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Abstract

Hyperosmolarity is a controversial signal for renal cells. It can induce cell stress or differentiation and
both require an active lipid metabolism. We showed that hyperosmolarity upregulates phospholipid (PL)
de novo synthesis in renal cells. PL synthesis requires fatty acids (FA), usually stored as triglycerides
(TAG). PL and TAG de novo synthesis utilize the same initial biosynthetic route: sn-glycerol 3P (G3P) —
phosphatidic acid (PA) — diacylglycerol (DAG). In the present work, we evaluate how such pathway
contributes to PL and TAG synthesis in renal cells subjected to hyperosmolarity. Our results show an
increase in PA and DAG formation under hyperosmotic conditions; augmented DAG production, due to
lipin enzyme activity, lead to the increase of both TAG and PL. However, at early stages (24 and 48 h),
most of the de novo synthesized DAG was directed to PL synthesis; longer treatments downregulated PL
synthesis and the DAG formed was mainly driven to TAG synthesis. Hyperosmolarity induced ACC and
FASN transcription which mediated FA de novo synthesis. New FA molecules were stored in TAG.
Silencing experiments revealed that hyperosmotic-induction of lipin-1 and -2 was mediated by SREBP1.
Interestingly, SREBP1 knockdown also dropped SREBP2, indicating a modulatory action between both
isoforms. Impairing SREBP activity leads to a decline in TAG levels but not PL. Membrane homeostasis
is maintained through the adequate PL synthesis and renewal and constitute a protective mechanism
against hyperosmolarity. The present data reveal the relevance of TAG synthesis and storage for PL

synthesis in renal cells.
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1. Introduction

Phospholipids (PLs) are key molecules for life. Apart of being the main constituents of the lipid bilayer of
all eukaryotic cell membranes, PL fatty acid tails govern membrane physicochemistry, modulate protein
activity, and store lipid mediators and second messenger precursors’. The polar head of the molecule acts
as docking sites for a variety of proteins and can also deliver aqueous soluble messengers [1-3]. Thus, the
adequate synthesis and turnover of PLs in biomembranes are crucial events to maintain cellular structure

and physiology.

PL de novo synthesis takes place in two well-defined stages. The first one leads to phosphatidic
acid (PA) formation by the successive acylation of sn-glycerol 3P (G3P) in position 1 and 2 by specific
acyltransferases. In a second stage, PA is dephosphorylated by the action of phosphatidic acid
phosphatase (PAP1) activity, also known as lipin, to form diacylglycerol (DAG), which constitutes a
branch point in the pathway since it can be condensed with CDP-choline or CDP-ethanolamine to form
phosphatidyicholine (PC) or phosphatidylethanolamine (PE), respectively, or it can be acylated in
position 3 to form triglyceride (TAG) by the action of diacylglycerol acyltransferase (DGAT) [4, 5].
Together with stearoyl esters and retinyl esters, TAG constitute the cellular pool of neutral lipids which
are stored within the cell in lipid droplets (LDs) [6]. When fatty acids are needed they are mobilized from
LDs and used to generate energy, membrane components, and/or signaling lipids [6, 7]. The accretion of
TAG in LDs occurs by different reasons as increase of exogenous lipids availability such as serum
lipoproteins or free fatty acids (FFAs) [6] or even in the absence of exogenous sources of FFAs
apparently by recycling membrane phospholipids into TAG [7, 8]. It has been demonstrated that different
pathological situations as oxidative stress, inflammation or viral infection induce LDs formation and that

LDs may play a cytoprotective role against cellular stress [9, 10].

Various works from our laboratory indicate that osmotic stress triggers phospholipid synthesis to
maintain membrane integrity in renal tissue. In the kidney, interstitial tissue is unigue in having an
osmolarity gradient along the corticomedullary axis; cortical interstitium is isosmolar respect to the
plasma while inner medullary interstitial osmolarity can overpass several times plasma values depending
on the hydration state of the organism [11]. This distinctive feature is closely related to the urinary
concentrating mechanism [12]. However, when osmolarity increases over such a high physiological

values, as occur in dehydration or other pathological situations, it becomes a stress factor and cells have



to trigger adaptive responses to survive [13, 14]. In addition, hyperosmolarity is a main signal for renal
tubular cells differentiation [15-17]. Former works from our laboratory showed that the renal inner
medullary cells possess the most dynamic phospholipid synthesis and membrane turnover among the
various kidney zones [18, 19]. We hawe also demonstrated that the high-sodium enriched environment is
responsible for regulation of renal phospholipid de novo synthesis [20]; these experiments showed that PL
content and biosynthesis increased as a function of sodium chloride concentration reaching the maximal

activity before epithelial cells reach their differentiated characteristics [20].

It is evident that osmotic-induced membrane biogenesis requires an adequate neutral lipid
metabolism to provide enough quantity of fatty acids. As mentioned before, PL and TAG de novo
synthesis utilize the same initial biosynthetic route: sn-glycerol 3P (G3P) — phosphatidic acid (PA) —
diacylglycerol (DAG). Therefore, we were interested in understanding how this initial stage in
glycerolipid synthesis was contributing to PL and TAG in renal cells subjected to hyperosmolarity. The
data presented herein show that renal cell prioritizes PL synthesis even in the absence of external or de
novo synthesized FA; in these situations, TAG stores are likely to be essential for preserving PL synthesis

and renewal. These results may explain our previous observations in renal papillary tissue.



2. Materials and Methods

2.1. Culture conditions. Madin Darby canine kidney (MDCK) cells (American Type Culture Collection,
passages 45-50) were grown in a mixture containing DMEM and Ham’s- F12 (1:1), 10% FBS, and 1%
antibiotic mixture (GIBCO®). After reaching 70-80% confluence, cells were placed in low-serum
medium (0.5% FBS) for 24 h and then subjected to hyperosmolarity for different periods of time.
Hyperosmolar media were made by adding aliquots of sterile 5 M NaCl to commercial medium to
achieve desired final osmolalities that were determined by using an osmometer (WOSMETTE, Precision
Systems; Sudsbury, MA)[16, 20]. After treatments, media containing dead cells and debris was discarded,
and cells were washed twice with sterile PBS and treated with 0.25% trypsin-EDTA (GIBCO®) for 3
min. When cells were detached from the culture support, 20% of FBS was added to stop trypsin action.
Cells were counted in a hemocytometer chamber (Neubauer’s chamber) in the presence of trypan blue to
obtain the number of total and viable cells. Viability was calculated from these data as the percentage of
non-trypan blue-stained cells of total counted cells. Aliguots of cell suspensions containing an adequate
number of cells were used for the different experimental protocols. Although nonviable cells were
included in the cell population used in the experiments, the number of trypan blue-stained cells was lower
than 10%. Under these experimental conditions the viability of collected cells was over 90%.

2.2. Lipid extraction, separation and quantification. Total lipids were extracted by the method of Bligh
and Dyer [21]. Briefly, MDCK cell pellets (~3 x 10° cells) were suspended in 800 pl of PBS and mixed
with 2 ml of methanol and 1 ml of chloroform, vortexed gently for 30 s, and incubated on ice for 15 min.
To yield two phases, 1 ml of chloroform and 1 ml of water were added, vortexed for 30 s and centrifuged
at 800 g for 5 min. The lower organic phase containing total cell lipids was collected, dried under a
nitrogen stream, and kept at -80°C for further analysis. Lipid species were separated by TLC. Dried
extracts were applied drop by drop onto a 1 cm lane of thin-layer silica gel chromatoplates (Merck) and
developed in a solvent mix containing petroleum ether / hexane / ethylic ether / acetic acid (40:40:20:1,
v/v), dried and exposed to iodine vapors to reveal lipid spots. The different lipids were identified by
comparison with the corresponding standards and the retention factors (Rfs): 0.06, 0.13, 0.18, 0.27 and
0.60 for polar lipids, DAG, cholesterol, FFA and TAG, respectively. To determine PA, TLC plates were
developed in a solvent mix containing chloroform / methanol/ acetic acid / water (55:43:3:4, v/v) and
phospholipid species identified according to Medth and Weigel procedure [22]. The quantification of

phospholipids was carried out by measuring the quantity of free orthophosphate (Pi) according to the



Bartlett procedure [23]. Briefly, the zones of the plates containing phospholipid mass were scraped into a
Kjeldhal tube, mixed with 70% perchloric acid in the presence of 0.5% ammonium molybdate, and heated
at 200°C for 30 min to complete mineralization to release Pi from phospholipid polar head. Pi
concentration was determined by using Fiske-Subarrow reagent [23]. The zones of the plates containing
TAG were scraped and extracted from the silica with chloroform twice, dried under a nitrogen stream and
guantified using a commercial enzymatic kit (TAG color, Wiener lab.), based on the determination of the
glycerol released by triglyceride lipase activity.

2.3. Labeling experiments. To evaluate whether hyperosmolarity affects lipid biosynthesis, we studied
the incorporation of the precursor [U-**C]-glycerol into PL, TAG, DAG and PA. To do that, cells were
grown to 70-80% confluence, placed in low-serum medium (0.5% FBS) for 24 h, and then subjected to
hyperosmolarity (125 mM NacCl) for different periods of time (24, 48, and 72 h). In one set of
experiments (Fig. 2), control and treated cells were incubated with 2 pCi/ml of [U-**C]-glycerol
(PerkinElmer ®) for 2, 4 and 6 h before cell harvesting. In the rest of the labeling experiments, cells were
incubated for 4 h before they were collected. When metabolic inhibitors were used, cells were treated
with them for 30 min before radioactive were added (different concentrations of TOFA and cerulenin, 20
uM fatostatin, all from Sigma-Aldrich). After labeling, lipids were extracted and separated by TLC as
described above. The radioactivity incorporated into each lipid was visualized by radioautography and
quantified by liquid scintillation counting.

2.4. PAP1/Lipin and LPP assays. Preparation of radioactive 1,2-diacyl-sn-glycerol-3-phosphate (PA):
Radioactive PA was obtained from [2-*H]glycerol-PC synthesized from bovine retinas incubated with [2-
*H]glycerol (200mCi/mmol) as previously described [24].

PAP1/Lipin activity was determined in an assay containing 50 mM Tris-maleate buffer, pH 6.5, 1 mM
DTT, 1 mM EDTA and 1 mM EGTA, 0.2 mM Mg**, and 50 pg cellular protein in a volume of 100pl.
The reaction was started by adding 80 uM of [*H]-PA plus 55 uM PC. Parallel incubations were carried
out after preincubating the enzyme with 4.2 mM NEM for 10 min. The difference between these two
activities was labeled as PAP1/Lipin activity [25, 26]. PAP1/Lipin enzymatic reactions were stopped by
adding chloroform:methanol (2:1, v/v). Blanks were prepared identically to each enzymatic assay except
that the membrane fraction was either boiled for 5 min or inactivated by the addition of
chloroform:methanol (2:1,v/v) before use. All assays for determination of PAP1/lipin activities were

conducted for 30 min at 37 °C. Lipids were extracted with chloroform:methanol (2:1, v/v) and washed



with 0.2 volume of CaCl, (0.05%). DAG was separated by gradient-thickness thin-layer chromatography
on silica gel G [12] and developed with hexane:diethyl ether:acetic acid (35:65:1, v/v). In this solvent,
DAG migrates to the three fourths of the plate and PA stays in the origin. Radiolabeled samples were
counted after the addition of 0.4 ml water and 10 ml 5% Omnifluor in toluene/Triton X-100 (4/1, v/v).
2.5. Transfections. SREBP1 and 2 were silenced using siRNA duplexes from Invitrogen (SiRNA
SREBP1 5-CCACUUCAUCAAGGCUGACUCUUUG-37 5-
CAAAGAGUCAGCCUUGAUGAAGUGG-3" and siRNA SREBP2 5-CGCOCCAGCUUUCAAGUCCUUCA-
31 5-UGAAGGACUUGAAAGCUGGUGGCUG-3). Cells were seeded (with or without glass cover slips) and
grown until 70% confluence and transfected with SiRNA or Scramble by means of Lipofectamine® 3000
(Invitrogen) following the manufacturer’s instructions. This procedure was repeated 24 hours later. After
24 h, cells were subjected to hyperosmolar medium for 24 hours, and harvested for mRNA analyses or
prepared for immunostaining.

2.6. RT-PCR and gPCR. MDCK cells were grown, treated, and collected as described above, then 2 x
10° cells were used for total RNA extraction using the SV Total RNA Isolation System (Promega) in
accordance with the manufacturer’s instructions. First-strand cDNA was synthesized from total RNA
using the reverse transcription system (Promega) using oligo-dT (Biodynamics) as primer. To evaluate
the levels of the different mMRNA encoding lipogenic enzymes, RT-PCRs were performed using GoTaq®
Polymerase and dNTPs from Promega. Quantitative PCR (qPCR) was performed on a Rotor Gene Q
(Quiagen) by using the master mix qPCR PB-L-SYBR Green | (Bio-L6gicos® products) according to the

protocol provided by the manufacturer. Primers used:

Protein Forward Reverse

Lipin-1 5-CGCAAGTCCTTCAGGTTCTC-3' 5-TGTGGAGATGACTTTGCAGC-3'
Lipin-2 5'-AAGACCAAAATGCTTCCCCT-3" 5-TGATCCCCAGAATGGAAGAG-3'
DGAT-1 5-TGGATAGTGAGCCGCTTCTT-3' 5-AGGAGCCTCATAGTGGAGCA-3'
DGAT-2 5-AGTGGCTCAGGCAGGTTAGA-3 5-GATGCTCTTCAAAATGGGGA-3'
ACC 5'-GTGGCTTTGAAGGAGCTGTC-3' 5-CCAGCCGGTGTCAATTCTAT-3'
FASN 5-TCATCCCCCTGATGAAGAAG-3' 5-GCAGTGGTCCACCAGGTAGT-3'
SREBP1 5-AGACATGGCAACCACTGTGA-3 5-GATAGTTCCTCCGCTCACCA-3
SREBP2 5-GATGTCATCTGTCGGTGGTG-3' 5-GGGGGCTCTCTGTTACTTCC-3
HMGCoAR 5'-GAAACGTGGGCATTGGGTTC-3' 5-TCCTCAACACAACACCGCAT-3
B-Actin 5-CAAAGCCAACCGTGAGAAG-3' 5-CAGAGTCCATGACAATACCAG-3

2.7. Microscopy. Cells were cultured as described above but on glass cover slips. After treatment, cells
were washed twice with sterile PBS, fixed with 3.7% paraformaldehyde in PBS for 30 min, and

permeabilized with 0.1% Triton-X100 in PBS for 15 min. Fixed cells were stained with Oil red O for 5



min, and washed with water and then with PBS. Next, the staining of actin filaments was done with
1pg/ml phalloidin-FITC (Sigma Aldrich) for 5 min, washed with PBS, and mounted with a drop of
Vectashield mounting medium (Vector Laboratories). For immunofluorescence, cells were fixed and
permeabilized, blocked with 3% BSA in PBS for 1 h and incubated with primary antibodies (SREBP1
mouse monoclonal sc-365513 or SREBP2 rabbit polyclonal ab28482) at 4°C overnight. Then, cells were
washed with PBS and incubated 1 h with fluorescent secondary antibodies (anti-Mouse IgG Alexa
Fluor® 488 conjugate, Invitrogen, or anti-Rabbit FITC conjugate, Vector) and 2.5 uM Hoechst 33258
(Sigma) to visualize nuclei. After labeling, samples were exhaustively washed with PBS and mounted
with a drop of Vectashield mounting medium (Vector Laboratories). Differential Interference Contrast
(DIC) and fluorescence images were obtained with a Nikon Eclipse Ti (with an objective Plan apo VC
60x, 1.4 DIC 1/2) with acquisition software Micrometrics SE Premium (Accu-Scope). Images were
processed using ImageJ.

2.8. Statistical analysis. The results were expressed as mean £ SEM. Data from controls and different
treatments were analyzed by ANOVA, and significant differences were assessed by a posteriori

Bonferroni test (p< 0.05).



3. Results

3.1. TAG metabolism in renal cells is upregulated by high NaCl media. In a previous report we
showed that hyperosmolarity activates phospholipids (PLs) biosynthesis in MDCK cultures [20]. As it
was mentioned before, in a first stage PLs de novo synthesis requires a sequential fatty acid (FA)
esterification. For this process, cells can obtain FA from cellular stores, that means, from triglycerides
(TAG) or from cell environment (diet or culture medium). Considering that MDCK were cultured in low
serum media (0.5% FBS), it is probable that cells obtain FA from stored TAG or from FA de novo
synthesis. Thus, we first evaluated whether hyperosmotic medium affects TAG content (Fig. 1). MDCK
cells were cultured with commercial medium alone (isosmolar condition, 298 mOsmol/Kg H,O
equivalent to 0 mM NaCl) or supplemented with different concentrations of sterile NaCl to reach
osmolalities between 300 and 600 mOsmol/Kg H,O (50 to 150 mM NaCl) like those found in renal inner
interstitium. Similar to that observed with phospholipids [20], TAG content increased as a function of
NaCl concentration in culture medium (Fig. 1A). Media containing 125 and 150 mM NacCl (equivalent to
512 + 12 and 590 = 22 mOsmol/Kg H,O, respectively) significantly increased TAG content by 122 and
96 %, respectively, over isosmolar condition (no NaCl added). Such an effect was also dependent on the
time of treatment, reaching the maximal variation respect to isosmolar value after 48 h of incubation with
125 mM NaCl (Fig. 1B). Figure 1C shows cellular TAG stored in lipid droplets (LDs). As it is seen,
hyperosmotic treatment by 72 h almost doubled oil red O staining due to the increase in the number and
the size of LDs (Fig. 1D). These results are in accordance with those found in renal tissue (not shown)
confirming the dependence on osmolality gradient of renal glycerolipid metabolism [18, 19].

The rise in TAG content after NaCl treatment can be attributed to an increase in its synthesis
and/or a decrease in its breakdown. TAG de novo synthesis begins when a molecule of sn-glycerol 3P is
successively acylated to form phosphatidic acid (PA) which is after converted to diacylglycerol (DAG) by
PA phosphatase (PAP1, also known as lipin). DAG can be converted either into phosphatidylcholine (PC)
and phosphatidylethanolamine (PE) through the Kennedy pathway, or into TAG by the action of
diacylglycerol acyltransferase (DGAT) (See scheme A in figure 2) [27]. To study de novo biosynthetic
pathway, and the relationship between TAG and PL, we monitored the incorporation of [U™*C]-glycerol
(**C-Gly) into these lipids during 2, 4 and 6 h after hyperosmotic treatment for 24, 48 and 72 h (Fig. 2).
As it is observed, at every time evaluated, the incorporation of “*C-Gly into both TAG and PL was

significantly higher in hyperosmolarity than the corresponding value in isosmolality (Fig. 2B and C).



Thus, saline treatment visibly modifies biosynthetic process. The number of picomole of PL formed per
cell at 24 and 48 h of NaCl treatment doubled the picomole of TAG synthesized in the same periods of
time (Fig. 2B and 2C). This observation goes along with the fact that, under hyperosmotic conditions,
MDCK cells increase their volume and size and reach a polarized-epithelial cell phenotype [16, 20]. So,
they must generate new membranes and most DAG formed through the common biosynthetic pathway
(Fig. 2A) is driven to PL synthesis. After membrane replenishment, cells have to redirect DAG to TAG
synthesis in order to avoid PL accumulation; this fact may explain the abrupt fall in PL synthesis after 72
h (Fig. 2C). Despite the number of picomole of PL synthesized per cell is higher than the picomole of
TAG that reflects the physiological needs of the cells, the change in the rate of the whole process
(estimated as the slope of **C-Gly incorporation curve and expressed as picomole of **C-Gly-lipid formed
per hour by 10° cells, Fig. 2D and E), was significant higher for TAG synthesis (5, 19 and 10-fold
increase for TAG synthesis respect to control values after 24, 48 and 72 h, figure 2D, versus 2, 9 and 6-
fold increase for PL synthesis compared to control values, figure 2E). This last observation may be
related to the physiological relevance of TAG synthesis in renal cells against changes in environmental
osmolality.

3.2.sn-glycerol 3P (G3P) — phosphatidic acid (PA) — diacylglycerol (DAG): a key metabolic route
against osmotic stress. To get a better understanding on how hyperosmolarity modulates these
biosynthetic pathways, we evaluated PA and DAG formation, common intermediary molecules for both
PL and TAG synthesis (Fig. 3). After 24 h, both PA and DAG synthesis increased 6 and 5 times,
respectively, over control values. PA levels remained constant after 48 h of NaCl, but DAG significantly
decreased by 48 % compared to 24 h (Fig. 3A). This observation goes along with the fall in lipin activity
that after 48 h of treatment returned to 24 h isosmolar value (Fig. 3B). The decrease in DAG steady state
level from 24 hto 48 h could be due to: 1) a lower lipin activity (Fig 3B), even if DAG decrease was
much more pronounced than enzyme activity reduction; 2) the action of a diacylglycerol lipase (DAGL);
3) a higher activity in PL synthesis (Fig. 2C) and/or 4) a greater activity of DGAT. Regarding DGAT
activity, it is worth to point out that a high DGAT mRNA level does not mean a higher enzyme
expression or activity. In addition, the formation of TAG (Fig. 2B) greatly exceeds the decrease in DAG
(Fig. 3B). Thus, we could speculate that after 48 h of treatment DAG production is delivered to TAG
biosynthetic pathway. This is reflected in TAG synthesis at 72 h of treatment but not in PLs biosynthetic

activity.



The level of lipin mMRNA expression was evaluated by gPCR (Fig. 3C and D). Despite three lipin
isoforms have been reported [28], only lipin-1 and lipin-2 were detected in our experimental conditions.
As it is seen, hyperosmolarity significantly increased the mRNA expression of both isoforms after 24 and
48 h, but the rise of lipin-2 was higher than that observed for lipin-1. After 24 h of NaCl, lipin-1 mRNA
expression doubled its basal expression while lipin-2 mRNA level was 10 times higher than basal values
(Fig. 3C and D). Even though a rise in mRNA expression does not mean an increase in the level of
protein and/or enzyme activity, we could speculate that 24 h increased lipin activity could be attributed to
lipin-2 isoform; however, it should be proven.

We previously showed that hyperosmolarity upregulated the expression of the whole set of
Kennedy pathway PC-synthesizing enzymes, in particular, cholinephosphotransferase that catalyzes the
condensation of DAG and CDP-choline to form PC accompanying the increase in PC synthesis [20, 29].
Now we determine whether diacylglycerol acyltransferase (DGAT), involved at the final step of TAG
synthesis is affected by hyperosmolarity. As it is shown in figures 3E and F, mMRNA levels of both DGAT
isoforms, DGAT-1 and DGAT-2, were significantly increased after 48 h of treatment. As mentioned
above, although mRNA increase does not mean protein level and/or enzyme activity increase, this finding
coincides with the elevated rate of TAG synthesis still observed after 72 h of NaCl (Fig. 2D) that may
contribute to drain the DAG not used in PL synthesis. As it was observed for lipin enzyme, the increase in
DGAT-2 levels was significantly higher than that observed for DAGT-1 (12 times for DGAT-2 and 5.5
times for DGAT-1 respect to their isosmolar values).

3.3. Fatty acids required for hyperosmotic-induced TAG synthesis are de novo synthesized. The
fatty acids (FAs) that cells need for biosynthetic processes can be obtained from cell environment (diet or
culture medium), TAG stores, and/or can be de novo synthesized. Considering that MDCK cultures were
maintained in low serum media (0.5 % FBS), the possibility of obtaining FA from culture medium is
limited. As previously mentioned, NaCl-triggered PL synthesis probably utilizes LDs-stored FA. Then, to
replenish LDs, TAG synthesis was activated (Fig. 2B). In this case, the FA required for PA formation
should be de novo synthesized. To test this possibility, we evaluated the expression of FA-synthesizing
enzymes, acetyl CoA carboxylase (ACC) and fatty acid synthase (FASN), and evidenced their activity by
using different concentrations of TOFA, ACC inhibitor, or cerulenin, FASN inhibitor (Fig. 4). The

analysis of g- and RT-PCR showed that the expression of both enzymes significantly increased between



12 and 24 h after treatment, thus preceding the highest FA demand for PA synthesis (Fig. 3A) occurred
after 24 and 48 h of hyperosmotic challenge (Fig. 4A, B and C). As it is seen in figure 4D and 4E, both
inhibitors blocked hyperosmotic-induced TAG synthesis in a concentration dependent fashion. Similarly,
TOFA and cerulenin, decreased the endogenous TAG content (Insets in Fig. 4D and E). These results
clearly indicate that FA de novo synthesis is required for hyperosmotic-induced PA synthesis directed to
TAG synthesis and clearly reveal that stored-TAG is being hydrolyzed since its content is also affected by
FA synthesis inhibitors. The fall in TAG content indicates that cells utilize stored-FA to face the demand
of hyperosmotic-induced PL synthesis that it was not hindered neither by TOFA nor by cerulenin affected
PL biosynthesis (Fig. 4F and 4G). Therefore, when osmolality changes in environment, MDCK cells
increase PL synthesis and content by using stored FA at LDs; as the stimulus continues, cells activate
TAG synthesis to restore TAG content and refill LD stores.

3.4. NaCl induced-transcriptional regulation of lipin but not DGAT involves SREBP. gPCRs shown
in figures 3 and 4 indicate that hyperosmolarity activates the transcription of lipid biosynthetic enzymes.
These observations were confirmed by performing PCR and TAG synthesis experiments in the presence
of the transcriptional and translational inhibitors actinomycin D and cycloheximide; both inhibitors
blocked the expression of lipin and DGAT and the synthesis of TAG (not shown). It is widely reported
that lipogenic gene expression is mainly regulated by the transcription factor sterol regulatory element-
binding protein (SREBP) [30, 31]. In order to evaluate whether SREBP was mediating the transcription
of lipogenic enzymes, we studied the content and the synthesis of lipids in the presence of fatostatin that
blocks SREBP activation [32]. Figure 5A shows a typical chromatogram obtained from MDCK cells
treated with hyperosmotic media in the absence or presence fatostatin for 24 and 48 h. As it is seen,
fatostatin (Fato) markedly decreased TAG content (Fig. 5B) which was reflected in LDs size reduction
but not in changes in their number (Fig. 5C and D). Similar to those results showed in Fig. 4 and
discussed in section 3.3, LDs TAG-emptying was probably due to TAG decreased-synthesis (Fig. 5E) and
TAG utilization for phospholipid synthesis which was not affected by fatostatin (Fig. 5G). Figures 5H
and 51 show the reduction of lipin-1 and -2 mMRNA expression by fatostatin treatment. Despite we
observed that actinomycin D blocked all lipogenic enzyme transcription (not shown), fatostatin did not
affect DGAT isoenzymes expression. Thus, the fall in TAG seems to be a consequence of decreased-lipin

expression which in turn causes a reduction in DAG de novo synthesis (Fig. 5F).



To confirm the participation of SREBP in transcriptional regulation of lipogenic enzymes, we
performed experiments using specific small interference RNAs (SIRNA). Both SREBP1 and 2 mRNAs
were expressed in isosmotic conditions in MDCK cells. SREBP1 and 2 mRNAs expression showed an
early non-significant decrease (4 h of NaCl treatment) followed by a steadily induction that reached a
maximal level after 24 h of treatment (Fig. 6A and B). Protein expression and location were studied by
immunofluorescence microscopy. After 24 h, hyperosmotic treatment caused an increase in nuclear-
fluorescence associated to SREBP1 and a fine but evident redistribution of SREBP1 labeling within
nuclear compartment, which was found nearby nucleolar structures (Fig. 6C, upper panel). It is worth
pointing out that after 24 h of treatment, both lipin-1 and lipin-2 significantly augmented the ir expression.
A different pattern was found for SREBP2 protein labeling that was found inside nucleoli and associated
to nuclear envelope and to supra-nuclear vesicle-like structures showing a strong labeling after 24 h of
NacCl treatment (Fig. 6C, lower panel). MDCK transfection with SREBP1 and SREBP2 siRNAs (S1 and
S2 siRNAs, respectively), modified SREBPs mRNA (Fig. 6D and E) and protein levels (Fig. 6F). S1-
SIRNA decreased SREBP1 mRNA levels. Unexpectedly, the expression of SREBP2 mRNA was also
blocked by S1-siRNA. In contrast, S2-siRNA, only caused the fall of its own mRNA and of SREBP2-
target gene HMG-CoA reductase (not shown). These experiments confirm fatostatin assays and also
reveal that hyperosmotic transcriptional activation of both lipin-1 and lipin-2 was mediated by SREBP1.
Similar to that found with fatostatin, DGAT-1 and DAGT-2 expression were not affected by silencing

treatment (Fig. 6G and H).



4. Discussion.

The aim of the present work was to establish the relationship between PL and TAG de novo synthesis
dynamics in renal cells subjected to hyperosmotic environment. Since both metabolic pathways utilize the
same initial biosynthetic route: sn-glycerol 3P (G3P) — phosphatidic acid (PA) — diacylglycerol (DAG),
we were interested in understanding how this initial stage in glycerolipid synthesis was contributing to PL

and TAG accumulation.

Hyperosmolarity is a dual and controversial signal for renal cells. Abrupt changes in
environmental osmolality induce cell stress that can lead to death. However, under physiological
conditions, hyperosmolarity induces renal cell differentiation and the maturation of urine concentrating
system. Moreover, variation of interstitial osmolality is necessary to concentrate urine in mature kidneys
[14, 17, 33]. Interestingly, both situations require an active lipid metabolism: as a protective mechanism
against osmotic stress for preserving membrane structure and as a physiological tool for constructing cell

structure and tissue architecture of differentiated cell state.

The fact that hyperosmolarity induces cell differentiation has been demonstrated in different cell types. In
the last years, a growing body of evidence has been supporting the idea that the tonicity-responsive
enhancer binding protein (TonEBP), also known as NFAT5 (nuclear factor of activated T cells 5) is
involved in differentiation process. TOonEBP/NFATS5 is a transcription factor considered a master
regulator of adaptive and protective responses against hyperosmolarity [34, 35]. In the kidney,
TonEBP/NFATS activation is dependent on sodium increase but not on potassium salts or urea variations
[34], and its activity mediates the expression of several proteins present in differentiated cell state [14].
Moreover, Han and col. demonstrated that TonEBP contributes to the maturation of urinary concentrating
system in developing rat kidney [33], accompanying the idea that presence of high sodium concentrations
surrounding immature renal cells activates TonEBP which in turn induces cell differentiation [34]. In
addition, the involvement of TonEBP/NFATS has been shown in skeletal muscle differentiation [36],
P19CL6 cells differentiation to cardiomyocytes [37], CACO-2 cell differentiation [38] and human bone
marrow stem cells (hBMSCs) differentiation to chondrogenic cells [39]. Madonna et al. have
demonstrated that TonEBP activity regulates vascular development of iPS cells under glucose-hypertonic
conditions [40]. The fact that cell differentiation activates a specific lipid synthesis program have been

extensively reported [41-46]. Even though all these differentiation processes should be accompanied with



the synthesis and maturation of new membranes, no reports about hypertonicy-induced lipid metabolism

have been found neither in human renal cells nor in stem cells.

The effect observed on lipid metabolism seems to be ion specific. Since the renal interstitial
solutes that contribute to hyperosmolarity are mainly NaCl and Urea, we performed our experiments in
the presence of both solutes. Between these solutes only NaCl (not urea) is able to modulate lipid
metabolism. Such an effect was shown in a previous manuscript where we showed how hyperosmolarity
regulates membrane biogenesis and phospholipid profile [20]. We also performed TAG synthesis and
content determinations in the presence of urea (not shown) and similar to that previously found for
phospholipids, urea did not cause any change. In addition, we tested the effect of hyperosmolarity made
of different concentrations of KCI and glucose on lipid metabolism and no effect was found in any case.
The fact that high NaCl-hyperosmolarity modulates lipid metabolism was also observed in
glycosphingolipids [16] and sulfoglycosphingolipids SM4 and SM3 [47] synthesis in renal cells. In
addition, sodium-hyperosmotic medium modulates lipid droplet formation in human corneal epithelial
cells [48]. Apart from that, numerous studies evaluating the effect of hyperosmolarity on other MDCK
parameters are consistent with the fact that NaCl is the responsible for the observed effects [13, 14, 16,

34, 47-51].

We previously showed that high NaCl-hyperosmotic medium induces phospholipid synthesis
activity and phospholipid mass accretion in MDCK cells. Such an effect, occurring within the first 48-72
h of hypertonic treatment, contributes to the enrichment of the apical and basolateral membranes in
sphingomyelin (SM) and phosphatidylcholine (PC) content, respectively, and is needed for membrane
biogenesis during cell polarization-differentiation process [20]. We also demonstrated that hyperosmotic-
mediated MDCK membrane synthesis involves the rise in the expression and activity of PC synthesis
rate-limiting enzyme, CTP:P-choline cytidylyltransferase (CCT). CCT activity regulation requires protein
redistribution between hypertonic-induced intranucleoplasmic compartments, lamin A/C-speckles and
paraspeckes [15, 29]. In the present work, we demonstrated that hyperosmolarity induces the synthesis
and accretion of another lipid class, the triglycerides; the present data also show that under osmotic stress
MDCK cells prioritize PL synthesis even in the absence of their main structural constituent: fatty acids.
Thus, under hyperosmolar environment, TAG stores become essential for preserving PL synthesis and

renewal in cell membranes. Despite it was shown that hyperosmolarity regulates differentiation through



TonEBP/NFATS and we demonstrated that hyperosmotic environment triggers PL synthesis which is
necessary for membrane biogenesis in differentiation process, we were not able to demonstrate that PL
biosynthetic enzymes expression was mediated by TonEBP/NFATS5 since its silencing did not cause PL
synthesis inhibition [20]. Whether or not TonEBP were mediating TAG synthesis is now under study in

our laboratory.

The response of the cell to changes in environmental osmolality involves three stages. In the first
hours, renal cells in culture suffer a decrease in their volume, a rise in ionic strength, aggregation of
macromolecules and a delay in transcription and translation processes, among others. Afterwards, cells
activate adaptive mechanisms such as accumulation of organic osmolytes and transcription of
osmoprotective genes. After 20 h, cells are adapted and activate the transcription of specific genes for
renal function or differentiation [14, 17, 52]. Hence, the kinetic of renal cell adaption and differentiation
goes along with the kinetic of glycerolipids synthesis presented herein. Regarding the mechanism by
which high environmental NaCl concentration is sensed and triggers the activation of these pathways is
still controversial [53]. However, several reports provide experimental data supporting the role of
cytoskeleton and integrin proteins in such action. In nervous cells, extracellular matrix (ECM) hydration,
ECM-integrin interaction and cytoskeleton rearrangement are involved in osmosensing process [54].
Thus, hyperosmotic stimulus changes the interaction of ECM proteins with water and cations. Such status
activates transient receptor potential (TRP) protein that interacts the transmembrane protein integrin. The
full opening of TRPV channel draws water outflow by from intracellular compartment, decreases cell
volume and increases the pushing force of actin cytoske letal network causing cell shrinkage. Following
cell shrinkage, a regulatory volume increase (RVI) occurs that includes the increase in cytosolic Ca®*
(activated-TRPV channels), the activation of mitogen-activated kinases, and the mobilization of
aquaporins from vesicles to the membrane. RV, reduce microtubule-associated TRPV and hyperosmotic

activation of osmosensory neurons occurs [54].

We previous ly showed that hyperosmolarity reduces PL biosynthetic activity during the first 12 h;
but between 12 and 24 h of treatment, PL synthesis is recovered and maintained elevated for 48 h (Fig.
2C and E) [20]. This evidence agrees the fact that high NaCl media induce differentiation of MDCK by
48 h of treatment [15, 16, 20]. Hence, subconfluent cultures subjected to high NaCl are committed to

produce new PL molecules to provide membranes to the cells undergoing differentiation. To achieve this



requirement, PL synthesis is activated and remained elevated by the first 48 h. Later, after 72 h, PL
synthesis comes down (Fig. 2C and E). The high level of PL de novo synthesis was accompanied with the
early generation of precursor molecules, PA and DAG (Fig. 3). These molecules are also biosynthetic
precursors of TAG whose synthesis become significantly evident after 48 h of hyperosmotic treatment
(Fig. 2B and D). Therefore, the DAG formed when NaCl activates de novo glyceride biosynthetic process
is prioritized for PL more than for TAG synthesis. These findings agree with previous works
demonstrating that the destiny of DAG depends on the needs of the cell for synthesizing PC or PE, the
main phospholipids in bilayer structure; but when PC or PE synthesis are inhibited, DAG is converted to
TAG [55-57]. In our experimental system, PL biosynthetic activity decreased after 72 h of treatment. It is
worth to point out that the reduction in DAG synthesis preceded the fall in PL biosynthetic activity. Even
though osmotic-induced DAG production fall at 48 h, it is still significantly higher than DAG generation
in control cells (Fig. 3A). Therefore, such an excess of DAG could be redirected to TAG synthesis which
remains high active at 72 h (Fig. 2B and 2D).

We did not determine the reason for the decrease in PL synthesis but it is probably related to PL
biosynthetic enzymes downregulation. It is widely accepted that, CCT, the rate-limiting enzyme of PC
synthesis, is activated by high levels of DAG, fatty acids or anionic phospholipid as PA and inactivated
by the decrease in these lipids or the increase in PC concentration in ER membranes; CCT is also
regulated by the physicochemical state of the bilayers [58, 59]. Therefore, it could be possible that the
early production of hyperosmotic-activated PA and DAG synthesis (Fig. 3A) activates CCT and, in
consequence, CDP-choline synthesis increases, resulting in PC content augment [20]. When cells reach
the adequate PL concentration in endoplasmic reticulum membranes, DAG synthesis declines (Fig. 3A),
and CCT activity falls. However, further experiments are necessary to prove this hypothesis. The decrease
in DAG (48 h) occurs before PL synthesis decrease (72 h of treatment) (Fig. 2E); however, the level of
TAG at 72 h of hyperosmolarity is similar to that observed at 48 h (Fig. 2D). These observations would
reinforce the idea that a decreased availability of DAG, due to a diminished lipin activity, would affect
the formation of PLs requiring DAG in their biosynthesis like PC and PE; as consequence, a high PA
availability could be delivered for phosphatidylinositol (P1) and/or cardiolipin (CL) formation [5]. The
fact that TAG levels are not influenced by the availability of DAG could suggest a greater expression
and/or affinity of DGAT activity. Concerning to PA metabolism, apart from our previous experiments

also performed in MDCK cells [20], the fact that high-NaCl causes the increases glycerolipid synthesis



has been reported by Robciuc et al. [48], who demonstrated that hypertonic medium induces TAG
accumulation in human corneal epithelial cells. Thus, we can say that we are demonstrating the effect of
high NaClon the de novo synthesis of phosphatidic acid formation by the first time.

The production of DAG destined to membrane biogenesis is catalyzed by the enzyme
phosphatidic acid phosphatase 1 (PAP1), also known as lipin. A growing piece of evidence reveal that
lipin proteins are important determinants of lipid homeostasis since they catalyze the conversion of
phosphatidic acid (PA) into diacylglycerol (DAG) [60-62], being a branch-point for the synthesis of
triglyceride, zwitterionic phospholipids or anionic phospholipids [28]. Apart from regulating both
triglyceride and glycerophospholipid synthesis through PAP activity, lipin proteins can regulate fatty acid
oxidation enzymes through transcriptional co-activation [63]. Three lipin isoforms have been reported:
lipin-1, lipin-2 and lipin-3 [27, 28, 64]. Lipin-1 is highly expressed in white/brown adipose tissue and
skeletal muscle where is responsible for PAP activity contributing to TAG synthesis. Despite lipin-1 is
also expressed in liver, kidney and brain, its contribution to PAP activity remains unclear. Lipin-2
isoform is highly expressed in kidney, liver and lung, and it is considered the main protagonist of PAP
activity in these tissues. In our experimental conditions, lipin-1 as well as lipin-2 are expressed but not
lipin-3 (Fig. 3C and D). Even though both lipin-1 and lipin-2 mRNA levels were increased by
hyperosmolarity, the rise in the expression of lipin-2 was several times higher than that observed for lipin-
1. Moreover, after 48 h of hypertonic treatment lipin-2 increase was almost 20 times of its basal value
(Fig. 3D). From our results, we are not able to assert the function of each one of lipin isoforms because
the enzyme assay does not discriminate between one or other isoform. Both, lipin-1 and/or lipin-2 could
be involved in the formation of DAG for TAG and PL synthesis. It is interesting to mention that it has
been reported that among the three mammalian lipin proteins with PAP activity, lipin-1 specific activity is
higher than lipin-2 and -3 activities [62]; Knockdown of lipin-2 in isolated hepatocytes reduces PAP
activity and TAG synthesis [4], these observations agree with our suggestion that DAG directed to TAG
synthesis is mainly produced by lipin-2. In addition, although different isoforms are present in most of the
tissues their levels depend on tissue type [65]. In agreement with our results, a major expression of lipin-2
respect to lipin-1 is observed in kidney [66, 67].

After 48 h, TAG synthesis is activated for two reasons. On one hand, when PL needs have been reached,
cells must drive the excess of DAG to cellular stores, the lipid droplets (Fig. 1); apart from that, cells

must refill pre-existing TAG stores which have probably been depleted in the early PL synthesis. The



present experiments were performed in low serum conditions. Hence, the early synthesis of PL should use
stored FA. This fact was clearly evidenced in the experiment showed in Fig. 4; even though FA synthesis
was inhibited, PL synthesis continued. However, TAG synthesis dropped demonstrating its requirement
for newly synthesized FA. FA synthesis enzymes were upregulated by hyperosmotic media being their
expression maximal at 48 h of treatment.

The last step in TAG synthesis is catalyzed by diacylglycerol-acyltransferase (DGAT). Two
isoforms, DGAT-1 and DAGT-2 has been reported [4, 68]. Both proteins are expressed in MDCK cells in
our experimental conditions, and both seemed to be transcriptionally regulated by hyperosmolarity,
showing the maximal induction after 48 h (Fig. 3E and F). Although both isoforms are involved in TAG
synthesis in different tissues it has been reported that they use different substrates [68]; thus, DGAT-1 is
involved in esterifying exogenous FA taken up by cells from the environment or in re-esterifying
exogenous FA into DAG and MAG after lipases action [68, 69]. In contrast, DGAT-2 would be the
responsible for incorporating endogenous de novo synthetized FA into TAG [68, 70, 71]. These reports
support our present results. Thus, early after NaCl addition, PLs synthesis proceeds by using FA from
stored TAG. The requirements for membrane biogenesis and the decrease of TAG concentration probably
triggers FA de novo synthesis with the concomitant increase of DGAT-2 expression which in turn
activates the de novo synthesis of TAG (Fig. 1, 2 and 3). It is interesting that the maximal expression of
DGAT-2 precedes the highest accretion of TAG at 72 h. Although DGAT mRNA level was not measured
after 72 h of treatment, we could infer that its activity remains elevated since TAG content is still elevated
after 96 h of treatment (not shown).

Transcriptional regulation of lipogenic enzymes could be mediated by several transcription
factors. However, SREBP is considered as the lipid master regulator [30, 31]. So, we studied its
participation in hyperosmolarity-induced transcriptional activation (Fig. 5 and 6). Fatostatin, a known
inhibitor of SREBPs activation [72], blocked the expression of ACC and FASN (known targets of
SREBP, not shown) and lipins; however, DGAT expression was not affected (Fig. 5). The fall in
lipogenic enzymes was reflected in the decrease in TAG content (Fig. 5B and D) which was probably due
to two main events: the fall in TAG synthesis (Fig. 5E) because of an impaired de novo FA synthesis, and
the utilization of preexisting TAG pool for PL synthesis which was not affected by fatostatin (Fig. 5G),
reconfirming the relevance of PL biosynthetic process. Thus, if cells are not able to obtain DAG by de

novo synthesis they will obtain it from their storage to maintain PL synthesis and membrane renewal.



This fact can be evidenced by the reduction in the size (not the number) of LDs after fatostatin treatment
(Fig. 5D). Two main SREBP isoforms have been reported, SREBP1 and SREBP2 [30, 31]. SREBP1c and
SREBP?2 are subjected to distinct forms of transcriptional regulation, whereas SREBP 1a appears to be
constitutively expressed at low levels in liver and most other tissues of adult animals [30]. Thus, the
increased SREBP1 mRNA levels after 24 h of NaCl treatment could be attributed to the SREBP1c
isoform (Fig. 6A and B). Despite the regulation of glycerolipids is classically associated to SREBP1 and
that of cholesterol to SREBP2, nowadays it is known that both isoforms can regulate all lipogenic genes
depending on the cell type and metabolic state [30, 73]. The analysis of lipid enzyme expression after
silencing experiments revealed that only SREBP1 modulates the transcriptional activation of Lipin-1 and
-2, and confirm the fact that is not involved in DGAT regulation. The silencing experiments also showed
that SREBP1 and SREBP2 regulates their own expression. In addition, our findings showed that the
silencing of SREBP1 gene abrogates SREBP2 (Fig. 6), indicating that SREBP1 protein is necessary for
SREBP2 expression. The transcriptional regulation of the SREBPs genes is a complex process that
involves several transcription factors including their own proteins since they have SREs present in the
enhancer/promoters of each gene [30, 74, 75]. Thus, it is possible that hyperosmolarity activates
SREBP1 to provide cells with the adequate set of lipogenic enzymes that carry on the synthesis of
glycerolipids. But, the generation of new membranes also requires cholesterol to balance lipid
composition at the endoplasmic reticulum; therefore, an extra activity of SREBP2 could be needed, being
its synthesis induced by SREBP1. However, more experiments are needed to prove this theory.

The increase in SREBP activity can be evidenced by an increase in its expression (Fig. 6A and
B), an increase in its redistribution from cytoplasmic to nuclear compartment (Fig. 6C) and an increase in
the expression of targets genes (Fig. 6G and H). The SREBP is synthetized as a 128 kDa precursor
protein which is bound to the endoplasmic reticulum and to the nuclear envelope by SCAP protein
(SREBP cleavage-activating protein). Upon activation, the SREBP/SCAP complex migrates to the Golgi
and there, the active 68 kDa mature SREBP is released by site 1 protease (S1P) and site 2 protease (S2P)
in a sequential cleavage process. Mature SREBP translocates from cytoplasm to nucleoplasm and
promotes the transcription of many lipogenic genes [31]. The activity of SREBP could be modulated by
post-translational modifications such as phosphorylation by different kinases. It has been reported that

SREBP1 is negative ly regulated by GSK3-, AMPK and protein kinase A phosphorylation [76, 77] and it



is activated by p38, ERK and JNK [78, 79]. Also, focal adhesion kinases, like FAK and c-Scr, have been
found to activate SREBP by phosphorylation [80].

In renal cells, it has been demonstrated that cell shrinkage activates p38 and ERK MAPKSs [81].
Modifications of cellular architecture related to hypertonicity-induced cell shrinkage are associated with a
reorganization of the architecture of the actin cytoskeleton and with changes in the F-actin-G-actin
equilibrium. Specific cytoskeleton components may sense cell volume decrease and initiate signaling
cascades leading to RVI. In addition, signal transduction cascades leading to remodeling of the actin
cytoskeleton and to MAPK activation share some common elements [82]. In MDCK cells,
hyperosmolarity induces cell shrinkage with actin cytoske leton reorganization involving AMPK activity
[83]. Recently, Neuhofer et al. reported that focal adhesion kinase (FAK), a widely expressed non-
receptor protein tyrosine kinase intimately involved in integrin-mediated signaling, transduces mechanical
forces, such as are present during cell shrinkage in cells exposed to osmotic stress, into intracellular
signals to elicit adaptive cellular responses. In MDCK we demonstrated that ERK1/2 MAPK is activated
by hypertonicity and such activation is required for Kennedy pathway enzyme expression [20]. Thus, we
can hypothesize that hyperosmolarity causes rearrangements in actin cortical cytoskeleton and its
associated proteins. These events in turn activates different protein kinases-mediated signaling pathways
leading to SREBP activation and the expression of its target genes which could be involved in renal
glycerolipid synthesis and cell differentiation. However, such a sequence should be proven.

Summarizing, in this work we studied the molecular mechanisms underlying membrane
biogenesis in cells subjected to hyperosmolarity. The relationship between PL and TAG de novo
synthesis dynamics was evaluated. In particular, we were interested in understanding the initial stage in
glycerolipid synthesis since both utilize the same biosynthetic route: sn-glycerol 3P (G3P)— phosphatidic
acid (PA) — diacylglycerol (DAG). The results presented herein show that renal cells activate a
synchronized program to coordinate glycerolipid synthesis to provide themselves an adequate membrane
extension, and to guarantee the provision of substrates. Our results clearly demonstrate the relevance of

an adequate store of TAG for maintaining membrane homeostasis even in the absence of substrates.

Conflict of interest.

The authors declare that they have no conflicts of interest with the contents of this
article.



Funding sources.
This work was supported by Agencia Nacional de Promocion Cientifica y Tecnologica [grant: PICT
2013-1132], Consejo Nacional de Investigaciones Cientificas y Tecnologicas (CONICET) [grant

P1P0327] and University of Buenos Aires [UBACYT 2014-2017, 20020130100658BA].



4. References.

[1] S. Suetsugu, S. Kurisu, T. Takenawa, Dynamic shaping of cellular membranes by phospholipids and
membrane-deforming proteins, Physiological reviews, 94 (2014) 1219-1248.

[2] F.M. Goni, The basic structure and dynamics of cell membranes: an update of the Singer-Nicolson
model, Biochimica et biophysica acta, 1838 (2014) 1467-1476.

[3] G. van Meer, D.R. Voelker, G.W. Feigenson, Membrane lipids: where they are and how they behave,
Nat Rev Mol Cell Biol, 9 (2008) 112-124.

[4] Q. Liu, R.M. Siloto, R. Lehner, S.J. Stone, R.J. Weselake, Acyl-CoA:diacylglycerol acyltransferase:
molecular biology, biochemistry and biotechnology, Progress in lipid research, 51 (2012) 350-377.

[5] M. Hermansson, K. Hokynar, P. Somerharju, Mechanisms of glycerophospholipid homeostasis in
mammalian cells, Progress in lipid research, 50 (2011) 240-257.

[6] T.C. Walther, R.V. Farese, Jr., Lipid droplets and cellular lipid metabolism, Annual review of
biochemistry, 81 (2012) 687-714.

[7] K. Athenstaedt, G. Daum, The life cycle of neutral lipids: synthesis, storage and degradation, Cellular
and molecular life sciences : CMLS, 63 (2006) 1355-1369.

[8] J.N. vander Veen, S. Lingrell, D.E. Vance, The membrane lipid phosphatidylcholine is an unexpected
source of triacylglycerol in the liver, The Journal of biological chemistry, 287 (2012) 23418-23426.

[9] A. Herms, M. Bosch, N. Ariotti, B.J. Reddy, A. Fajardo, A. Fernandez-Vidal, A. Alvarez-Guaita,
M.A. Fernandez-Rojo, C. Rentero, F. Tebar, C. Enrich, M.I. Geli, R.G. Parton, S.P. Gross, A. Pol, Cell-
to-cell heterogeneity in lipid droplets suggests a mechanism to reduce lipotoxicity, Current biology : CB,
23 (2013) 1489-1496.

[10] M.A. Welte, Expanding roles for lipid droplets, Current biology : CB, 25 (2015) R470-481.

[11] C. Chmielewski, Renal anatomy and overview of nephron function, Nephrol Nurs J, 30 (2003) 185-
190; quiz 191-182.

[12] J.M. Sands, H.E. Layton, Advances in understanding the urine-concentrating mechanism, Annual
review of physiology, 76 (2014) 387-409.

[13] M.B. Burg, Response of renal inner medullary epithelial cells to osmotic stress, Comparative
biochemistry and physiology. Part A, Molecular & integrative physiology, 133 (2002) 661-666.

[14] M.B. Burg, J.D. Ferraris, N.I. Dmitrieva, Cellular response to hyperosmotic stresses, Physiological
reviews, 87 (2007) 1441-1474.

[15] N.O. Favale, N.B. Sterin Speziale, M.C. Fernandez Tome, Hypertonic-induced lamin A/C synthesis
and distribution to nucleoplasmic speckles is mediated by TonEBP/NFATS5 transcriptional activator,
Biochemical and biophysical research communications, 364 (2007) 443-449.

[16] L.G. Pescio, N.O. Favale, M.G. Marquez, N.B. Sterin-Speziale, Glycosphingolipid synthesis is
essential for MDCK cell differentiation, Biochimica et biophysica acta, 1821 (2012) 884-894.

[17] D. Kultz, Hypertonicity and TonEBP promote development of the renal concentrating system,
American journal of physiology. Renal physiology, 287 (2004) F876-877.

[18] N. Sterin-Speziale, V.L. Kahane, C.P. Setton, M.C. Fernandez, E.H. Speziale, Compartmental study
of rat renal phospholipid metabolism, Lipids, 27 (1992) 10-14.



[19] M.C. Fernandez-Tome, E.H. Speziale, N.B. Sterin-Speziale, Endogenous prostaglandins regulate rat
renal phospholipid ‘de novo' synthesis, Biochimica et biophysica acta, 1349 (1997) 55-66.

[20] C.I. Casali, K. Weber, N.O. Favale, M.C. Tome, Environmental hyperosmolality regulates
phospholipid biosynthesis in the renal epithelial cell line MDCK, Journal of lipid research, 54 (2013)
677-691.

[21] E.G. Bligh, W.J. Dyer, A rapid method of total lipid extraction and purification, Canadian journal of
biochemistry and physiology, 37 (1959) 911-917.

[22] J.D. Medh, P.H. Weigel, Separation of phosphatidylinositols and other phospholipids by two-step
one-dimensional thin-layer chromatography, Journal of lipid research, 30 (1989) 761-764.

[23] G.R. Bartlett, Phosphorus assay in column chromatography, The Journal of biological chemistry, 234
(1959) 466-468.

[24] S.J. Pasquare de Garcia, N.M. Giusto, Phosphatidate phosphatase activity in isolated rod outer
segment from bovine retina, Biochimica et biophysica acta, 875 (1986) 195-202.

[25] Z. Jamal, A. Martin, A. Gomez-Munoz, D.N. Brindley, Plasma membrane fractions from rat liver
contain a phosphatidate phosphohydrolase distinct from thatin the endoplasmic reticulum and cytosol,
The Journal of biological chemistry, 266 (1991) 2988-2996.

[26] S.B. Hooks, S.P. Ragan, K.R. Lynch, Identification of a novel human phosphatidic acid phosphatase
type 2 isoform, FEBS letters, 427 (1998) 188-192.

[27] K. Takeuchi, K. Reue, Biochemistry, physiology, and genetics of GPAT, AGPAT, and lipin enzymes
in triglyceride synthesis, American journal of physiology. Endocrinology and metabolism, 296 (2009)
E1195-1209.

[28] K. Reue, D.N. Brindley, Thematic Review Series: Glycerolipids. Multiple roles for
lipins/phosphatidate phosphatase enzymes in lipid metabolism, Journal of lipid research, 49 (2008) 2493-
2503.

[29] N.O. Favale, M.C. Fernandez-Tome, L.G. Pescio, N.B. Sterin-Speziale, The rate-limiting enzyme in
phosphatidylcholine synthesis is associated with nuclear speckles under stress conditions, Biochimica et
biophysica acta, 1801 (2010) 1184-1194.

[30] H. Shimano, Sterol regulatory element-binding proteins (SREBPSs): transcriptional regulators of lipid
synthetic genes, Progress in lipid research, 40 (2001) 439-452.

[31] R.M. Hagen, S. Rodriguez-Cuenca, A. Vidal-Puig, An allostatic control of membrane lipid
composition by SREBP1, FEBS letters, 584 (2010) 2689-2698.

[32] S. Kamisuki, Q. Mao, L. Abu-Elheiga, Z. Gu, A. Kugimiya, Y. Kwon, T. Shinohara, Y. Kawazoe, S.
Sato, K. Asakura, H.Y. Choo, J. Sakai, S.J. Wakil, M. Uesugi, A small molecule that blocks fat synthesis
by inhibiting the activation of SREBP, Chemistry & biology, 16 (2009) 882-892.

[33] K.H. Han, S.K. Woo, W.Y. Kim, S.H. Park, J.H. Cha, J. Kim, H.M. Kwon, Maturation of TonEBP
expression in developing rat kidney, American journal of physiology. Renal physiology, 287 (2004)
F878-885.

[34] W. Neuhofer, S.K. Woo, K.Y. Na, R. Grunbein, W.K. Park, O. Nahm, F.X. Beck, H.M. Kwon,
Regulation of TonEBP transcriptional activator in MDCK cells following changes in ambient tonicity,
American journal of physiology. Cell physiology, 283 (2002) C1604-1611.



[35] S.K. Woo, S.D. Lee, H.M. Kwon, TonEBP transcriptional activator in the cellular response to
increased osmolality, Pflugers Arch, 444 (2002) 579-585.

[36] R.S. O'Connor, S.T. Mills, K.A. Jones, S.N. Ho, G.K. Pavlath, A combinatorial role for NFAT5 in
both myoblast migration and differentiation during skeletal muscle myogenesis, Journal of cell science,
120 (2007) 149-159.

[37] A. Adachi, T. Takahashi, T. Ogata, H. Imoto-Tsubakimoto, N. Nakanishi, T. Ueyama, H. Matsubara,
NFATS5 regulates the canonical Wnt pathway and is required for cardiomyogenic differentiation,
Biochemical and biophysical research communications, 426 (2012) 317-323.

[38] Q. Wang, Y. Zhou, P. Rychahou, C. Liu, H.L. Weiss, B.M. Evers, NFAT5 represses canonical Wnt
signaling via inhibition of beta-catenin acetylation and participates in regulating intestinal cell
differentiation, Cell Death Dis, 4 (2013) e671.

[39] M.M. Caron, A.E. van der Windt, P.J. Emans, L.W. van Rhijn, H. Jahr, T.J. Weling, Osmolarity
determines the in vitro chondrogenic differentiation capacity of progenitor cells via nuclear factor of
activated T-cells 5, Bone, 53 (2013) 94-102.

[40] R. Madonna, Human-induced pluripotent stem cells: in quest of clinical applications, Mol
Biotechnol, 52 (2012) 193-203.

[41] K. Schoonjans, B. Staels, J. Auwerx, The peroxisome proliferator activated receptors (PPARS) and
their effects on lipid metabolism and adipocyte differentiation, Biochim Biophys Acta, 1302 (1996) 93-
109.

[42] M. Schmuth, Y.J. Jiang, S. Dubrac, P.M. Elias, K.R. Feingold, Thematic review series: skin lipids.
Peroxisome proliferator-activated receptors and liver X receptors in epidermal biology, J Lipid Res, 49
(2008) 499-509.

[43] H.Y. Kim, B.X. Huang, A.A. Spector, Phosphatidylserine in the brain: metabolism and function,
Prog Lipid Res, 56 (2014) 1-18.

[44] H. Marcucci, L. Paoletti, S. Jackowski, C. Banchio, Phosphatidylcholine biosynthesis during
neuronal differentiation and its role in cell fate determination, J Biol Chem, 285 (2010) 25382-25393.
[45] Z. Hossain, M. Konishi, M. Hosokawa, K. Takahashi, Effect of polyunsaturated fatty acid-enriched
phosphatidylcholine  and phosphatidylserine on butyrate-induced growth inhibition, differentiation and
apoptosis in Caco-2 cells, Cell Biochem Funct, 24 (2006) 159-165.

[46] P. Fagone, R. Sriburi, C. Ward-Chapman, M. Frank, J. Wang, C. Gunter, J.W. Brewer, S. Jackowski,
Phospholipid biosynthesis program underlying membrane expansion during B-lymphocyte
differentiation, J Biol Chem, 282 (2007) 7591-7605.

[47] Y. Niimura, T. Moue, N. Takahashi, K. Nagai, Medium osmolarity-dependent biosynthesis of renal
cellular sulfoglycolipids is mediated by the MAPK signaling pathway, Biochimica et biophysica acta,
1801 (2010) 1155-1162.

[48] A. Robciuc, T. Hyotylainen, M. Jauhiainen, J.M. Holopainen, Hyperosmolarity-induced lipid droplet
formation depends on ceramide production by neutral sphingomyelinase 2, Journal of lipid research, 53
(2012) 2286-2295.

[49] T. Berl, G. Siriwardana, L. Ao, L.M. Butterfield, L.E. Heasley, Multiple mitogen-activated protein
kinases are regulated by hyperosmolality in mouse IMCD cells, Am J Physiol, 272 (1997) F305-311.



[50] B.W. van Balkom, M. van Raak, S. Breton, N. Pastor-Soler, R. Bouley, P. van der Sluijs, D. Brown,
P.M. Deen, Hypertonicity is involved in redirecting the aquaporin-2 water channel into the basolateral,
instead of the apical, plasma membrane of renal epithelial cells, The Journal of biological chemistry, 278
(2003) 1101-1107.

[51] Y. Niimura, T. Moue, N. Takahashi, K. Nagai, Modification of sphingoglycolipids and sulfolipids in
kidney cell lines under heat stress: activation of monohexosylceramide synthesis as a ceramide scavenger,
Glycobiology, 20 (2010) 710-717.

[52] N.O. Favale, C.1. Casali, L.G. Lepera, L.G. Pescio, M.C. Fernandez-Tome, Hypertonic induction of
COX2 expression requires TonEBP/NFATS5 in renal epithelial cells, Biochemical and biophysical
research communications, 381 (2009) 301-305.

[53] D. Kultz, Osmotic stress sensing and signaling in animals, The FEBS journal, 274 (2007) 5781.

[54] R. Jiao, D. Cui, S.C. Wang, D. Li, Y.F. Wang, Interactions of the Mechanosensitive Channels with
Extracellular Matrix, Integrins, and Cytoskeletal Network in Osmosensation, Front Mol Neurosci, 10
(2017) 96.

[55] S. Jackowski, J. Wang, . Baburina, Activity of the phosphatidylcholine biosynthetic pathway
modulates the distribution of fatty acids into glycerolipids in proliferating cells, Biochimica et biophysica
acta, 1483 (2000) 301-315.

[56] R. Leonardi, M.W. Frank, P.D. Jackson, C.O. Rock, S. Jackowski, Elimination of the CDP -
ethanolamine pathway disrupts hepatic lipid homeostasis, The Journal of biological chemistry, 284 (2009)
27077-27089.

[57] 1. Baburina, S. Jackowski, Cellular responses to excess phospholipid, The Journal of biological
chemistry, 274 (1999) 9400-9408.

[58] R.B. Cornell, N.D. Ridgway, CTP:phosphocholine cytidylyltransferase: Function, regulation, and
structure of an amphitropic enzyme required for membrane biogenesis, Progress in lipid research, 59
(2015) 147-171.

[59] R.B. Cornell, I.C. Northwood, Regulation of CTP:phosphocholine cytidylyltransferase by
amphitropism and relocalization, Trends in biochemical sciences, 25 (2000) 441-447.

[60] G.M. Carman, G.S. Han, Roles of phosphatidate phosphatase enzymes in lipid metabolism, Trends
in biochemical sciences, 31 (2006) 694-699.

[61] G.S. Han, W.I1. Wu, G.M. Carman, The Saccharomyces cerevisiae Lipin homolog is a Mg2+-
dependent phosphatidate phosphatase enzyme, The Journal of biological chemistry, 281 (2006) 9210-
9218.

[62] J. Donkor, M. Sariahmetoglu, J. Dewald, D.N. Brindley, K. Reue, Three mammalian lipins act as
phosphatidate phosphatases with distinct tissue expression patterns, The Journal of biological chemistry,
282 (2007) 3450-3457.

[63] K. Reue, P. Zhang, The lipin protein family: dual roles in lipid biosynthesis and gene expression,
FEBS letters, 582 (2008) 90-96.

[64] D.N. Brindley, C. Pilquil, M. Sariahmetoglu, K. Reue, Phosphatidate degradation: phosphatidate
phosphatases (lipins) and lipid phosphate phosphatases, Biochimica et biophysica acta, 1791 (2009) 956-
961.



[65] M. Peterfy, J. Phan, K. Reue, Alternatively spliced lipin isoforms exhibit distinct expression pattern,
subcellular localization, and role in adipogenesis, The Journal of biological chemistry, 280 (2005) 32883-
32889.

[66] K. Reue, The lipin family: mutations and metabolism, Current opinion in lipidology, 20 (2009) 165-
170.

[67] J. Donkor, P. Zhang, S. Wong, L. O'Loughlin, J. Dewald, B.P. Kok, D.N. Brindley, K. Reue, A
conserved serine residue is required for the phosphatidate phosphatase activity but not the transcriptional
coactivator functions of lipin-1 and lipin-2, The Journal of biological chemistry, 284 (2009) 29968-
29978.

[68] C.L. Yen, S.J. Stone, S. Koliwad, C. Harris, R.V. Farese, Jr., Thematic review series: glycerolipids.
DGAT enzymes and triacylglycerol biosynthesis, Journal of lipid research, 49 (2008) 2283-2301.

[69] C.J. Villanueva, M. Monetti, M. Shih, P. Zhou, S.M. Watkins, S. Bhanot, R.V. Farese, Jr., Specific
role for acyl CoA:Diacylglycerol acyltransferase 1 (Dgatl) in hepatic steatosis due to exogenous fatty
acids, Hepatology, 50 (2009) 434-442.

[70] H.R. Wurie, L. Buckett, V.A. Zammit, Diacylglycerol acyltransferase 2 acts upstream of
diacylglycerol acyltransferase 1 and utilizes nascent diglycerides and de novo synthesized fatty acids in
HepG2 cells, The FEBS journal, 279 (2012) 3033-3047.

[71] W.C. Man, M. Miyazaki, K. Chu, J. Ntambi, Colocalization of SCD1 and DGAT2: implying
preference for endogenous monounsaturated fatty acids in triglyceride synthesis, Journal of lipid research,
47 (2006) 1928-1939.

[72] Y. Choi, Y. Kawazoe, K. Murakami, H. Misawa, M. Uesugi, Identification of bioactive molecules by
adipogenesis profiling of organic compounds, The Journal of biological chemistry, 278 (2003) 7320-
7324.

[73] B. Griffiths, C.A. Lewis, K. Bensaad, S. Ros, Q. Zhang, E.C. Ferber, S. Konisti, B. Peck, H. Miess,
P. East, M. Wakelam, A.L. Harris, A. Schulze, Sterol regulatory element binding protein-dependent
regulation of lipid synthesis supports cell survival and tumor growth, Cancer & metabolism, 1 (2013) 3.
[74] J.D. Horton, J.L. Goldstein, M.S. Brown, SREBPs: activators of the complete program of cholesterol
and fatty acid synthesis in the liver, The Journal of clinical investigation, 109 (2002) 1125-1131.

[75] R. Sato, J. Inoue, Y. Kawabe, T. Kodama, T. Takano, M. Maeda, Sterol-dependent transcriptional
regulation of sterol regulatory element-binding protein-2, The Journal of biological chemistry, 271 (1996)
26461-26464.

[76] H.J. Park, S.P. Georgescu, C. Du, C. Madias, M.J. Aronovitz, C.M. Welzig, B. Wang, U. Begley, Y.
Zhang, R.O. Blaustein, R.D. Patten, R.H. Karas, H.H. Van Tol, T.F. Osborne, H. Shimano, R. Liao, M.S.
Link, J.B. Galper, Parasympathetic response in chick myocytes and mouse heart is controlled by SREBP,
The Journal of clinical investigation, 118 (2008) 259-271.

[77] Y. Li, S. Xu, M.M. Mihaylova, B. Zheng, X. Hou, B. Jiang, O. Park, Z. Luo, E. Lefai, J.Y. Shyy, B.
Gao, M. Wierzbicki, T.J. Verbeuren, R.J. Shaw, R.A. Cohen, M. Zang, AMPK phosphorylates and
inhibits SREBP activity to attenuate hepatic steatosis and atherosclerosis in diet-induced insulin-resistant
mice, Cell metabolism, 13 (2011) 376-388.



[78] J. Kotzka, D. Muller-Wieland, G. Roth, L. Kremer, M. Munck, S. Schurmann, B. Knebel, W. Krone,
Sterol regulatory element binding proteins (SREBP)-1a and SREBP-2 are linked to the MAP-kinase
cascade, Journal of lipid research, 41 (2000) 99-108.

[79] B. Knebel, S. Lehr, S. Hartwig, J. Haas, G. Kaber, H.D. Dicken, F. Susanto, L. Bohne, S. Jacob, U.
Nitzgen, W. Passlack, D. Muller-Wieland, J. Kotzka, Phosphorylation of sterol regulatory element-
binding protein (SREBP)-1c by p38 kinases, ERK and JNK influences lipid metabolism and the
secretome of human liver cell line HepG2, Archives of physiology and biochemistry, 120 (2014) 216-
227.

[80] Y. Liu, B.P. Chen, M. Lu, Y. Zhu, M.B. Stemerman, S. Chien, J.Y. Shyy, Shear stress activation of
SREBP1in endothelial cells is mediated by integrins, Arteriosclerosis, thrombosis, and vascular biology,
22 (2002) 76-81.

[81] F. Roger, P.Y. Martin, M. Rousselot, H. Favre, E. Feraille, Cell shrinkage triggers the activation of
mitogen-activated protein kinases by hypertonicity in the rat kidney medullary thick ascending limb of
the Henle's loop. Requirement of p38 kinase for the regulatory volume increase response, The Journal of
biological chemistry, 274 (1999) 34103-34110.

[82] M. Bustamante, F. Roger, M.L. Bochaton-Piallat, G. Gabbiani, P.Y. Martin, E. Feraille, Regulatory
volume increase is associated with p38 kinase-dependent actin cytoskeleton remodeling in rat kidney
MTAL, American journal of physiology. Renal physiology, 285 (2003) F336-347.

[83] L. Miranda, S. Carpentier, A. Platek, N. Hussain, M.A. Gueuning, D. Vertommen, Y. Ozkan, B. Sid,
L. Hue, P.J. Courtoy, M.H. Rider, S. Horman, AMP -activated protein kinase induces actin cytoskeleton
reorganization in epithelial cells, Biochemical and biophysical research communications, 396 (2010) 656-
661.



Figure Legends

Figure 1. Hyperosmolarity increases triglyceride (TAG) cell content. MDCK cells were grown in a
mixture containing DMEM/ Ham’s-F12 (1:1), 10 % FBS and 1 % antibiotic mixture. After reaching 70-
80 % of confluence, cells were placed in low serum medium (0.5 % FBS) for 24 h and then subjected to
different NaCl concentrations (A), or incubated for different periods of time in a medium in the absence
(Iso) or in the presence of additional 125 mM NaCl (B). After treatment, cells were collected and lipids
were analyzed as described in Methods. (C) In other set of experiments, cells were grown on cover slips
and subjected to 125 mM NaCl for 72 h. Then, cells were fixed and stained with Oil red O (ORO) as was
described in Methods. Differential Interference Contrast (DIC) and fluorescence images were obtained
with a Nikon Eclipse Tiwith acquisition software Micrometrics SE Premium (Accu-Scope). (D) The area
and the number of lipid droplets/cell were estimated by using ImageJ software. The results are expressed

as the mean + SEM of 5 independent experiments.

Figure 2. Triglyceride (TAG) and Phospholipid (PL) synthesis (A) is upregulated by hyperosmolarity.
MDCK cells were grown in a mixture containing DMEM/ Ham’s-F12 (1:1), 10 % FBS and 1 % antibiotic
mixture. After reaching 70-80 % of confluence, cells were placed in low serum medium (0.5 % FBS) and
then subjected to 125 mM NaCl for 24, 48 and 72 h; 2, 4 or 6 hours before the treatment finished, 2
uCi/ml [U-'"C]-glycerol was added to each well. After labeling, cells were collected and lipids were
analyzed as described in Methods. The radioactivity incorporated to each lipid was visualized by
radioautography and quantified by liquid scintillation counting. The results, expressed as pmol of **C-gly-
TAG (B) or *C-gly-PL (C) produced per 10° cells, represent the mean + SEM of 5 independent
experiments. Panels D and E represent the rates of TAG and PL biosynthesis in isosmolar and
hyperosmolar conditions. Abbreviations: G3P, sn-glycerol 3P; FACoA, fatty acylCoA; PA, phosphatidic

acid; Pi, orthophosphate.

Figure 3. Lipid metabolic intermediaries PA and DAG are upregulated by hyperosmolarity. MDCK
cells were grown as described above and then subjected to 125 mM NacCl for 24 and 48 h; 4 h before the
treatment finished, 2 uCi/ml [U-*C]-glycerol was added. After labeling, cells were collected and lipids

analyzed as described in Methods. The radioactivity incorporated to each lipid was quantified by liquid



scintillation counting. The results, expressed as pmol of “C-gly-PA (A) or “C-gly-DAG (A) produced
per 10° cells, represent the mean + SEM of 5 independent experiments. In other set of experiments, after
hyperosmotic treatment, cells were collected and used for the lipin activity assay (B) or for RNA

extraction and qPCR assays (C, D, E and F). The graphs are representative of 3 independent experiments.

Figure 4. Hyperosmotic induced-lipid synthesis requires fatty acid de novo synthesis. MDCK cells were
grown as described above and then subjected to 125 mM NacCl for different periods of time. In one set of
experiments, the expression of fatty acid synthesizing enzymes, ACC and FASN was determined by g-
and RT-PCR (panels A, B and C). In other set of experiments, 30 min before adding NaCl, cells were
treated with different concentrations of TOFA (ACC inhibitor, panels D and F) or cerulenin (FASN
inhibitor, panels E and G); 3 h before the treatment finished, 2 uCi'ml [U-"“C]-glycerol was added. After
labeling, cells were collected and lipids analyzed as described in Methods. The results, expressed as pmol
of "C-gly-TAG (D and E) or *“C-gly-PL (F and G) produced per 10° cells, represent the mean + SEM of
3 independent experiments. In the inserts of figures D and E are represented the effect of inhibitors on
endogenous content of TAG. The images are representative of 3 independent experiments. The cartoon
represents the de novo biosynthetic pathway where the molecules or enzymes analyzed in these studies

are highlighted.

Figure 5. Effect of fatostatin on hyperosmotic induced-lipid synthesis. MDCK cells were grown as
described above and then subjected to 125 mM NaCl for 24 and 48 h. In one set of experiments, 30 min
before adding NaCl, cells were treated with 20 uM fatostatin (Fato) and determined endogenous content
(panel A and B) or 3 h before the treatment finished, 2 pCi/ml [U-**C]-glycerol was added. After
labeling, cells were collected and lipids analyzed as described in Methods. The results, expressed as pmol
of *C-gly-TAG, “C-gly-DAG or ““C-gly-PL produced per 10° cells, represent the mean + SEM of 3
independent experiments (panels E, F and G). In other set of experiments, after hyperosmotic treatment,
cells were collected and used for RNA extraction and gPCR assays. The images are representative of 3
independent experiments (panel H, I, J and K). Panels C and D shows phalloidin-FITC-oil red O staining

of cells treated with fatostatin (C) and the gquantitative analysis of LDs by using Image J software.



Figure 6. SREBP1 and SREBP2 mediate hyperosmotic induced-transcriptional activation of lipid
genes. MDCK cells were grown as described above and then subjected to 125 mM NacCl for 4, 8 and 24
h. After treatment, cells were collected and used for RNA extraction and PCR analysis of SREBP1 and
SREBP2 (A and B). Cells grown on cover slips that received similar treatment were used for microscopy
studies (C). In other set of experiments, cells were transfected with SREBP small interference RNA
(siRNA) before to the addition of hyperosmotic media. After treatment, cells were collected and used for
RNA extraction and PCR analysis of SREBP1 and 2 (D and E) or lipogenic enzymes (G and H). Cells
grown on cover slips that received same treatment were used for microscopy studies (F). The results

represent the mean + SEM of 3 independent experiments. *p < 0.05, vs. NaCl values.



Highlights
e Hyperosmolality activates glycerolipid metabolism.
e Hyperosmotic renal cell cultures prioritize phospholipid (PL) synthesis.
e The fate of the common substrate diacylglycerol (DAG) depends on cell membrane demand.

e Triglycerides (TAG) are main actors in maintaining phospholipid synthesis.
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