Trentzsch et al. Cell Death Discovery (2020)6:8
https://doi.org/10.1038/541420-020-0241-z

Cell Death Discovery

Delivery of phosphatidylethanolamine blunts stress

in hepatoma cells exposed to elevated palmitate
by targeting the endoplasmic reticulum

Marcus Trentzsch', Eugene Nyamugenda', Tiffany K. Miles', Haven Griffin', Susan Russell!, Brian Koss',
Kimberly A. Cooney', Kevin D. Phelan?, Alan J. Tackett', Srividhya lyer®®, Gunnar Boysen® and Giulia Baldini'

Abstract

Genetic obesity increases in liver phosphatidylcholine (PC)/phosphatidylethanolamine (PE) ratio, inducing
endoplasmic reticulum (ER) stress without concomitant increase of ER chaperones. Here, it is found that exposing mice
to a palm oil-based high fat (HF) diet induced obesity, loss of liver PE, and loss of the ER chaperone Grp78/BiP in
pericentral hepatocytes. In Hepal-6 cells treated with elevated concentration of palmitate to model lipid stress,
Grp78/BiP mRNA was increased, indicating onset of stress-induced Unfolded Protein Response (UPR), but Grp78/BiP
protein abundance was nevertheless decreased. Exposure to elevated palmitate also induced in hepatoma cells
decreased membrane glycosylation, nuclear translocation of pro-apoptotic C/EBP-homologous-protein-10 (CHOP),
expansion of ER-derived quality control compartment (ERQC), loss of mitochondrial membrane potential (MMP), and
decreased oxidative phosphorylation. When PE was delivered to Hepal-6 cells exposed to elevated palmitate, effects
by elevated palmitate to decrease Grp78/BiP protein abundance and suppress membrane glycosylation were blunted.
Delivery of PE to Hepal-6 cells treated with elevated palmitate also blunted expansion of ERQC, decreased nuclear
translocation of CHOP and lowered abundance of reactive oxygen species (ROS). Instead, delivery of the chemical
chaperone 4-phenyl-butyrate (PBA) to Hepal-6 cells treated with elevated palmitate, while increasing abundance of
Grp78/BiP protein and restoring membrane glycosylation, also increased ERQC, expression and nuclear translocation of
CHOP, non-mitochondrial oxygen consumption, and generation of ROS. Data indicate that delivery of PE to hepatoma

branches of the UPR.

cells under lipid stress recovers cell function by targeting the secretory pathway and by blunting pro-apoptotic

Introduction

An alarming health issue is the prevalence of obesity
and its complications in developed countries’. In
humans, the most frequent cause of obesity is the
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combination of overfeeding and decreased physical
activity”. Hypercaloric diets where the excess calories are
derived from saturated fat, trans-fat, and refined-grain
foods, are associated with weight gain®*. Increased
caloric intake eventually exceeds the capacity of the body
to store the excess of lipids in adipose tissue, thereby
inducing ectopic fat deposition and increasing free fatty
acid (FFAs) in the bloodstream. These events contribute
to induce liver tissue injury by promoting endoplasmic
reticulum (ER) stress and the appearance of nonalcoholic
fatty liver (NAFL)>°. NAFL is a positive predictor of
obesity complications, such as atherosclerosis, insulin
resistance, and type 2 diabetes®”. A well-studied ER
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response to stress derived from an increased load of
misfolded proteins is the unfolded protein response
(UPR), a pathway where X-box binding protein 1 (XBP1)
is spliced to the active transcription factor XBP1s, which
would then promote synthesis of ER chaperones to
restore ER homeostasis®’. However, in the liver of the
genetically obese Lep—/— mice, abundance of ER cha-
perones does not appear to be increased'®. Importantly,
in humans, NAFL does not alter abundance of XBP1s
protein in liver''. Thus, lipid stress may not activate
classical UPR with expansion of ER chaperones. In
genetic obesity originated from leptin deficiency, de novo
lipid synthesis in liver has been found to increase
phosphatidylcholine (PC) to phosphatidylethanolamine
(PE) ratio in the endoplasmic reticulum (ER) mem-
brane'® and to induce ER stress by inhibiting sarco/
endoplasmic reticulum calcium ATPase (SERCA) activ-
ity. Mitofusin 2 deficiency in mice also alters phospho-
lipid composition, by inducing defective transfer of
phosphatidylserine from ER to mitochondria to synthe-
size PE and liver disease'?. Exposure to a lard-based HF
diet induces changes of liver phospholipid composition
including lowering PE abundance'®. Here, we asked
whether obesity by exposure to palm oil based HF diet
has also effects to decrease liver PE abundance and to
promote ER stress. We also asked whether delivery of PE
to hepatoma cells exposed to elevated palmitate coun-
teracts adverse effects by lipid stress and restores func-
tion of the secretory pathway.

Results
In mice exposed to a palm oil-based HF diet, onset of
hepatosteatosis is paralleled by loss of Grp78/Bip in
pericentral hepatocytes

A HF diet with 45% Kcal fat from lard has been used to
study effects of lipid stress in rodents'*™'®. We have here
modified this diet by substituting lard with palm oil'?,
which reflect more closely the lipid composition of human
diets'” ™', Mice were treated with LF and palm oil-based
HF diet for a total of 14 weeks. It has been reported that
oral administration of a chemical chaperone, 4-phenyl-
butyrate (PBA), to mice with leptin deficiency normalizes
metabolic parameters and reverts fatty liver disease®’. To
study whether PBA blunts adverse effects by HF diet
exposure, a group of mice were given the chemical cha-
perone in the drinking water (~15 mg of PBA/day) in the
last 2.5 weeks of HF diet treatment. Mice treated with HF
diet, with and without PBA treatment, had increased
weight as compared to that of mice treated with LF diet
(Fig. 1a, b). Mice treated with HF diet had increased level
of the ratios circulating leptin/body weight and circulating
insulin/body weight as compared that of mice treated with
LF diet. PBA treatment decreased the ratio insulin/body
weight to a similar value as that of mice treated with LF
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diet, indicating that the chemical chaperone alleviates
insulin resistance in obese mice. Administration of the HF
diet increased liver lipid content detected by Oil Red
staining, and this effect was not reverted by the PBA
treatment (Fig. 1c). In the liver of mice treated with the
HF diet with and without PBA treatment, Western blot
analysis did not detect changes in abundance of ER pro-
teins or increased phosphorylation of eukaryotic initiation
factor-2a (eIF2a), a component of the UPR*'~*° (Fig. 1d).
As division of labor takes place in the mammalian liver®’,
immunofluorescence microscopy of the hepatic lobule
may better detect changes in tissue protein abundance
upon exposure to HF diet. Livers were derived from
another cohort of mice, also treated with LF and HF diet,
but where tissues were harvested after trans-cardiac
fixative perfusion. KDEL is a four amino acid sequence
that allows retention of ER proteins in the ER*, In the
liver of mice treated with LF diet, KDEL immunostaining
showed plates of hepatocytes radiating from the central
vein (Fig. le). Exposure to HF diet changed the overall
morphology of the hepatic lobule, with decreased cell
density and increased hepatocyte volume. In mice
exposed to HF diet, the overall intensity of KDEL
immunostaining across the hepatic lobule (along the
dashed white lines) and in hepatocytes (within white
perimeters) was decreased as compared of that from mice
treated with LF diet. Grp78/Bip, an abundant ER cha-
perone, appeared to be expressed at highest levels in
pericentral hepatocytes (within circles outlined by
magenta dashed line, Fig. 2f). By single cell analysis,
abundance of GrP78/BiP protein in pericentral hepato-
cytes was decreased upon exposure to HF diet.

Mice fed palm oil-based HF diet have loss of PE in liver
We have recently found that exposure to the lard-based
HF diet induces loss of PE but not of PC, in liver'®. Here,
we asked whether exposure to palm oil-based HF
diet altered liver PC and PE abundance and composition.
In the liver of mice fed for 14 weeks with the HF diet, with
or without PBA treatment, some PC species, such as those
with 32:1, 34:3, 38:1, and 38:2 acyl chains were decreased,
while other PC species such as those with 38:4 acyl chains
were instead increased (Fig. 2a). The most abundant PC
species in liver were those with 36 and 38-carbon atom
acyl chains and treatment with HF diet, with or without
PBA, further increased relative abundance of PC species
bearing 38-carbon atom acyl chains and decreased that of
PC species with shorter chains of 32 and 34 carbon atoms
(Fig. 2b). Exposure to HF diet, with or without PBA
treatment, decreased the relative abundance of total PC
species bearing two double bonds while increasing that of
PC species with 4 double bonds (Fig. 2c). Exposure to the
HF diet, with or without the PBA treatment, left
unchanged total abundance of liver PC (Fig. 2d). In the
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Fig. 1 Exposure to a palm oil-based HF diet induces hepatosteatosis without expansion of ER chaperones and loss of Grp78/Bip in
pericentral hepatocytes. a, b Weight of mice fed for 14 weeks with either 10% fat diet (LFD), or 45% palm oil HF diet (HFD). A group of mice fed
with 45% HF diet were treated with PBA in the last 2 weeks of treatment (n = 7 mice per condition, values are mean + SEM) (a). Weight, and the ratios
serum leptin/weight and insulin/weight of the same groups of mice as in a (n = 7 mice per condition, values are mean + SEM) (b). Statistical analysis
is done by one-way Anova; ns, not significant, *p < 0.05, ***p < 0.001, ****p < 0.0001. ¢ Lipid droplets in liver sections are stained as described under
“Materials and methods” section. The fraction of the total ROl area with lipid droplets is expressed as the ratio—"area of lipid droplets’/total area of
ROI—(n = 4 mice on lean diet, n = 3 mice on 45% HF diet, n = 3 mice on 45% HF + PBA, values are mean + SEM). Black scale bars, 200 um. Statistical
analysis is done by one-way Anova; **p < 0.01. d Western blot analysis of liver homogenates (n = 3 mice per condition, each lane of the SDS/PAGE
gel is loaded with 20 pL of liver homogenate containing 2 pg/uL protein. GAPDH glyceraldehyde-3-phosphate dehydrogenase, Grp78 Grp78/BiP, Cal
calreticulin, Bap31 B-cell receptor-associated protein 31, Proh prohibitin, FADS fatty acid desaturasel, SCD1 stearoyl-CoA desaturase-1),
Glyceraldehyde 3-phosphate dehydrogenase, AMPK 5" AMP-activated protein kinase, pAMPK phosphorylated AMPK, elF2a eukaryotic initiation factor
2a, pelF2a phosphorylated elF2a. In the graph, values are mean + SEM. e Immunofluorescence microscopy of formaldehyde-fixed liver sections
derived from mice fed for 14 weeks with 10% LFD and 45% palm oil HFD (n =5 mice per condition). Sections are immunostained with antibody
against KDEL. To measure KDEL abundance across the hepatic lobule, the sum of fluorescence intensities of KDEL immunostaining was calculated by
using the segment analysis tool of ImagelJ. Each symbol is derived from data obtained from three lines (as the representative dashed white lines
shown in e) per image and three images per mouse. To measure single-cell KDEL abundance, the average raw fluorescence intensity of KDEL in
hepatocyte is derived from 30 recognizable hepatocytes per mouse (as those within white solid lines). In the graph, each symbol represents the
average hepatocyte KDEL fluorescence intensity per mouse (n =5 mice per condition). Data are normalized to control mice fed the LF diet. White
scale bar, 100 um; magenta scale bar, 25 um. Statistical analysis is done by Student's t-test, *p < 0.05, **p < 0.01. f Liver sections derived as in e are
immunostained with antibody against Grp78/BiP. The dashed magenta line draws a circle around the pericentral area of the lobule where
fluorescence intensity of Grp78/BiP immunostaining is measured. The average raw fluorescence intensity of Grp78/BiP immunostaining in hepatocyte
is derived from 20 morphologically recognizable hepatocytes per mouse (within white solid lines in f. In the graph, each symbol represents the
average hepatocyte Grp78/BiP fluorescence intensity per mouse (n =5 mice per condition). Images of livers from HFD and LFD-treated mice are
shown at higher magnification and with increased brightness. White scale bar, 100 um; black scale bar, 25 um; white asterisk shows the central vein.

Statistical analysis is done by Student's t-test; *p < 0.05, **p < 0.01.

liver of mice fed HF diet, with and without PBA treat-
ment, abundance of most PE species was decreased (Fig.
2e). Exposure to the HF diet also induced a shift of acyl
chain length, with a relative increase of PE species with
long chains of 38 carbon atoms and a decrease of PE
species bearing shorter 34 and 36 carbon atoms (Fig. 2f), as
well as decreased relative abundance of species with one,
two, and three double bonds (Fig. 2g). Overall, exposure to
HF diet induced loss of total PE abundance and this effect
was not reverted by PBA treatment (Fig. 2h).

Delivery of PE to Hepa1-6 cells exposed to elevated
palmitate increases by post-transcriptional mechanisms
Grp78/BiP expression and blunts activation of CHOP
Most of the triacylglycerol that accumulates in the liver
of obese individuals is contributed by elevated circulating
FFAs*>%. Exposure to HF diet induces loss of Grp78/BiP
in pericentral hepatocytes. To determine whether elevated
extracellular FFAs is sufficient to induce loss of Grp78/
BiP protein, we treated a liver cell line derived from
murine hepatoma, Hepal—6 cells, with elevated palmitate
coupled to BSA. When Hepal-6 cells were incubated
with 0.2 mM palmitate for 6 and 16 h, Grp78/BiP mRNA
was increased (Fig. 3a), while at 16 h abundance of Grp78/
BiP protein was instead decreased (Fig. 3d, e). Thus,
exposure to the elevated palmitate induces transcriptional
upregulation of ER chaperone expression, which is then
not executed at the protein level, with instead loss of
Grp78/BiP protein. Classical UPR induced by increased
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load of misfolded protein increases splicing of X-box
binding protein 1 (XBP1) to XBP1s, a transcription factor
that promotes expression of ER chaperones including that
of Grp78/BiP>'. When Hepal-6 cells were incubated with
0.2mM palmitate for 6 and 16h, XBP1ls mRNA was
increased, indicating transcriptional upregulation of the
UPR (Fig. 3b). Another UPR component is the tran-
scription factor C/EBP homologous protein (CHOP),
which is activated under conditions of ER stress and
promotes cell death®>. When Hepal—6 cells were incu-
bated with 0.2mM palmitate for 6 and 16h, CHOP
mRNA was increased (Fig. 3¢), but the total abundance of
CHOP protein nevertheless remained unchanged as
compared to that of cells not exposed to the elevated fatty
acid (Fig. 3d, f). Instead, exposure to elevated palmitate
increased the ratio—nuclear CHOP/total cell CHOP—
(Fig. 3g), thus indicating that exposure to the elevated
fatty acid induces translocation of the transcription factor
from the cytoplasm to the nucleus. As PE is reduced in
the liver of mice fed lard and palm oil-based HF diets (Fig.
2 and data by Nyamugenda et al.'®), we asked whether
delivery of PE to Hepal—6 cells treated with the elevated
palmitate would change response to lipid stress. When PE
was added together with the elevated palmitate to the
Hepal—6 cell medium, Grp78/BiP and XBPls mRNA
abundance was increased as compared to cells kept under
control conditions, indicating that the transcriptional
execution of the UPR induced by elevated fatty acid is still
taking place (Fig. 3a, b). In the palmitate treated cells, PE
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Fig. 2 Mice treated with palm oil-based HF diet have reduced abundance of PE in liver. a-d Abundance of individual PC species in livers
derived from the same mice as in Fig. 1, treated with LF diet (LFD, n = 4 mice), palm oil HF diet (HFD, n = 4 mice), and HFD and PBA (n = 4 mice) is
expressed as nmoles/mg protein (a). PC species are grouped by the number of acyl chain carbon atoms and their relative abundance (nmoles/mg
protein) is expressed as percent of total liver PC (nmoles/mg protein) for each condition (b); PC species are grouped by the number of double bonds
of the two fatty acyl groups combined and their relative abundance (nmoles/mg protein) is expressed as percent of total liver PC (nmoles/mg
protein) for each condition (c); sum of abundance of each PC species (nmoles/mg protein), is normalized to that of mice treated LFD D). e-h
Abundance of individual PE species in liver from mice treated with LFD and HFD (e). PE species are grouped by the number of acyl chain carbon
atoms and their relative abundance is expressed as percent of total liver PE (f); PE species are grouped by the number of double bonds of the two
fatty acyl groups combined and their relative abundance is expressed as percent of total liver PE (g); sum of abundance of each PE species is
normalized to that of mice treated LFD (h). Values are mean + SD. Statistical analysis is done by one-way Anova; ns not significant, *p < 0.05,
**p <001, ***p < 0.001, ****p < 0.0001.
L

delivery increased abundance of Grp78/BiP protein to the
same level as that of cells not exposed to elevated fatty
acid (Fig. 3d, e). Thus, PE delivery to Hepal-6 cells
exposed to elevated palmitate blunts the loss of ER cha-
perones induced by exposure to elevated fatty acids. In the
Hepal-6 cells treated with both elevated palmitate and
PE, CHOP mRNA was expressed at the same elevated
level as that of Hepal—-6 cells exposed to excess fatty acid
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(Fig. 3c). However, in palmitate-exposed Hepal—6 cells
treated with PE, effects by the elevated fatty acid to induce
nuclear translocation of CHOP were blunted (Fig. 3g).
Thus, delivery of PE modulates post-transcriptionally
response to lipid stress by enhancing expression of the ER
chaperone Grp78/BiP and by blunting CHOP nuclear
translocation. Differently, when Hepa 1-6 cells incubated
with elevated palmitate were exposed to PBA, levels of



Trentzsch et al. Cell Death Discovery (2020)6:8

Page 6 of 16

Fig. 3 (See legend on next page)

E Tk | ns *dkk| F ns | ns proveseen
25 Kkk| kkkk | 4 ST wskx
o, o
[ 12 e '"__']_E' jJ} o 21
o 1.01 === kst = \
& os| o = H 8 & L =k
0.0 0
nopalm Palm Palm PALM noPalm Palm Pam PALM
+PE +PBA +PE +PBA

6h Grp78 /BiP 6h XBP1 6h CHOP
4 *xsww] * T wkEE 4 *kkk| *%x [ kkkkl *| ns!  kkkkl
ns | *kk| *k ns 60 ns | Fkkk|
3 3
< <
g 2 L £, = L g® T
. o ==
€ e ‘ ’735} [ e " € 20
==
ol L 0 | 0 | L
noPaim Palm Pam PALM noPam Palm Pam PALM noPalm Palm Palm PALM
+PE +PBA +PE +PBA +PE +PBA
16h . 16 h 16h
Grp78 /BiP XBP1 CHOP
dkkk | *% *kkk Frwers ** ey *% | *% *kkk!
15 ns | EX Tl 8 e 5 80 - ns | FkKk|
<
< 10 1o s 6 I I < 60 I
r =+ >
ox € 4 = ¥ 40
s ‘ = ‘ ﬁr—‘ 2 €% =
=
0 ==Y 0 r‘$-l ‘ [ —I
noPaim Palm Palm PALM noPalm Palm Palm PALM noPaim Palm Palm PALM
+PE  +PBA +PE  +PBA +PE  +PBA
D no Palm Palm Palm + PE Palm + PBA no Palm

nuclear CHOP/
cell CHOP
G Kkkk *| *kkok
o 60 *! * 1
2%
o) 6 40
S 20
© y
o =
£3 of — =+ & {
< -
noPaim Palm Palm PALM
+PE +PBA

Official journal of the Cell Death Differentiation Association




Trentzsch et al. Cell Death Discovery (2020)6:8

Page 7 of 16

(see figure on previous page)

Fig. 3 PE and PBA, delivered to Hepa1-6 cells exposed to lipid stress, have different effects to increase expression of Grp78/Bip and to
promote activation of CHOP. a—c Abundance of Grp78/BiP (a), Xop1s (b), and CHOP mRNA (c) in samples derived from Hepal-6 cells treated with:
no additions; 200 uM palmitate; 200 uM palmitate and 25 uM PE, 200 uM palmitate and 2 mM PBA for 6 h and 16 h, respectively (samples are derived
from n =5 plates of Hepal-6 cells per condition). d—g Immunofluorescence analysis of Grp78/BiP and CHOP in samples derived from cells treated as
in a for 16 h. CHOP translocation to the nucleus (nuclear CHOP) is monitored by the ratio-pixel intensity of CHOP immunofluorescence in nucleus
(pixel intensity in area enclosed by white line)/pixel intensity of CHOP immunofluorescence in cell (pixel intensity in area enclosed by magenta line)
(d, g). Data are representative of three independent experiments and are expressed as mean + SD. White scale bars, 50 um; magenta scale bars,
25 um. Statistical analysis is done by one-way Anova; ns, not significant, *p < 0.05, **p < 0.01, **p < 0,001, ****p < 0.0001.

XBP1s mRNA (Fig. 3b) and levels of Grp78/BiP and
CHOP mRNA (Fig. 3a, ¢) and protein (Fig. 3d—f) were
increased at the highest level, and so was the extent of
CHOP translocation to the nucleus (Fig. 3g). Thus,
delivery of PBA modulates transcriptionally and post-
transcriptionally response to lipid stress by enhancing
expression of the ER chaperone Grp78/BiP and by pro-
moting CHOP activation.

Delivery of PE to Hepa1-6 cells exposed to elevated
palmitate blunts re-organization of the ER towards ER-
associated degradation (ERAD)

In response to stress by increased load of unfolded pro-
teins, classical UPR increases both ER chaperones and
ERAD to maintain ER homeostasis**>, With this respect,
Bap31 functions in ERAD at both early and late stages by
interacting with the ER pre-protein translocon Sec61 and
with the ER retro-translocon derlinl, respectively®*. Bap31
moves between the main ER and the juxtanuclear ER-
derived quality control compartment (ERQC)*>*°. We
reasoned that an increased ER capacity towards ERAD in
Hepal-6 cells exposed to elevated palmitate might induce
increased abundance of Bap31l as well as Bap31 redis-
tribution from the main ER to the ERQC. Bap31 immu-
nostaining appeared in most untreated cells as diffuse
cytoplasmic fluorescence similar to that of KDEL (Fig. 4a,
cells indicated by yellow dots and Fig. 4c, graph of with
yellow dot showing fluorescence intensities of KDEL and
Bap31 immunostaining measured by Image] segment ana-
lysis in a representative cell). Instead, in other Hepal-6
cells, Bap31 immunostaining appeared to concentrate at the
juxtanuclear localization, where KDEL immunostaining did
not accumulate (Fig. 4a, cells with blue dots and Fig. 4c,
graph with blue dot, segment analysis of a representative
cell), thus indicating that ERQC is distinct from main ER.
Exposure to elevated palmitate decreased abundance of
KDEL and increased the ratio—Bap31 immunofluorescence
intensity/ KDEL immunofluorescence intensity (Bap31/
KDEL) (Fig. 4b). In cells exposed to elevated palmitate that
had detectable iuxtanuclear ERQC, accumulation of Bap31
at this site was increased (Fig. 4a, cells and Fig. 4c, graph
with blue dots). Moreover, in Hepal—6 cells exposed to
elevated palmitate without detectable ERQC, BAP31 accu-
mulations that did not coincide with increased KDEL
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appeared as scattered cytoplasmic ERQC sites (Fig. 4a, cells
with yellow dots, the arrows indicate scattered cytoplasmic
ERQC sites analyzed in graph with yellow dots, Fig. 4c).
Thus, in Hepal-6 cells, exposure to elevated palmitate
redistributes BAP31 from peripheral ER to ERQC and
forms ERQC sites at cytoplasmic locations. Delivery of PE
to Hepal-6 cells exposed to elevated palmitate increased
KDEL immunostaining to the same level as that of cells not
exposed to elevated palmitate, thus indicating that ER
protein capacity is restored. Moreover, PE delivery to
palmitate-treated cells decreased the ratio —Bap31/KDEL-
ratio and abundance of Bap31 both at iuxtanuclear and
scattered cytoplasmic ERQC, thus indicating that delivery of
the phospholipid blunts re-organization of the ER to
increase ERQC. Delivery of PBA to Hepal-6 cells exposed
to elevated palmitate also increased KDEL immunostaining
to the same level as that of untreated cells, but also elevated
the ratio —Bap31/KDEL- and increased abundance of
BAP31 at the iuxtanuclear ERQC and at scattered cyto-
plasmic ERQC sites. Therefore, differently than PE, PBA
delivery to palmitate treated cells not only promotes
increased ER protein capacity, but also induces a re-
organization of the ER that includes expansion of the
ERQC.

Delivery of PE and PBA to Hepal-6 cells exposed to
elevated palmitate rescues membrane glycosylation
Delivery of either PE or PBA to Hepal-6 exposed to
elevated palmitate increases ER protein capacity including
that of the chaperone Grp78/BiP. Thus, it is possible that
delivery of PE and PBA to cells exposed to elevated pal-
mitate promotes ER and Golgi function, including glyco-
sylation of membrane proteins and sphingolipids®”. Wheat
germ agglutinin (WGA) selectively binds to terminal sialic
acid moieties and N-acetylglucosamine found in N-glycans
and O-glycans of membranes proteins and in glyco-
sphingolipids (O-GIcNAc)**™*!. Glycosylated proteins and
lipids are abundant at the outer leaflet of the plasma
membrane and in the trans-Golgi. In fixed and permeabi-
lized Hepal-6 cells, fluorescently labeled WGA localized to
the plasma membrane and to juxtanuclear trans-Golgi
(arrows, Fig. 5). When elevated palmitate was added to cells,
cell abundance of membrane glycosylation was reduced.
The ijuxtanuclear trans-Golgi labeled by WGA virtually
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Fig. 4 Delivery of PE, but not of PBA, to Hepa 1-7 cells exposed to elevated palmitate blunts re-organization of the ER towards ERAD.
a-c Hepal-6 cells treated with: no additions; 200 uM palmitate; 200 uM palmitate and 25 uM PE, 200 uM palmitate and 2 mM PBA for 16 h are
immunostained with antibodies against KDEL and Bap31. Yellow dots indicate cells with diffuse cytoplasmic staining of Bap31 in peripheral ER; blue dots
indicate cells with iuxanuclear accumulation of Bap31 in ERQC; arrows indicate scattered cytoplasmic sites of Bap31 accumulation (cytoplasmic ERQC sites)
(a). Graphs show fluorescence intensity of KDEL immunostaining and ratio—Bap31 immunofluorescence intensity/KDEL immunofluorescence intensity—
(Bap31/KDEL). Data in graphs are normalized to control (no Palm) (b). Segment analysis shows pixel intensities of fluorescence immunostaining along the
yellow (graphs with yellow dots) and blue lines (graphs with blue dots) drawn in a (c). Scale bars, 25 um. Data are expressed as mean + SD and are
representative of three independent experiments. Statistical analysis is done by one-way Anova; ns, not significant, **p < 0.01, ***p < 0.0001.
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Fig. 5 Delivery of both PE and PBA to Hepa1-7 cells exposed to elevated palmitate restores membrane glycosylation. a Hepal-6 cells

treated with: no additions; 200 uM palmitate; 200 uM palmitate and 25 uM PE, 200 uM palmitate and 2 mM PBA for 16 h are fixed and stained with
wheat germ agglutinin (WGA). White arrows indicate trans-Golgi compartment and white arrowheads indicate fragmented trans-Golgi compartment.
Scale bars, 25 um; Data are expressed as mean = SD and are representative of three independent experiments. Statistical analysis is done by one-way

Anova; ns, not significant, ****p < 0.0001.

disappeared and cytoplasmic WGA staining appeared
instead as puncta, indicating trans-Golgi fragmentation.
Differently, when either PE or PBA was added to the
Hepal-6 cells incubated with the elevated palmitate, total
abundance of membrane glycosylation was restored to a
similar level as that of cells incubated in the absence ele-
vated palmitate. However, in palmitate-treated Hepal—6
cells, fragmentation of the trans-Golgi remained unchanged
by PE treatment and was not restored by PBA treatment
(arrowheads). Thus, delivery of both PE and PBA restores
the glycosylation capacity of the secretory pathway without
recovering its normal morphology.

PE delivery to Hepa1-6 cells exposed to elevated palmitate
decreases generation of ROS, but does not restore
mitochondrial function

Obese patients and mice with hepatosteatosis have
mitochondrial dysfunction with defective oxidative
phosphorylation®*~**, Addition of elevated palmitate to
Hepal-6 cells decreased the rate of oxygen consumption
rate (OCR) sensitive to oligomycin, thereby indicating
loss of oxidative phosphorylation (Fig. 6a, b) and
increased non-mitochondrial OCR (Fig. 6¢). In Hepal-6
cells exposed to elevated palmitate and treated with PE,
the rate of oligomycin-sensitive OCR remained decreased
and non-mitochondrial OCR remained increased to the

Official journal of the Cell Death Differentiation Association

same extent as that of cells incubated only with the ele-
vated fatty acid. Delivery of PBA to the Hepal-6 cells
exposed to elevated palmitate further decreased
oligomycin-sensitive OCR and instead concomitantly
increased non-mitochondrial OCR (Fig. 6¢). Thus, in
the Hepal-6 cells exposed to elevated palmitate,
delivery of either PE or PBA does not restore mito-
chondrial function. It is possible that, in the palmitate-
treated cells, decreased oxidative phosphorylation is
paralleled by decreased ability to generate mitochon-
drial membrane potential (MMP)**. When Hepal-6
cells were pre-treated with 1 uM FCCP, MitoTracker
fluorescence intensity was decreased (Fig. 6d), thus
indicating that fluorescence intensity of the dye mea-
sures MMP*®, When Hepal-6 cells were exposed to
elevated palmitate, fluorescence intensity of Mito-
Tracker and of dichlorofluorescin diacetate (DCF), a
ROS-sensitive probe®’, were both reduced so that the
ratio ROS/MMP was unchanged (Fig. 6e). Thus, in
palmitate-exposed cells, loss of MMP and blunted
generation of ROS parallel the decreased in oxidative
phosphorylation induced by the elevated fatty acid.
When PE was added to the Hepal—6 cells exposed to
elevated palmitate loss of MMP, measured by Mito-
Tracker, again paralleled loss of mitochondrial capacity
to function in oxidative phosphorylation, but cellular
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Fig. 6 PE and PBA, delivered to Hepa1-6 cells exposed to lipid stress, have different effects to modulate generation of ROS. a-c OCR is
measured in Hepal-6 cells treated with: no additions; 200 uM palmitate; 200 uM palmitate and 25 uM PE, 200 uM palmitate and 2 mM PBA for 16 h.
Arrows in a indicate addition to samples of oligomycin (Oligo), antimycin (Ant) and rotenone (Rot). OCR values, normalized per protein content, are
expressed as percent of values obtained after addition of Ant and Rot. Data are shown as mean + SEM (from data derived from n = >9 wells). Data are
representative of two independent experiments (a). Basal mitochondrial OCR is derived from data in a by calculating the percentage loss of OCR
upon addition of oligomycin. Data, normalized to the control (no Palm), are expressed as mean + SD (b). Non-mitochondrial OCR is measured from
the OCR of samples treated with of antimycin and rotenone, as indicated in a. Data, normalized to the control (no Palm), are expressed as mean + SD
(c). Statistical analysis is done by one-way Anova; ns not significant, *p < 0.05, ***p < 0.001, ****p < 0.0001. d MitoTracker fluorescence intensity with
and without incubation with 1 uM FCCP. Data, normalized to the control (no Palm), are expressed as mean + SD. Scale Bars, 25 um. Statistical analysis
is done by Student's t-test, ***p < 0.0001. e Cells treated as in a are incubated with FC-Fluorescein (5 uM) and MitoTracker (200 nM) as described
under “Materials and methods” section. Scale bars, 50 pm. Data are expressed as mean + SD and are representative of three independent
experiments. Data in graphs are normalized to control (Hepa-6 cells incubated without palmitate). Statistical analysis is done by one-way Anova; ns
not significant, *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.
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ROS abundance was further reduced, with decreased
ratio ROS/MMP. Thus, PE delivery to hepatoma cells
under lipid stress may increase cell capacity to eliminate
phosphorylation.

ROS  generated

by

oxidative
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Differently, when Hepal—6 cells exposed to elevated
palmitate were treated with PBA, MMP remained
decreased, but the level of ROS being generated was
increased. Thus, in palmitate-exposed hepatoma cells,
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PE limits and PBA enhances the amount of ROS being
generated.

Discussion

We have found that exposure of mice to lard-based HF
diet induces loss of liver PE, which takes place even before
the onset of obesity'®. Here, we find that loss of PE takes
place also in the liver of obese mice exposed to a palm oil-
based HF diet and is concomitant to hepatosteatosis. In
human liver, NAFL does not alter protein abundance of
XBP1s and CHOP'', suggesting that hepatosteatosis may
not activate classical UPR. Consistent with that, we find
by Western blot analysis that exposure to HF diet does
not increase abundance of the chaperones GrP78/BiP and
calnexin in murine liver. Instead, by using immunostain-
ing of liver sections, we find for the first time that expo-
sure of mice to the palm oil-based HF diet induces loss of
abundance of the ER chaperone GrP78/BiP in pericentral
hepatocytes. This effect is replicated in murine hepatoma
cells exposed to elevated palmitate. In the hepatoma cells
exposed to elevated palmitate, mechanisms of classical
UPR to increase cell level of GrP78/BiP and CHOP are
taking place at the transcriptional level, but not at the
protein level. Delivery of PE to hepatoma cells exposed to
the elevated fatty acid restores post-transcriptionally
normal abundance of GrP78/BiP protein and function of
the secretory pathway. The ER folding machinery func-
tions in connection with the ER protein degradation
machinery, which exports for degradation in the cytosol
proteins that failed to fold*®. Delivery of PE to hepatoma
cells exposed to elevated palmitate virtually eliminates the
expansion of ERQC induced by exposure to the elevated
fatty acid. Thus, in hepatoma cells exposed to lipid stress,
PE promotes folding capacity of the ER and prevents
accumulation of misfolded proteins in ERQC. When ER
protein homeostasis is not restored, the UPR initiates
apoptotic cell death via up-regulation of CHOP*’. Here
we find that cell exposure to elevated palmitate induces,
rather than increased levels of cell CHOP, translocation of
the transcription factor to the nucleus, and that this effect
is blunted by PE delivery. Thus, in hepatoma cells exposed
to elevated palmitate, PE-dependent improvement of ER
folding capacity halts CHOP activation. In hepatoma cells
exposed to elevated palmitate, oxidative phosphorylation
remains decreased when PE is delivered to the cells,
suggesting that the treatment is ineffective to resolve
mitochondrial stress. Delivery of PBA to hepatoma cells
exposed to lipid stress, while promoting increased GrP78/
BiP protein abundance and restoring membrane glyco-
sylation capacity, also promotes transcriptionally and
post-transcriptionally activation of CHOP. CHOP induces
cell death by increasing protein synthesis and by enhan-
cing oxidation in the ER***°. Consistent with these
reports, delivery of PBA to hepatoma cells exposed
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elevated palmitate increases non-mitochondrial oxygen
consumption, promotes generation of ROS, and expands
the ERQC. Thus, PBA-dependent recovery of ER function
may involve increased protein turnover with excessive
generation of ROS>°. We find that, in diet-induced obe-
sity, weight gain and hepatosteatosis were not reversed by
treatment with the chemical chaperone PBA. Never-
theless, PBA corrected hyperinsulinemia in mice with HF
diet-induced obesity, as previously observed in mice with
genetic obesity”. Adverse effects of PBA to promote
apoptosis and to increase ROS might limit its usefulness
to treat hepatosteatosis in vivo. In conclusion, this work
indicates delivery of PE as a novel tool to promote hepatic
cell recovery from lipid stress. This work opens up the
possibility that supplementing diet with PE may be ben-
eficial to improve hepatocyte function in NAFL.

Materials and methods
Reagents

Tris-HCl at molecular biology grade was purchased
from Promega Corporation (Madison, WI). The 0.9%
sodium chloride solution was from Baxter Healthcare
Corporation (Deerfield, IL) and sodium phenylbutyrate
(PBA) from Santa Cruz Biotechnology (Dallas, TX). Pierce
BCA Protein Assay Kit, Pierce Protease Inhibitor Mini
tablets (EDTA-free) and 1.5mL polypropylene safe-lock
tubes for lipid extractions as well as the Savant DNA 120
SpeedVac Concentrator were from Thermo Scientific Inc.
(Rockford, IL). Heparin (Cat #P87721) was purchased
from Braun Medical. (Bethlehem, PA, USA). The Ultra-
Se