or incubated in the fresh media 
for 2 or 6 hours to assess Lp(a)/apo(a) retention within 
the cell and recycling to the media. Both imipramine 
and citalopram treatment significantly increased the 
Lp(a) signal within the cell across all time points 
compared to the vehicle control (Figure 7A,B). 
Imipramine and citalopram treatments also significantly 
increased Lp(a) recycling into the cellular media over 
time compared to the vehicle control (Figure 7C,D), 
consistent with the observed increase in co-localisation 
with Rab11 induced by these antidepressants (Figure 
6A,E). 

While citalopram treatment significantly increased 
apo(a) signal within the cell across all time points 
compared to the vehicle control, imipramine treatment 
led to an increase in apo(a) signal approaching statistical 
significance (p=0.0515) (Figure 7D,E). Citalopram 
treatment alone led to a significant increase in apo(a) 
recycling to the cellular media (Figure 7I,J), consistent 
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with the citalopram-specific increase in apo(a) 
colocalisation with Rab11 observed (Figure S6). 
Together, these results indicate that imipramine and 
citalopram increase Lp(a) and apo(a) uptake into the 
cell, increase their delivery to cellular recycling 
compartments and subsequent stimulate recycling into 
the cellular media. 

 

 

Discussion 

Endocytosis is the central regulator of lipoprotein 
clearance from circulation49.  LDL uptake via the LDLR 
is the most well characterised pathway of lipoprotein 
endocytosis50,51. In contrast, the endocytic mechanisms 
mediating the uptake of the LDL-like Lp(a) molecule 
are unknown17,49. In this study we have established that 
Lp(a) uptake occurs via the fluid-phase endocytic 
mechanism, macropinocytosis (Figure 8). In defining 
this process, we have found that Lp(a) uptake is: (1) 
mediated by the apo(a) protein component, (2) 
dependent on extracellular calcium, (3) inhibited by 
amiloride/EIPA, and (4) occurs in a manner analogous 
to the canonical marker of macropinocytosis, 70 kDa 
dextran in liver cells and macrophages. In 
pharmacologically defining the macropinocytic uptake 
of Lp(a), we discovered that common antidepressants 
exert complex effects on Lp(a) uptake (Figure 8). The 
tricyclic antidepressant, imipramine and the SSRIs, 
citalopram, sertraline and fluoxetine all inhibit Lp(a) 
uptake by macropinocytosis in THP-1 macrophages, 
likely due to their de-differentiation or dynamin 
inhibitory effects on these cells38,40. In HepG2 liver 
cells, imipramine and citalopram stimulated Lp(a) 
uptake by increasing Lp(a) binding to the cell surface. 
Serotonin similarly increased Lp(a) cell surface binding 
and uptake via macropinocytosis, indicating the effects 
of imipramine and citalopram on Lp(a) are serotonin-
dependant. Functionally, antidepressant-stimulated 
(imipramine and citalopram) Lp(a) uptake resulted in 
increased Lp(a) delivery to the recycling compartment 
of the cell, but not to degradative compartments, 
increasing recycling of Lp(a)-derived apo(a) protein into 
the cellular media. 

Lp(a) uptake via macropinocytosis represents a critical 
paradigm shift in understanding Lp(a) clearance from 
circulation. Other modes of endocytosis such as 
clathrin-dependent endocytosis or fast endophilin 

mediated endocytosis occur following ligand: receptor 
binding18,22. In contrast, macropinocytosis occurs 
following extensive membrane remodelling to form a 
macropinocytic cup in which cargoes are engulfed52. 
Imipramine, citalopram and serotonin enhanced binding 
of Lp(a) to the plasma membrane suggests that 
membrane anchoring provides a further layer of 
regulation upon Lp(a) uptake. The apo(a) homologue, 
plasminogen, has been shown to bind to cell surface 
actin53, before it is endocytosed into the cell54. Similar to 
this, older Lp(a) studies have reported that Lp(a) can 
bind to the cell surface via interaction with actin55. 
Moreover, Lp(a)56 and serotonin57 have each been 
shown to stimulate actin remodelling in endothelial 
cells. The interplay between Lp(a) and serotonin is 
likely to extend to modification of actin within the cell 
to facilitate Lp(a) surface binding and uptake. 

The finding that Lp(a) enters the cell via 
macropinocytosis is compelling as there has been many 
competing studies that have not agreed on a clear 
receptor-mediated process driving Lp(a) uptake. At least 
twelve receptors have been proposed to date to mediate 
Lp(a) uptake into the cell, yet no receptor has been 
shown to play a definitive role in mediating this 
uptake17. Lp(a) binds to receptors such as the 
plasminogen receptor PlgRKT and SR-BI13,58 which have 
been demonstrated to bind other ligands (plasminogen, 
HDL respectively) to the plasma membrane while not 
inducing receptor-mediated endocytosis59,60. We propose 
that for at least a subset of receptors implicated in Lp(a) 
uptake, these receptors act not as mediators of Lp(a) 
internalisation into the cell, but rather as membrane 
anchors immobilising Lp(a) to the plasma membrane 
and allowing macropinocytic engulfment to occur.  

Links between depression and increased atherosclerotic 
cardiovascular disease development have long been 
observed61,62.  Circulating Lp(a) levels are increasingly 
recognised to be elevated in patients with depression, an 
increase that correlates with unfavourable 
cardiovascular outcomes63–66. Our data could provide a 
mechanistic explanation of elevated Lp(a) levels in 
patients with depression. Plasma serotonin levels are 
often decreased in patients with depression67–69. 
Serotonin has been recently discovered to be a regulator 
of cargo binding to the plasma membrane47. Consistent 
with this, we found that serotonin increased plasma 
membrane binding of Lp(a) to the cell surface, and this 
enhanced binding subsequently increased Lp(a) uptake 
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by macropinocytosis. Taken together, this indicates that 
reduced plasma serotonin could be governing decreased 
Lp(a) cell surface binding and uptake in patients with 
depression, thus leading to increased circulating Lp(a) 
levels. A double-blinded interventional study has shown 
that treatment with the SSRI paroxetine did in fact 
decrease circulating Lp(a) levels70. In light of our data, 
we hypothesise that patients with depression and high 
Lp(a) levels may benefit from treatment with an SSRI 
such as citalopram which would likely reduce Lp(a) 
levels in circulation by boosting cellular uptake. 
Conversely sertraline may not be suitable since it may 
have the opposite effect of increasing circulating Lp(a) 
levels by inhibiting cellular uptake. 

Imipramine and citalopram increased Lp(a) uptake in 
liver cells, where Lp(a) catabolism is primarily proposed 
to occur71.  Both drugs also promoted apo(a) recycling 
after Lp(a) uptake. The function of apo(a) recycling has 
been reported in the literature though its function is 
unclear. We have previously found that after Lp(a) 
uptake into the cell, the apo(a) protein component is 
removed from the LDL-like component and rather than 
undergoing lysosomal or proteasomal degradation is re-
secreted to the extracellular space13. Free apo(a) has 
been long identified in circulation and urine in 
consistently proteolysed forms in healthy72,73 and in 
nephrotic syndrome patients74 that is consistent with 
extracellular matrix metalloproteinase degradation of 
free apo(a) in the extracellular environment in vitro and 
in mouse plasma in vivo73,75. Together, these studies 
indicate that when apo(a) is free in the extracellular 
environment it may be susceptible to cleavage by 
extracellular proteases and then removed from the body 
in the urine. We hypothesise that recycling serves as a 
mechanism to remove the LDL-like component of 
Lp(a), releasing free apo(a) into circulation for 
proteolysis and excretion from the body. Our finding 
that imipramine and citalopram stimulate apo(a) 
recycling indicates these drugs may lead to not only 
decreased circulating Lp(a) levels in vivo but also 
increased apo(a) degradation.  

Questions remain from our current study that need to be 
addressed to better understand the effects of serotonin 
and antidepressants on Lp(a) uptake. This study was 
entirely in vitro in nature. While we have identified that 

cell surface binding is an important mediator of Lp(a) 
uptake, and serotonin boosts this binding, this study did 
not evaluate if receptors previously implicated in Lp(a) 
uptake are involved in this process, or if this process is 
predominantly mediated by the effects of serotonin in 
the plasma membrane. Future studies evaluating the 
plasma membrane binding of Lp(a) in cells depleted of 
these receptors and determining if serotonin and 
antidepressants increase their expression will prove 
highly informative as to how Lp(a) surface binding is 
regulated.  

In conclusion, our data show that macropinocytosis 
regulates Lp(a) uptake, indicating that modulation of 
macropinocytosis may be a potential therapeutic avenue 
for reducing Lp(a) levels.  We provide an in vitro link 
between studies correlating depression with increased 
circulating Lp(a) levels via serotonin enhancement of 
Lp(a) macropinocytosis. Our study strongly indicates 
that antidepressants, especially the SSRI citalopram, 
should be investigated pre-clinically and clinically for 
their effects on Lp(a) levels in circulation. The benefit 
of identifying specific SSRIs capable of reducing Lp(a) 
levels in vivo are clear as depression is increasingly 
linked with higher Lp(a) levels63–66. Depression sufferers 
are less likely to adhere to treatments for co-morbidities 
such as cardiovascular disease76–78. SSRIs that reduce 
Lp(a) levels in depression sufferers would allow 
treatment of their mental health and Lp(a)-induced 
atherosclerotic burden with a single medicine, 
improving their quality of life and cardiovascular health 
with the maximum likelihood of compliance. 
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Methods 

Resource Availability 

Lead contact  

Further information and requests for resources and reagents 
should be directed to and will be fulfilled by the Lead 
Contact, Professor Sally PA McCormick 
(sally.mccormick@otago.ac.nz). 

Data and Code Availability  

The raw confocal imaging data has been deposited into the 
FigShare repository. 
FIJI Macros are available upon request. 

Experimental Model and Subject Details 

Cell culture  

Cells were grown at 37°C in a 5% CO2 humidified incubator. 
HepG2 cells (ATCC, CVCL-2205) and HEK293 cells 
(ATCC, CVCL_0045) were cultured in DMEM with 10% 
FBS, 100 u/ml penicillin, 100μg/ml streptomycin, and 0.25 
mg/mL amphotericin B. THP-I cells (ATCC, CVCL_0006) 
were cultured in RPMI with 10% FBS, 100 u/ml penicillin, 
100μg/ml streptomycin, and 0.25 mg/mL amphotericin B. 
THP-I cells were differentiated for 72 hours prior to use with 
100 nM Phorbol 12-myristate 13-acetate (PMA) (Sigma-
Aldrich). 

Lp(a) enrichment from patient samples 

Lp(a) was isolated from plasma samples from healthy 
individuals from the Otago LPA cohort 79 with Lp(a) levels 
>50 mg/dL (equivalent to 108 nmol/L using a conversion 
factor of 2.15). Individual samples used for isolation had 
apo(a) isoform sizes ranging from 17-20 with a predominant 
apo(a) isoform size of 19. 100 µg (HepG2) or 200 µg (THP-I) 
by total protein concentration of enriched Lp(a) was used per 
well. Purified Lp(a) protein levels were quantified using the 
Qubit Protein Assay Kit (Thermo Fisher Scientific). 

Ethical Approval 

Ethical approval for the samples used in this study was 
granted by the Lower Regional South Ethics Committee 
(LRS/12/01/005). 

Method Details 

Drug treatments  

For serotonin, imipramine and citalopram treatments, cells 
were treated overnight prior to the experiment. Two hours 
before addition of Lp(a)/apo(a), cells were transferred into 
serum-free media and new serotonin/imipramine/citalopram 
added. For sertraline and fluoxetine treatments in HepG2 
cells, cells were transferred into serum-free media two hours 
prior to Lp(a)/apo(a) addition. For sertraline and fluoxetine 

treatments in THP-I cells, cells were treated overnight prior to 
the experiment. Two hours before addition of Lp(a)/apo(a), 
cells were transferred into serum-free media and new 
sertraline/fluoxetine added. For amiloride/EIPA/EGTA 
treatments, cells were transferred into serum-free media one 
hour prior to Lp(a)/apo(a) addition. 

Immunofluorescence staining 

Cells were fixed with 4% paraformaldehyde for 15 minutes at 
37oC in a humidified incubator. Cells were then washed with 
PBS and blocked with 3% goat serum. The antibodies used in 
this study were: anti-apolipoprotein(a) antibody, clone LPA4 
(Millipore), rabbit monoclonal anti-Lp(a) antibody (Abcam), 
goat polyclonal anti-Lp(a) antibody (WAKO), rabbit 
monoclonal anti-Rab7 (Abcam), rabbit anti-LAMP1 (Cell 
Signaling Technolgies) and rabbit anti-Rab11 (Cell Signaling 
Technologies). The secondary antibodies include goat anti-
rabbit Alexa Fluor 594, anti-mouse Alexa Fluor 488, and anti-
rabbit Alexa Fluor 594 (ThermoFisher Scientific, 1:1000). 
Slides were mounted with ProLongTM antifade mounting 
medium (Invitrogen).  

Confocal imaging 

All coverslips were imaged on an Olympus 
FV1000/1200/3000 confocal microscope using 405, 488 and 
561 nm laser lines with a 60x, NA 1.4 oil immersion lens. 
Within each experiment, images from each coverslip were 
captured using identical laser power, gain, offset and PMT 
(FV1000/1200)/GaAsP(FV3000) detector voltage. The 
maximum field of view was captured at a pixel size of ~125-
135 nm. 

Electron microscopy 

All the steps were carried out in a PELCO Biowave 
microwave processor (TedPellaInc., Redding, CA, USA). 
PFA fixed samples on coverslips were first re- fixed in 2.5% 
glutaraldehyde in 0.1 M sodium cacodylate buffer, washed 
with 0.1 M sodium cacodylate buffer followed by post-
fixation with 1% OsO4 (osmium tetroxide) (ProScitech) in 
cacodylate buffer. Following buffer and water washes, fixed 
samples were serially dehydrated in increasing percentages of 
ethanol and finally dried in a critical point drier. Dried 
samples were mounted on stubs, sputter coated with platinum 
and imaged using a FEI Nova NanoSEM 230 at 5�kV. 

Immunoblotting  

Cultured cells were washed twice with ice cold PBS and lysed 
in radioimmune precipitation assay (RIPA) buffer containing 
20 mm Tris HCl, pH 7.5, 150 mm NaCl, 1 mm EDTA, 1 mm 
EGTA, 1% Triton X-100, 2.5 mm sodium pyrophosphate, 1 
mm β-glycerophosphate, 1 mm Na3VO4, 1 mm NaF, and 1× 
protease inhibitor mixture (Roche Applied Science). After 
incubation on ice for 10 min, cell lysates were subjected to 
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centrifugation at 15,000 rpm for 10 min. 60 mg of total lysates 
were subjected to 4-12% sodium dodecyl sulfate 
polyacrylamide gradient gel electrophoresis and transferred 
onto membranes. Membranes were blocked in 5% skim milk 
buffer in PBS with 0.1% Triton-X for 1 h and incubated with 
primary antibodies at 4°C overnight followed by probing with 
fluorescence labelled secondary antibodies. Proteins were 
detected with the Odyssey Infrared Imaging System (LI-COR 
Biosciences). Densitometry was analysed with FIJI/ImageJ 
software. 

Apo(a) expression and concentration 

Apo(a)-mScarlet was transfected into HEK293 cells using 
Lipofectamine 3000. 4 days post transfection, cell media was 
collected, cooled and centrifuged at 3000g to pellet cellular 
debris. Media was then transferred into a 20 mL, 100 kDa 
MW cutoff centrifuge tube (Thermo Fisher Scientific) and 
centrifuged at 3000g at 4°C until media volume was 5x 
concentrated. Concentrated media was frozen until used. 

Immunoprecipitation of cell media for recycling 
experiments  

To detect the secretion of Lp(a) particles into culture media 
following incubation with the purified lipoprotein, culture 
media was collected and immunoprecipitated prior to analysis 
by western blot. Following 2h incubation with Lp(a) in a 
humidified 37oC incubator to foster maximal uptake of the 
lipoprotein, culture media was removed, cells washed 5x with 
PBS, and fresh media added to cells. Media was harvested 
from 0-6h post-treatment and incubated with a solution of 

polyclonal Lp(a) antibody (WAKO) immobilised on Protein 
G magnetic beads (Thermo Fisher Scientific). Lp(a) was 
immunoprecipitated from the media overnight at 4oC and 
eluted under reducing conditions. Samples were then 
subjected to western blotting using the LPA4 antibody. 

Quantification and Statistical Analysis  

Image Quantification 

Images were quantified using FIJI 80. Custom macros were 
created for endosome identification and overlap analysis. For 
endosome identification, a single intensity-based threshold per 
experiment was used to identify Lp(a)/apo(a) endosomes and 
nuclei. For overlap analysis, one intensity-based threshold 
was used to identify Lp(a)/apo(a) endosomes, and another 
used to identify Rab7/11/LAMP1 compartments. The same 
threshold was used for each image in a single experiment. The 
threshold was used to generate a mask for each channel, and 
the Lp(a)/apo(a) mask subtracted from the inverted 
Rab7/11/LAMP1 mask to generate an overlap mask of 
Lp(a)/apo(a) present in the Rab7/11/LAMP1 compartment. 
The number of Lp(a)/apo(a) endosomes in the overlap mask 
was quantified and divided by the total number of 
Lp(a)/apo(a) endosomes to determine the percentage of total 
Lp(a)/apo(a) endosomes overlapping with Rab7/11/LAMP1 
compartments. 

Data Representation and Statistical analysis  

Data are expressed as means of independent experiments +/- 
SEM. Statistical analyses were performed with Prism 
Software version 8 (GraphPad Software). 

Resources Table  

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

Rabbit anti-LAMP1 Cell Signaling 
Technology 

Cat# 9091; RRID: 
AB_2687579 

Anti-Apolipoprotein(a) antibody, clone LPA4 Millipore  Cat#MABS1284 

Goat polyclonal anti-Lp(a) antibody Wako Pure Chemical 
Industries (Osaka, Japan) 

Cat# 

Rabbit monoclonal anti-Rab7 [EPR7589] Abcam Cat#ab137029; RRID: 
AB_2629474 

Rabbit anti-Rab11 Cell Signaling 
Technology 

Cat# 5589; RRID: 
AB_10693925 

Rabbit monoclonal anti-Lp(a) antibody Abcam Cat# ab208184 
Mouse monoclonal anti-apoB antibody clone 1D1   
Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 488 

Thermo Fisher Scientific Cat# A-21202, 
RRID:AB_141607 

Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 594 

Thermo Fisher Scientific Cat# A-21203, 
RRID:AB_141633 

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 488 

Thermo Fisher Scientific Cat# A-21206, 
RRID:AB_2535792 

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 594 

Thermo Fisher Scientific Cat# A-21207, 
RRID:AB_141637 

Biological Samples   
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Purified human Lp(a)   

Chemicals, Peptides, and Recombinant Proteins 
Phosphate buffered saline, pH 7.4 Gibco Cat#10010023 
DMEM, high glucose  Gibco  Cat#11965092 
RPMI 1640 medium  Gibco  Cat#11875119 
Fetal Bovine Serum, qualified, New Zealand Gibco Cat#10091155 
Penicillin-Streptomycin (10,000 U/mL) Gibco Cat#15140122 
Amphotericin B Gibco Cat#15290018 
TrypLE™ Express Enzyme (1X), no phenol red Gibco Cat#12604021 
Dextran, Tetramethylrhodamine, 70,000 MW, Lysine Fixable Invitrogen  Cat#D1818 
Dextran, Oregon Green 488; 70,000 MW, Anionic, Lysine 
Fixable 

Invitrogen Cat#D7173 

5-(N-Ethyl-N-isopropyl)amiloride Sigma-Aldrich Cat#A3085 
Amiloride hydrochloride hydrate Sigma-Aldrich Cat#A7410 
Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic 
acid 

Sigma-Aldrich Cat#E3889 

ProLongTM antifade mounting reagent  Invitrogen  Cat#P36934 
Triton-X100 Bio-Rad Laboratories Cat#1610407 
Tween-20 Bio-Rad Laboratories Cat#1706531 
TEMED Bio-Rad Laboratories Cat#1610801 
Precision Plus Protein™ All Blue Prestained Protein 
Standards 

Bio-Rad Laboratories Cat#1610373 

Bolt™ 4 to 12%, Bis-Tris, 1.0 mm, Mini Protein Gel, 10-well Invitrogen Cat#NW04120BOX 
Imipramine hydrochloride Sigma-Aldrich Cat#I7379 
Sertraline tablets 50 mg as hydrochloride Teva Pharmaceutical 

Industries Limited 
 

Fluoxetine tablets 20 mg as hydrochloride Teva Pharmaceutical 
Industries Limited 

 

Citalopram tablets 20 mg as hydrobromide PSM Healthcare Limited  
Serotonin hydrochloride (5-Hydroxytryptamine)  Abcam Cat#ab120528 
Phorbol 12-myristate 13-acetate Sigma-Aldrich Cat#P1585 
Paraformaldehyde Sigma-Aldrich Cat#P6148 
Goat Serum, New Zealand origin Sigma-Aldrich Cat#16210064 
Plasminogen from human plasma Athens Research and 

Technology 
Cat#16-16-161200 

Alexa Fluor 488 Microscale Protein labelling kit Life Technologies Cat#A30006 
Qubit Protein Assay Kit  Thermo Fisher Scientific Cat#Q33211 
Pierce Protein Concentrator PES, 100K MWCO, 5-20 mL Thermo Fisher Scientific Cat#88532 
Lipofectamine 3000 Life Technologies Cat#L3000015 

Deposited Data 
Figshare   

Experimental Models: Cell Lines 
HepG2 ATCC ATCC Cat# HB-8065, 

RRID:CVCL_0027 
THP-1 ATCC ATCC Cat# TIB-202, 

RRID:CVCL_0006 
HEK293 ATCC ATCC Cat# CRL-

1573, 
RRID:CVCL_0045 

Recombinant DNA 
Lipoprotein a (LPA) (NM_005577) Human Tagged ORF 
Clone 

Origene CAT#RG212070 

Software and Algorithms 
Prism Graphpad RRID:SCR_002798 

FIJI  RRID:SCR_002285 

Fluoview FV-10 ASW Olympus RRID:SCR_014215 
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Figure legends 

Figure 1: Lp(a) uptake in liver cells is regulated by macropinocytosis. (A) Representative images of HepG2 cells incubated with Lp(a) for 1 
hour following H2O vehicle (left panel) or 2.5 mM EGTA (right panel) treatment for 1 hour. (B) Percentage of Lp(a) vesicles detected in EGTA 
treated cells compared to vehicle control. (C) Representative images of HepG2 cells incubated with Lp(a) for 1 hour following DMSO vehicle (left 
panel) or 50µM EIPA (right panel) treatment for 1 hour. (D) Percentage of Lp(a) vesicles detected in EIPA treated cells compared to vehicle control. 
(E) Representative images of HepG2 cells incubated with apo(a)-mScarlet for 1 hour following DMSO vehicle (left panel) or 50µM EIPA (right panel) 
treatment for 1 hour. (F) Percentage of apo(a)-mScarlet vesicles detected in EIPA treated cells compared to vehicle control. *= p<0.05, **= p<0.01 
from one sample T-test comparing values to vehicle treated controls normalised to 100%.  Data points represent means of independent 
experiments quantified from 5 fields of view of ~20 cells per field from each independent experiment. Error bars represent standard error of the 
mean. Lp(a) was detected using the LPA4 primary antibody and AlexaFluor conjugated anti-mouse secondary antibody. Apo(a)-mScarlet was 
directly detected. Images were acquired on an Olympus FV1000/FV1200 confocal microscope. Scale bar= 5 µM. 

 

Figure 2: Lp(a) macropinocytosis is inhibited by antidepressants in macrophages. (A) Representative images of PMA-differentiated THP-1 
cells incubated with Lp(a) for 1 hour following H2O vehicle (left panel) or 2.5 mM EGTA (right panel) treatment for 1 hour. (B) Percentage of Lp(a) 
vesicles detected in EGTA treated cells compared to vehicle control. (C) Representative images of PMA-differentiated THP-1 cells incubated with 
Lp(a) for 1 hour following DMSO vehicle (left panel) or 1 mM amiloride (right panel) treatment for 1 hour. (D) Percentage of Lp(a) vesicles detected 
in amiloride treated cells compared to vehicle control. (E) Representative images of PMA-differentiated THP-1 cells incubated with Lp(a) for 1 hour 
following H2O vehicle, 20 µM imipramine, 50 µM citalopram, 20 µM fluoxetine or 20 µM sertraline (left to right) treatment overnight. (F) 
Representative images of PMA-differentiated THP-1 cells incubated 70 kDa dextran-TRITC for 1 hour following H2O vehicle or 20 µM imipramine, 
50 µM citalopram, 20 µM fluoxetine or 20 µM sertraline (left to right) treatment overnight. (G) Percentage of Lp(a) vesicles detected in 
antidepressant treated cells compared to vehicle control. (H) Percentage of dextran-TRITC vesicles detected in antidepressant treated cells 
compared to vehicle control. n.s= not significant, *= p<0.05, **=p<0.01 from a one sample t-test (B), (D) or randomised block ANOVA (G), (H) 
comparing treated cells to vehicle control. Data points represent means of independent experiments quantified from 5 fields of view of ~20 cells per 
field from each independent experiment. Error bars represent standard error of the mean. Lp(a) was detected using the LPA4 primary antibody and 
AlexaFluor conjugated anti-mouse secondary antibody. 70 kDa dextran-TRITC was detected directly. Images were acquired on an Olympus 
FV1000/FV3000 confocal microscope. Scale bar= 5 µM. 

 

Figure 3: Antidepressants have variable effects on Lp(a) uptake in liver cells. (A) Representative images of HepG2 cells incubated with Lp(a) 
for 1 hour following H2O vehicle (left) or 20 µM imipramine (right panel) treatment overnight. (B) Percentage of Lp(a) vesicles detected following 
overnight treatment with 5, 10, and 20 µM imipramine compared to vehicle control. (C) Percentage of Lp(a) vesicles detected in 20 µM imipramine 
treated cells compared to vehicle control. (D) Representative images of HepG2 cells incubated with Lp(a) for 1 hour following H2O vehicle (left) or 
50 µM citalopram (right panel) treatment overnight. (E) Percentage of Lp(a) vesicles detected following overnight treatment with 5, 10, 20 and 50 
µM citalopram compared to vehicle control. (F) Percentage of Lp(a) vesicles detected in 50 µM citalopram treated cells compared to vehicle control. 
(G) Representative images of HepG2 cells incubated with Lp(a) for 1 hour following H2O vehicle (left) or 20 µM fluoxetine (right) for 2 hours. (H) 
Percentage of Lp(a) vesicles detected following 2 hours treatment with 5, 10, and 20 µM fluoxetine compared to vehicle control. (I) Percentage of 
Lp(a) vesicles detected in 20 µM fluoxetine treated cells compared to vehicle control. (J) Representative images of HepG2 cells incubated with 
Lp(a) for 1 hour following H2O vehicle (left) or 20 µM sertraline (right) for 2 hours. (K) Percentage of Lp(a) vesicles detected following 2 hours 
treatment with 5, 10, and 20 µM sertraline compared to vehicle control. (L) Percentage of Lp(a) vesicles detected in 20 µM sertraline treated cells 
compared to vehicle control. (M) Representative images of HepG2 cells incubated with 70kDa dextran-TRITC for 1 hour following H2O vehicle (left 
to right), 20 µM imipramine (overnight), 50 µM citalopram (overnight), 20 µM fluoxetine (2 hours) and 20 µM sertraline (2 hours) treatment. (N) 
Percentage of 70 kDa dextran-TRITC vesicles detected following treatment with antidepressants compared to vehicle control. n.s. = not significant, 
*= p<0.05, **=p<0.01 from one sample T-test comparing values to vehicle treated controls normalised to 100% (I), (L), Wilcoxon rank sum test (C, 
F) or randomised-block ANOVA (N). Data points represent means of independent experiments quantified from 5 fields of view of ~20 cells per field 
from each independent experiment. Error bars represent standard error of the mean. Lp(a) was detected using the LPA4 primary antibody and 
AlexaFluor conjugated anti-mouse secondary antibody. Images were acquired on an Olympus FV1000/FV1200 confocal microscope. Scale bar= 5 
µM. 

 

Figure 4: Antidepressants specifically increase Lp(a) surface binding in liver cells. (A) Representative images of maximum z-projections of 
surface-bound Lp(a) following H2O vehicle, 20 µM imipramine or 50 µM citalopram treatment overnight. (B) Surface Lp(a) signal per cell in vehicle, 
imipramine and citalopram treated cells. (C) Representative images of maximum z-projections of surface-bound dextran following H2O vehicle, 20 
µM imipramine or 50 µM citalopram treatment overnight. (D) Surface dextran signal per cell in vehicle, imipramine and citalopram treated cells. (E) 
Representative SEM images of HepG2 cells incubated with H2O vehicle or 50 µM citalopram overnight. (F) Quantification of membrane ruffling 
events per cell in vehicle and citalopram treated cells. n.s. = not significant, *= p<0.05, p=<0.01 from randomised block ANOVA comparing treated 
to vehicle control conditions (B,D,F). Data points represent means of independent experiments quantified from 5 fields of view of ~20 cells per field 
from each independent experiment (B,D,F). Data points represent single cells (H). Error bars represent standard error of the mean. 70 kDa dextran-
TRITC was detected directly. Lp(a) was detected using the LPA4 primary antibody and AlexaFluor conjugated anti-mouse secondary antibody. 
Images were acquired on an Olympus FV1000/FV1200 confocal microscope (A,C,E) or an FEI Nova NanoSEM (G). Scale bar= 5 µM (A,C,E) or 2 
µM (G).  

 

Figure 5: Serotonin increases Lp(a) surface binding and macropinocytosis. (A) Representative images of maximum z-projections of surface-
bound Lp(a) following H2O vehicle (left) or 0.5 mM serotonin treatment (right) overnight. (B) Surface Lp(a) signal per cell in vehicle or serotonin 
treated cells. (C) Representative images of endocytosed Lp(a) following H2O and DMSO vehicle (left), 0.5 mM serotonin (middle) or 0.5 mM 
serotonin and 50 µM EIPA overnight (1 hour for EIPA) and incubation with Lp(a) for 1 hour. (D) Lp(a) vesicles per cell in vehicle, serotonin or 
serotonin + EIPA treated cells. (E) Percentage change in Lp(a) vesicle number compared to vehicle with serotonin or serotonin + EIPA treatment. 
(F) Representative images of maximum z-projections of surface-bound dextran following H2O vehicle (left) or 0.5 mM serotonin treatment (right) 
overnight. (G) Surface dextran signal per cell in vehicle or serotonin treated cells. (H) Representative images of endocytosed dextran following H2O 
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and DMSO vehicle (left), 0.5 mM serotonin (middle) or 0.5 mM serotonin and 50 µM EIPA overnight (1 hour for EIPA) and incubation with dextran 
for 1 hour. (I) Percentage change in dextran vesicle number compared to vehicle with serotonin treatment. n.s. = not significant, *= p<0.05, 
**p=<0.01 from unpaired Student’s T-test (B,G) randomised block ANOVA comparing treated to vehicle control (D) or one-sample T-test (E,I). Data 
points represent means of independent experiments quantified from 5 fields of view of ~20 cells per field from each independent experiment. Error 
bars represent standard error of the mean. 70 kDa dextran-TRITC was detected directly. Lp(a) was detected using the LPA4 primary antibody and 
AlexaFluor488 secondary antibody. Images were acquired on an Olympus FV1000 confocal microscope. Scale bar= 5 µM. 

 

Figure 6: Imipramine and citalopram enhance Lp(a) delivery to Rab11+ recycling endosomes. (A) Representative images of HepG2 cells 
incubated with Lp(a) for 30 minutes following H2O vehicle (top panel), 20 µM imipramine (middle panel) or 50 µM citalopram (bottom panel) 
overnight. Cells were co-stained with anti-LPA4 (magenta) and anti-Rab11 (green) and detected with AlexaFluor secondary antibodies. (B) 
Representative images of HepG2 cells incubated with Lp(a) for 120 minutes following H2O vehicle (top panel), 20 µM imipramine (middle panel) or 
50 µM citalopram (bottom panel) overnight. Cells were co-stained with anti-LPA4 (magenta) and anti-Rab11 (green). (C) Representative images of 
HepG2 cells incubated with Lp(a) for 30 minutes following H2O vehicle (top panel), 20 µM imipramine (middle panel) or 50 µM citalopram (bottom 
panel) overnight. Cells were co-stained with anti-LPA4 (magenta) and anti-Rab7 (green) and detected with AlexaFluor secondary antibodies. (D) 
Representative images of HepG2 cells incubated with Lp(a) for 120 minutes following H2O vehicle (top panel), 20 µM imipramine (middle panel) or 
50 µM citalopram (bottom panel) overnight. Cells were co-stained with anti-LPA4 (magenta) and anti-Rab7 (green). (E) Quantification of percentage 
vesicle overlap between Lp(a) and Rab11 channels. (F) Quantification of percentage vesicle overlap between Lp(a) and Rab7 channels. n.s.= not 
significant, *= p<0.05, **= p<0.01 from randomised block ANOVA comparing treated to vehicle control conditions at each timepoint. Data points 
represent means of independent experiments quantified from 5 fields of view of ~20 cells per field from each independent experiment. Error bars 
represent standard error of the mean. Images were acquired on an Olympus FV1000/FV1200 confocal microscope. Scale bar= 5 µM. 

 

Figure 7: Imipramine and citalopram stimulate Lp(a) and apo(a) recycling. (A) Representative Western blots of HepG2 cells treated with 
vehicle (H2O), 20 µM imipramine or 50 µM citalopram and incubated with Lp(a) for 2 hours, after which Lp(a) containing media was removed and 
replaced with fresh Lp(a)-free media and lysates collected immediately or after 2 or 6 hours (labelled 0, 2 and 6 hr, respectively). (B) Quantification 
of Lp(a) band intensity normalised to actin band intensity at 0, 2 and 6 hours with vehicle, imipramine or citalopram treatment. (C) Representative 
Western blots of Lp(a) immunoprecipitated from fresh cell media collected 0, 2 or 6 hours after vehicle, imipramine or citalopram treated HepG2 
were incubated with Lp(a) for 2 hours in (A). (D) Quantification of total immunoprecipitated Lp(a) band intensity 2- and 6-hours following removal of 
Lp(a) containing media. (E) Representative Western blots of HepG2 cells treated with vehicle (H2O), 20 µM imipramine or 50 µM citalopram and 
incubated with apo(a)-mScarlet/tGFP for 2 hours, after which apo(a)-mScarlet/tGFP containing media was removed and replaced with fresh apo(a)-
mScarlet/tGFP-free media and lysates collected immediately or after 2 or 6 hours (labelled 0, 2 and 6 hr, respectively). (F) Quantification of apo(a)-
mScarlet/tGFP band intensity normalised to actin band intensity at 0, 2 and 6 hours with vehicle, imipramine or citalopram treatment. (G) 
Representative Western blots of apo(a)-mScarlet/tGFP immunoprecipitated from fresh cell media collected 0, 2 or 6 hours after vehicle, imipramine 
or citalopram treated HepG2 were incubated with apo(a)-mScarlet/tGFP for 2 hours in (E). (H) Quantification of total immunoprecipitated apo(a)-
mScarlet/tGFP band intensity 2- and 6-hours following removal of apo(a)-mScarlet/tGFP containing media. n.s.= not significant, *= p<0.05, **= 
p<0.01 from randomised block ANOVA. Data points represent means of independent experiments. Error bars represent standard error of the mean. 

 

Figure 8: Summary of the effects of antidepressants on Lp(a) uptake and subcellular trafficking in liver cells. Imipramine and citalopram 
enhance Lp(a) binding to the cell surface, resulting in increased Lp(a) engulfment by macropinocytosis. Sertraline inhibits Lp(a) uptake via 
macropinocytosis into the cell. Imipramine and citalopram increase the sorting of Lp(a) into Rab11-positive recycling endosomes, but not Rab7 or 
LAMP1 positive compartments. As a consequence of increased delivery into Rab11-postive recycling endosomes, imipramine and citalopram lead 
to increased recycling of apo(a) back into the cellular media. 
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