
Ouabain Modulates the Lipid Composition of Hippocampal
Plasma Membranes from Rats with LPS-induced
Neuroinflammation
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Abstract The effects of ouabain (OUA) and

lipopolysaccharide (LPS) in vivo on hippocampal mem-

branes (RHM) of Wistar male rats aged 3 months were

analyzed. After intraperitoneal (i.p.) injection of OUA

only, LPS only, OUA plus LPS, or saline, the content of

proteins, phospholipids, cholesterol and gangliosides from

RHM was analyzed. The total protein and cholesterol

contents of RHM were not significantly affected by OUA

or LPS for the experimentally paired groups. In contrast,

total phospholipids and gangliosides were strongly modu-

lated by either OUA or LPS treatments. LPS reduced the

total phospholipids (roughly 23 %) and increased the total

gangliosides (approximately 40 %). OUA alone increased

the total phospholipids (around 23 %) and also the total

gangliosides (nearly 34 %). OUA pretreatment compen-

sated the LPS-induced changes, preserving the total phos-

pholipids and gangliosides around the same levels of the

control. Thus, an acute treatment with OUA not only

modulated the composition of hippocampal membranes

from 3-month-old rats, but also was apparently able to

counteract membrane alterations resulting from LPS-in-

duced neuroinflammation. This study demonstrates for the

first time that the OUA capacity modulates the lipid

composition of hippocampal plasma membranes from rats

with LPS-induced neuroinflammation.
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Introduction

Neuroinflammation can be summarized as an inflammatory

response developed on the central nervous system (CNS) as

a consequence of tissue injury, disease, trauma, or toxic

action. This leads to activation of glial cells (astrocytes and

microglia) and the concomitant expression of helper

proinflammatory cytokines and chemokines such as Il-

1alpha, Il6, Ccl2, and TNF-a (Morales et al. 2014). These

proinflammatory molecules contribute to magnify the

lesion (Akiyama et al. 2000). Microglial activation is a

relevant pathological event found in several neural disor-

ders such as Parkinson, Alzheimer, and ischemia, among

others (Block et al. 2007).

LPS are found as major components on the outer

membrane of Gram-negative bacteria and are able, by their

own, to elicit strong immune responses in animals and

initiate severe inflammation. Therefore, LPS is being used

as a model induce of the systemic immunity and the cel-

lular and molecular events which lead to either acute or

chronic inflammation (Valero et al. 2014).

LPS molecules consist of three parts: lipid A, a gly-

colipid responsible for the endotoxic activity, covalently

bound to a heteropolysaccharide which by its turn presents

two moieties, a variable core polysaccharide and the highly

variable O-antigen (or O-polysaccharide). The lipid portion

is considered to be the main responsible for the major

antigenic action of LPS (Raetz and Whitfield 2002).
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LPS shows strong interactions with lipid microenvi-

ronments rich in phosphatidylcholine (PC), sphingomyelin

(SM), and cholesterol (Ciesielski et al. 2012). Thus, the

presence of LPS in such a microenvironment has modu-

latory effects on the membranes (Ciesielski et al. 2013).

Some neuroprotective molecules with capacity to miti-

gate LPS-induced neuroinflammation are reported in the

literature, such as guanine derivatives, vitamin D, gly-

cyrrhizin, and honey flavonoids, to mention a few (Brewer

et al. 2001; Candiracci et al. 2012; Schmidt et al. 2007;

Song et al. 2013).

OUA is a cardiotonic steroid (cardiac glycoside) found

in the ripe seeds of the African plants Strophanthus gratus

and the bark of Acokanthera ouabaio, and has been used in

low concentrations as a molecule eliciting a neuroprotec-

tive effect (Blaustein 1993; Golden and Martin, 2006;

Sibarov et al. 2012).

The plasma membrane is a lipid bilayer that, in response

to cell or tissue needs, may present variations in the

physical–chemical properties of its components (Jacobson

et al. 2007). Membrane lipids found in the CNS cells are

represented mainly by gangliosides, phospholipids and

cholesterol (Krafft et al. 2005). As in other cell types, lipids

in brain cells also possess roles in cell signaling as second

messengers, like the phosphoinositides, being relevant for

important processes such as neurotransmission, cell pro-

liferation and neuroprotection (Osborne et al. 2001).

The aim of the present study was to characterize the

effects of ouabain administration in the lipid composition

of hippocampal membrane fractions of rats at the age of

3-months, and relate these actions to a possible neuropro-

tective effect against LPS-mediated neuroinflammation.

Materials and Methods

Animal Handling and Procedures

Three-month-old Wistar male rats were kept on a room

with controlled temperature (21 ± 2 �C) and 12 h light/-

dark cycle, with food and water access ad libitum. The

experimental animals were euthanized by decapitation. All

the experimental protocols followed the rules and ethical

principles of the Brazilian Society for Laboratory Animal

Sciences (SBCAL) and were approved by the Commission

of Ethics in Animal Experimentation (CEEA, protocol nr.

77) from the University of São Paulo (USP), São Paulo,

Brazil. Each experimental group was composed of 6 ani-

mals that received intraperitoneal (i.p.) administration of

either (1) pyrogen-free, sterile saline (CTR), (2) ouabain

(OUA) (1.8 lg kg-1) followed 20 min later by the injec-

tion of either saline or (3) LPS (200 lg kg-1)

(OUA ? LPS), and (4) LPS in saline. The animals were

decapitated 2 h after the second injection (sufficient to

evoke maximal TNF increase in glial cells) and the brains

were rapidly removed and kept in ice-cold PBS. Hip-

pocampi were dissected over an ice-cold dish, and then

frozen by immersion in liquid nitrogen and stored at

-80 �C for later processing. All the reagents used were

analytical grade or better. LPS was from Sigma (E. coli

0111:B4, code L2630).

Rat Hippocampal Membrane (RHM) Preparation

Frozen tissue samples were thawed and homogenized in 5

volumes of ice-cold lysis buffer (10 mM HEPES, pH 7.9,

1.5 mM MgCl2, 10 mM KCl, 0.5 mM PMSF,

2.5 lg mL-1 antipain and leupeptin, 30 mM NaF, 20 mM

sodium pyrophosphate (Na4P2O7), 5 mM BG-P, 0.1 mM

EDTA in milli-Q water). After homogenization, samples

were centrifuged at 12,0009g for 30 s at 4 �C. The

resulting supernatant was centrifuged again at

12,0009g for 20 min at 4 �C, and the resulting pellet was

suspended in NOS homogenization buffer (320 mM

sucrose, 20 mM HEPES, 1 mM EDTA). Each sample

resulted in 120 lL of RHM suspension.

Protein Determination

Total RHM protein was determined by the Hartree method

using BSA as standard (Hartree 1972).

Extraction of RHM Lipid Fractions

Hundred microlitres samples of the RHM fractions were

mixed with 20 volumes of chloroform:methanol (2:1 v/v)

in 15 mL Falcon-type tubes and after 1 h at rest were

centrifuged at 2100 rpm in a non-refrigerated clinical

centrifuge for 20 min. Next, 1/5 volume of distilled water

was added and after thorough mixing the samples were

settled for 1 h and again centrifuged as above. This mixture

was reserved for 24 h for the separation of the aqueous

phase on the top (containing mainly gangliosides) and the

organic phase on the bottom (containing mainly phospho-

lipids and cholesterol) (Folch et al. 1957). The top and

bottom phases were then separately retrieved, dried on a

rotary evaporator, dissolved in chloroform:methanol (2:1

v/v) and stored at -20 �C.

Determination of RHM Total Phospholipids

Phospholipids were determined from the amount of phos-

phate released by acid hydrolysis as described else where

amounts of Pi (5–80 nmoles) and samples of commercial

dioleoylphosphatidylcholine (DOPC) were used to assess

lipid digestion and also as standards (Chen et al. 1956).
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Hippocampal membrane samples without acid treatment

resulted in negligible readings.

Determination of RHM Total Cholesterol

Cholesterol was quantified according to Higgins (1987).

Determinations were made in triplicate and the results were

extrapolated from a standard curve derived from a

1 mg mL-1 stock cholesterol solution, by diluting samples

between 0 and 400 lL to a final volume of 3.5 mL.

Determination of RHM total gangliosides

The total gangliosides in RHM were measured according to

Svennerholm (1957). Determinations were made as tripli-

cates, and sialic acid (1 mg mL-1 standard solution) was

used to make a standard curve ranging from 0 to 0.5 lM.

Statistical Analysis

All the results are expressed as mean ± S.D. The results

were tested by one-way ANOVA followed by Tukey, and

considered to be significant for p B 0.05. Graphs and

analysis were generated with the GraphPad Prism 5

software.

Results

Determination of Protein Concentration of RHM

Initially the total protein concentration of the RHM from

all the experimental groups (CTR, OUA, LPS, and

OUA ? LPS) was determined. The protein contents of

RHM from the treated groups were not found to be sig-

nificantly different from the control within the duration of

the experiment, as shown in Table 1.

Cholesterol Content of RHM

The total cholesterol content of RHM was determined from

the organic phase extract of each experimental group.

When the effect of either treatment (OUA/LPS/

OUA ? LPS) on the cholesterol content was compared, no

significant difference was observed for any of the treat-

ments (Fig. 1).

Total Phospholipids of RHM

The total phospholipids were also quantified from the

organic phase of the lipid extraction of RHM, by deter-

mining the amount of phosphate released by acid hydrol-

ysis of the lipids. A significant decrease, of nearly 23 % of

the phospholipid content present in RHM, was observed for

the 3-month aged, LPS-treated group, when compared with

the CTR group. In contrast, for this same 3-month aged

group the treatment with ouabain induced a significant

increase (also roughly 23 %) on the phospholipid content

of RHM relative to control. Notably, the OUA pretreatment

resulted in a compensatory effect, and phospholipid levels

on this 3-month aged group were found to be similar to the

CTR (Fig. 2).

Total Gangliosides of the RHM Fractions

From the aqueous phase of the RHM lipid extraction, we

were able to determine the total amount of gangliosides on

the samples from the different treated groups. The group

treated with LPS showed a significant increase on the total

gangliosides (101.80 ± 11.62 pmol) when compared with

the CTR group (75.59 ± 2.89 pmol). A significant increase

was also observed for the group treated with OUA

(106.70 ± 0.85 pmol). Conversely, the supply of OUA

pretreatment did not result in any significant difference

Table 1 Total protein

concentration of RHM fractions
Groups Protein (lg/lL)

Control 3.51 ± 0.22

OUA 3.19 ± 0.24

LPS 3.24 ± 0.22

OUA ? LPS 3.18 ± 0.19

Data are expressed as

mean ± SD and were submitted

to one-way ANOVA followed

by Tukey’s post hoc test. The

groups comprised 6 (3-month

old) animals each

Fig. 1 Total cholesterol of RHM from animals treated with LPS and/

or ouabain. The total cholesterol of RHM from the 3-month submitted

to treatment with LPS and/or ouabain was measured. Data are

presented as mean ± SD for groups of 6 (3-month) animals. All data

were subjected to 1-way ANOVA followed by Tukey post hoc test
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(74.69 ± 0.59 pmol) from the CTR. Therefore, although

the independent addition of either OUA or LPS resulted in

similarly increased RHM total ganglioside levels, the

concomitant addition of these molecules gave ganglioside

levels close to the CTR (Fig. 3).

Discussion

Cholesterol is a paramount component of biological

membranes and, in the CNS, its concentration is tightly

regulated and depends on local synthesis and membrane

export mechanisms, since this molecule cannot be taken up

from blood circulation. In addition to its known roles in the

regulation of membrane fluidity, plasticity, and release of

neurotransmitters, cholesterol metabolism in the CNS is

directly involved in the onset and development of several

structural and/or functional pathologies, like Smith-Lemli-

Opitz syndrome, Niemann-Pick type C disease, Huntington

disease, and Alzheimer disease (Cho et al. 2007; Orth and

Bellosta 2012). Therefore, any compound capable of

reversing, or impeding, deleterious membrane lipid chan-

ges induced by injury or inflammation would be of interest

for the treatment of diverse pathologies, mostly if the use

of that specific compound is already approved by regula-

tory agencies, as is the case for OUA.

A recent work from Oselkin showed that small amounts

of OUA could protect hippocampal slice cultures from

ischemia within a 2 h period of trauma. In addition, OUA

was shown to increase NFjB in cultured cerebellar cells in

a short-term response which peaks approximately 2 h after

OUA administration (de Sá Lima et al. 2013; Oselkin et al.

2010). Thus, a possible neuroprotective effect of OUA

within 2 h of trauma is already reported.

Changes in the total cholesterol content could result

either from altered rates of synthesis of the molecule as

well as to fluctuations of the activity of the 24-hydroxy-

lase (CYP46) and the membrane carriers responsible for

its metabolization and removal from neuronal cells. Pre-

vious studies reported that i.p. LPS administration did not

alter the amounts of cholesterol in rat brains (Kheir-Eldin

et al. 2001). We could not find any report concerning any

effect of OUA on the cholesterol content of RHM,

although OUA and digoxin were already described to

increase the synthesis of cholesterol in human liver-

derived HepG2 cells when delivered at concentrations

ranging from 1 nM to 1 mM. Those authors showed an

upregulation of HMG-CoA-reductase (HMGCR) activity

and suggested that cardiac glycosides could be potential

modulators of cholesterol synthesis due to the steroidal

nature of their core structure (Campia et al. 2009). A

previous work by Kurup and Kurup (2003) also showed

that an increase of the endogenous digoxin in patients

with severe bowel inflammation resulted in an increase of

HMGCR activity, which by its turn led to an increased

synthesis of cholesterol.

Our results show that roughly no alterations of the total

cholesterol content of RHM were elicited within the 2-h

experimental period after the administration of either LPS,

OUA, or OUA ? LPS (Fig. 1). Although a redistribution

of cholesterol in the cell membrane domains should not be

discarded, and in spite of the protective effects of OUA

mentioned above, in the short term neither the LPS neu-

roinflammatory injury and cell response nor the glycoside

appear to modulate cholesterol content in rat hippocampal

membranes.

Fig. 2 Total phospholipids of RHM from animals treated with LPS

and/or ouabain. The total phospholipids of RHM from the 3-month

submitted to treatment with LPS and/or ouabain was measured. Data

are presented as mean ± SD for groups of animals. All data were

subjected to 1-way ANOVA followed by Tukey post hoc test.

*Different from control, p\ 0.05; ##different from LPS, p\ 0.01

Fig. 3 Total gangliosides of RHM from animals treated with LPS

and/or ouabain. The total gangliosides of RHM for the 3-month

submitted to treatment with LPS and/or ouabain was measured. Data

are presented as mean ± SD for groups of 6 (3-month) animals. All

data were subjected to 1-way ANOVA followed by Tukey post hoc

test. *Different from control, p\ 0.05; **different from control,

p\ 0.01; #different from LPS, p\ 0.05
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Our results showed that within the 2 h of administration

OUA alone was able to increase the total phospholipids from

RHM in 3-month old rats. Conversely, LPS alone induced a

drop on the total phospholipids of RHM from the age-paired

experimental group. Noticeably, OUA was able to counter-

act the effect elicited by the LPS treatment when the OUA

pretreatment was done, maintaining the total phospholipids

in levels equivalent to those of the control group (Fig. 2).

This is highly suggestive of an OUA-stimulated mechanism

that, besides resulting in an increase in RHM phospholipids

by itself, ended up counteracting the decrease of total

phospholipids in RHM from 3-month-old rats caused by i.p.

LPS administration. Possibly this alteration is caused by a

shift in the balance of synthesis and degradation of specific

phospholipids. This could modulate the lipid microenvi-

ronment and thus shift it in response to the need of preserving

cell plasmamembrane integrity and protein function in order

to perform tasks such as defense, transport, and cell signal-

ing, among others.

An explanation for the decrease of almost 23 % in the

phospholipids from the LPS group (Fig. 2) could be that

when LPS is recognized by the TLR4 receptor, this would

lead to the production of TNF and IL-1, as well as to the

transcription of ROS-generating enzymes (Wang et al.

2004). The production of ROS by its turn would result in

peroxidation of different phospholipids, which could thus

lead to the decline of the total phospholipid content (Catalá

2009). Reports elsewhere showed that LPS administration

(2–10 mg/kg, over a 3–6 h period) induced an acute

increase of TNF-a and of lipid peroxidation products,

paralleled by glutathione depletion in lung, kidney, and

liver, in animal models of maternal infection associated to

inflammation. An increment of TNF-a was indeed also

observed for our 3-month-old groups (data not shown).

In line with this possibility, it was reported that lipid

peroxidation products could increase by 80 % in kidneys

from rats treated with LPS (Awad et al. 2011; Mohamadin

et al. 2011; Piechota et al. 2011; Zhang et al. 2000). For

brain tissue, administration of LPS (2 mg/kg, 2 h earlier)

increased the production of free radicals and malondi-

aldehyde, and lead to depletion of GSH and ATP stocks. In

parallel, 3 h after LPS inoculation the expression of INOS,

COX-2, and TNF-a, mRNAs were significantly increased

(Czapski et al. 2010). In other studies, LPS also increased

the expression of both iNOS and INF-a, and the production

of diacylglycerol and phosphatidic acid. Increased activi-

ties of PLC-PC, PLDPC, and PLA2 were also observed

(Akundi et al. 2005; Sakata et al. 2007). PLA2 presents

selectivity for oxidized phospholipids, removing them from

the membranes (Sevanian and Kim 1985; Soliman et al.

2013). In neuroinflammation, the increased activity of

PLA2 could induce the loss of phospholipids and thus

result in cell death (Sevanian et al. 1988).

LPS reportedly activates the release of cytokines, which

in turn will activate cell sphingomyelinase, and this

enzyme will thus lead to a decrease of the membrane

sphingomyelin content (Rosenberger et al. 2004). In addi-

tion, the reported macrophage LPS-induced cell responses

and activation through TLR4, CD14, and MAPK are

dependent on the recruitment of a specific PLC that would

additionally contribute to deplete membrane phospholipids

(Chiang et al. 2012; Cuschieri et al. 2006; Monick et al.

1999).

Similarly to what was observed for the total phos-

pholipids, the findings for the total gangliosides show a

capability of OUA alone to induce an increase of the total

amount of this lipid class for the 3-month-old rats

(Fig. 3). On the other side, LPS injection in this case also

induced a similar increasing in the total ganglioside

amounts of RHM. Nevertheless, it was also observed that,

for this age group, OUA injection prior to LPS somehow

resulted in the preservation of the gangliosides in values

similar to those of the control, avoiding the shift observed

with either OUA or LPS administration alone. Although

somewhat paradoxical, this result is not unfeasible, since

the paths involved on these conflicting effects and the

ganglioside profile for each treatment remains to be

determined.

For example, a shift in the proportions of the different

gangliosides, with a specific increase of the GM3 and GD3

types, was already described in fibroblasts for inflamma-

tory processes induced by LPS (Valaperta et al. 2006).

Gangliosides are sialic acid-containing oligoglycosyl-

ceramides found in the outer leaflet of plasma membranes.

They are known to be essential for cellular recognition,

interaction, and adhesion. They play crucial roles in signal

transduction, and are particularly abundant in the CNS,

where their expression is developmentally regulated. Their

composition varies with the differentiation stage and also

with the age of a cell. Something like 200 gangliosides that

differ on their carbohydrate moieties are known only in

vertebrates (Yu et al. 2008). Gangliosides are mostly found

associated with cholesterol and sphingolipids in lipid rafts

which are well organized membrane domains enriched in

proteins and receptors further known to play important

roles in signaling, binding, internalization, and neuro-

transmission. GM1, GD1a, and GD1b contribute with

80–90 % of the total gangliosides in adult mammal brains

(Hancock 2006; Simons and Gerl 2010; Wolf et al. 1998).

General and concluding remarks—several reports show

that as age increases there is a concurrent increase in the

biosynthesis of ceramides, which in turn are key interme-

diates in the biosynthesis of glycolipids, in different

regions of the human brain and also in cultured neuron

cells (Cutler et al. 2004; Prinetti et al. 2001). Ceramides are

well recognized as regulators of cell proliferation,
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differentiation, and survival (Billis et al. 1998). Moreover,

during aging the existence, structure and function of lipid

rafts are modulated by the ceramide portion. The gan-

glioside proportion in rafts from aging human or rat brain,

and of cultured neuronal cells, is increased as well (Son-

nino and Chigorno 2000). However, a reduction of the

ganglioside-bound sialic acid with aging due to an increase

in the activity of sialidase, that could thus shift composition

to a more polar pattern due to an increase in the relative

concentration of the more polar fractions GQ1b, GT1b, and

GD1b and a decrease in GD1a and GM1, was reported.

These shifts appear to be region dependent, with human

hippocampus presenting only a slight decrease in GD1a

(Kracun et al. 1992; Segler-Stahl et al. 1983). Whatever

region or lipids are selectively affected, there is ever

growing evidence that the lipids of neuronal membranes

are affected in response to aging or inflammation as a need

for cell adaptation for survival and preservation of func-

tion, but these lipid shifts are also involved in the onset of

grave pathologies such as Alzheimer and Parkinson

(Kristina Mlinac 2010).

Thus, our results show that OUA alone has the potential

of altering/modulating the membrane lipid composition of

rat hippocampal membranes (RHM) of 3-month-old rats in

the short term (2 h), since the ganglioside altered the

content of total phospholipids and gangliosides. Further-

more, OUA had the capability of counteracting the lipid

changes elicited by LPS-induced neuroinflammation,

restoring the levels of phospholipids and gangliosides of

RHM from 3-month-old rats. Regarding a counteraction of

the LPS-induced inflammation by OUA, some previous

reports suggested a promising potential of the cardiac

glycoside against diverse inflammation models, since its

administration resulted in reduced migration of inflamma-

tory cells, less expression of adhesion molecules, and

impaired signaling by chemokines and cytokines (de Vas-

concelos et al. 2011; Forshammar et al. 2011; Hillard

2008).

OUA can also act as a neuromodulator on the CNS as it

is described to increase the activity of sympathetic neurons

in rats (de Wardener 2001). In addition, depending of the

concentration tested, this glycoside can either stimulate or

inhibit apoptosis in CNS cells. This effect was observed in

studies on the regeneration of retinal ganglion cells in vitro,

where OUA at micromolar concentrations triggered cell

apoptosis, whereas nanomolar concentrations enhanced

cell survival (de Rezende Corrêa et al. 2005).

These observations raise the status of OUA to a possible

target drug able to counteract the lipid changes and

membrane damage induced by aging or inflammation.

Additionally, these observations also could raise the need

to study whether there is a correlation between the severity

of inflammatory responses, neuroinflammation, and even

the onset and progress of Alzheimer disease, with the

individual levels of endogenous cardiac glycosides.
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