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Inhibition of endoplasmic reticulum stress and activation of autophagy-protect intestinal and
renal tissues from western diet-induced dysbiosis and abrogate inflammatory response to
LPS: role of vitamin E
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Diet pattern is an emerging risk factor for renal disease. The mechanism by which high-fat high
fructose (western) diet mediates renal injury is not yet fully understood. The objective of the present
study was to investigate the relationship between endoplasmic reticulum (ER) stress and autophagy in
the development of renal impairment and aggravation of the inflammatory response. Eighty male rats
were randomly divided into four groups as follows: a standard diet-fed (ConD), a high-fat high fructose
diet fed (HFHF-V), ConD fed and orally supplemented with vitamin E (ConD-E), and HFHF fed and
orally supplemented vitamin E (HFHF-E). After 12 weeks, either lipopolysaccharide (LPS) or saline
was injected. We found that upregulation of endoplasmic reticulum stress-related proteins rendered the
cells susceptible to injury induced by dysbiosis and microbiota-derived metabolites. A downregulation
of autophagy and upregulation of caspase-12 resulted in the loss of intestinal integrity and renal tubular
injury. Maintained ER stress also increased the inflammatory response to LPS. In contrast, vitamin E
effectively ameliorated ER stress and promoted autophagy to protect intestinal and renal tissues. Our
results provide insight into the influences of sustained ER stress activation and autophagy inhibition
on the development of renal injury, which may contribute also to the enhanced inflammatory response.

Renal diseases continue to carry a high burden The endoplasmic reticulum
of morbidity and mortality. Western diet (WD), multifunctional organelle that

(ER) is a
controls lipid

an energy-dense high-fat and high-sugar diet, has
been recently recognized to be a risk factor for the
development of renal disease. In recent years, the
dysregulation of gut microbiota and stimulation of
inflammation pathways have been implicated in
the development of the renal disease (1), however,
there is little information available on the molecular
mechanism behind this alteration.

biogenesis, protein folding, and calcium homeostasis.
When ER is subjected to harmful stimuli, the
ER stress response is activated, with subsequent
accumulation of unfolded proteins in the ER lumen.
Several pathways linking ER stress to cell survival,
inflammation, and autophagy. ER stress activates
three transmembrane proteins: inositol-requiring
protein 1 (IRE1), PKR [double-stranded-RNA-
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dependent protein kinase]-like ER kinase (PERK),
and activating transcription factor 6 (ATF6), which
modulate the expressions of nuclear target genes,
including activating transcriptional factor 4 (ATF4),
transcriptional factor C/EBP homologous protein
(CHOP) and X-box binding protein-1 (XBP1). Recent
studies have suggested that numerous diseases are
caused by the abnormal expression of ATF4, ATF6,
CHOP, and XBP1 in ER stress (2-3). As severe ER
stress conditions continue, the apoptosis signaling
pathways were reported to be initiated via induction
of caspase 12 (4). Furthermore, ER stress intersects
with various inflammatory signaling pathways, such
as nuclear factor Kappa B (NFxB) signaling, to
regulate cytokine production (5-7).

Autophagy is the process by which cytoplasmic
components are engulfed into intracellular vesicles
(autophagosomes) that fuse with lysosomes to be
degraded. Growing evidence supports the idea that
autophagy is important in ER quality control. Studies
have also strongly indicated that autophagy could be
triggered by unfolded proteins to remove damaged
endoplasmic (reticulophagy) (8-9).
Furthermore, suppression of autophagy was found
to render hepatocytes vulnerable to ER stress (10-
11). However, there is no conclusive demonstration
of the interplay between ER stress and autophagy in
WD-induced renal injury.

Vitamin E has been shown to exert anti-
inflammatory effects in different chronic diseases.
Accumulating evidence demonstrated the role of
vitamin E in determining cell viability under different
stress conditions (12, 13). Only a few controversial
studies are available on the effect of vitamin E on ER
stress. Vitamin E was found to induce ER stress in
cancer cells (12), however, ER stress was found to be
reduced by vitamin E during atherosclerosis (14). The
effects of vitamin E on the various markers for ER
stress and autophagy in WD-induced renal impairment
are yet to be identified.

In this study, we investigated the effects of high-
fat high fructose (HFHF) on the expression of ER
stress and autophagy markers in intestinal and
renal tissues. We also elucidate the involvement of
microbiota-derived metabolites [short-chain fatty
acid (SCFA)] in the regulation of renal response to

reticulum

HFHF and LPS. Furthermore, we aimed to determine
whether vitamin E supplementation would induce
autophagy and ameliorate ER stress to protect
against renal injury.

MATERIALS AND METHODS

Experimental protocol

The animal protocol was approved by the research
ethics committee at the Faculty of Medicine, Cairo
University, and the Institutional Animal Care and use
committee, Cairo University (protocol number CU III
s5617). Animals were treated following Canadian Council
on Animal Care (CCAC) guidelines. Male Wister albino
rats were purchased from the animal house of Kasr El
Aini, Faculty of Medicine, Cairo University, and housed
in individual cages maintained in a temperature-controlled
environment, with a 12-h light/dark cycle and allowed ad
libitum access to diets and drinking water.

High fat-high fructose (HFHF) diet, containing (gm
%): Protein 24; Carbohydrate 4land Fat 24 (Product
#D12451; Research Diets, New Brunswick, USA) with an
additional 30% of fructose in water was used. The control
diet consisted of (gm %): Protein 19.2; Carbohydrate 67.3
and Fat 4.3 (Product #D12450B; Research Diets, New
Brunswick, USA).

The rats were randomly fed on ConD or HFHF-diet
and were further divided into four subgroups: i. ConD-E:
rats were fed a ConD for 3 months in concomitant with
the administration of vitamin E dissolved in palm oil
orally in a dose of 250 mg/kg/day (15, 16); ii. ConD-V:
rats were fed a ConD for 3 months in concomitant with
the administration of equal volume of palm oil orally
daily; iii. HFHF-E: rats were fed an HFHF for 3 months
in concomitant with the administration of vitamin E;
iv. HFHF-V: rats were fed an HFHF diet for 3 months
in concomitant with the administration of an equal
volume of palm oil. After 12 weeks, the rats were given
intraperitoneal bolus injections of either 10 mg/kg body
weight lipopolysaccharide (LPS) (Sigma Chemical, St
Louis, MO) (17) (18) diluted in saline (ConD-LPS, HFHF-
LPS, ConD-LPS-E, HFHF-LPS-E) or equal volumes of
saline (ConD-V, ConD-E, HFHF-V, HFHF-E).

Animal weight, food and water consumption were
measured every other day during the experiment. At the
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end of the study, urine, faeces, and blood of each rat were
collected, and serum was obtained by centrifugation of
blood at 1500x g for 10 min and stored at —80°C until
further analysis. The rats were sacrificed by decapitation
24 hours after LPS injection. Intestinal and renal tissues
were rapidly removed and stored at —80°C until analysis.

Quantification of firmicutes and bacteroides
DNA was
amplification of genomic DNA coding 16S ribosomal

Bacterial amplified based on the
RNA. Faecal microbiological DNA was analyzed using
QIAamp DNA Mini Kit (Qiagen, Valencia, USA).
We used the specific forward and reverse primers
for Firmicutes phylum and Bacteroidetes phylum:
Bacteroidetes (F: 5°-CATGTGGTTTAATTCGATGAT-3’;
R:  5-AGCTGACGACAACCATGC AG-3’) and
Firmicutes (F: 5’-ATGTGGTTTAATTCGAAGCA-3’;
R:  5-AGCTGACGA CAACCATGCAC-3’). Gut
microbiota was quantitatively analyzed using SYBR
Green quantitative PCR.

Renal function analysis

Creatinine and blood urea nitrogen (BUN) levels
were detected using the conventional colorimetric
QuantiChrom TM assay (BioAssay Systems, USA)
to measure the absorbency of colour wave, as previously
described (18) (19). The Creatinine clearance (CCr)
was determined using the following equation: CCr (ml/
min/kg of body weight) = [urinary Cr (mg/dl) x urinary
volume (mg)/serum Cr (ml/dl)] x [1000/body weight (g)]
x [1/1440 (min)].

The expressions of urinary neutrophil gelatinase-
associated lipocalin (NGAL) in different groups of rats
were quantified using Enzyme-linked immunosorbent
assay (ELISA) kits (MyBioSource.com, San Diego,
California, USA), as previously reported (20). The mean
absorbance was measured spectrophotometrically at
450nm in a microplate reader

Serum LPS and SCFA analysis

Quantitative ELISA was employed to measure the
concentration of LPS in the serum. Antibody specific for
LPS (CUSABIO Technology LLC; Houston, USA) was
pre-coated onto a microplate. 100 pl standard as well
as samples were added to the corresponding well. Both
sample and buffer were incubated together with LPS-

Horseradish Peroxidase (HRP) conjugate in a pre-coated
plate for 1 h. After the incubation, the wells were washed
and incubated with a substrate for HRP enzyme. The
intensity of the developed color was detected at 450 nm
on a microplate reader.

The circulating SCFA analysis was performed
using gas chromatography-mass spectrometry analysis
as previously reported (21, 22). Briefly, derivatized
samples were injected in a gas chromatograph (Agilent
Technologies) coupled to a mass spectrometer detector.
The analysis was performed using a linear temperature
gradient at 65°C up to 280°C for 5 min. The injector and
transfer line temperatures were kept at 250°C. Serum
SCFA was quantified by comparing the spectrum with the
internal standard.

Analysis of nuclear factor-kappa B (NF-kB) protein
expression in the intestinal and renal tissues

The concentration of NF-kB p65 in intestinal and renal
tissues supernatants was evaluated using the rat NF-kB p65
(ELISA) kit (MyBioSource.com, San Diego, California,
USA). The intensity of color was spectrophotometrically
detected at 450 nm using a 96-well plate reader. The NF-
kB concentration was estimated by comparing the optical
densities of the samples with the standard curve.

Quantitative Real-Time PCR analysis

Total cellular RNA was isolated from intestinal and
renal tissues using the Qiagen tissue extraction kit (Qiagen,
USA) according to the manufacturer’s instructions. 0.5-2
pg of extracted RNA was inversely transcribed into cDNA
using a high-capacity cDNA reverse transcription kit. Real-
time qPCR amplification and analysis were performed
using an Applied Biosystem with software version 3.1
(StepOne™, USA). Gene expression was normalized
to the internal standard basic transcription beta-actin.
The following primer pairs were used for amplification:
occludin, ZO-1, TLR4, caspase-12, Vamp8, LAMP, ATF 4,
ATF 6, CHOP, XBP1, Beta-actin (Table I).

mTOR, Beclin-1, and LC3 protein analysis by Western blot

Western blot was used to quantify autophagy
biomarkers in the intestinal and renal tissues. Renal and
intestinal tissues were lysed in RIPA buffer (Marhham,
Ontario L3R 8T4, Canada). Thereafter, supernatant
fluids were collected to measure the protein levels, using
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Bradford Protein Assay Kit (BIO BASIC INC. Markham
Ontario L3R 8T4 Canada). 5-20 ug protein concentration
of each sample was loaded with an equal volume of 2x
Laemmli sample buffer, and the mixture was boiled at
95°C for 5 min to ensure denaturation of protein before

polyacrylamide gel electrophoresis. The samples were
transferred onto a PVDF membrane followed by the
addition of primary antibodies against mTOR (1:1000;
Thermofisher, USA); beclin-1 (1:1000; Thermofisher,

USA), and LC3 (1:1000; Thermofisher, USA).

Table 1. Sequences of primers used in real-time polymerase chain reaction (Real-time PCR)

Gene Primer sequences (5'-3")

Forward |5’ -GCTATGAAACCGACTACACGACA-3’
occludin

Reverse 5’-ACTCTCCAGCAACCAGCATCT-3’

Forward |[5’-AGGCTATTTCCAGCGTTTTGA-3’
70-1

Reverse 5’-AATCCTGGTGGTGGTACTTGC-3’

Forward 5’-TCATCCAGGAAGGCTTCCA-3’
TLR4

Reverse 5-GCTGCCTCAG CAAGGACTTCT-3’

Forward |5 -TTCATTATTCAGGCCTGCCGAGG -3’
caspase-12

Reverse 5" TTCTGACAGGCCATGTCATCCTCA-3’
vV Forward [5"-CCCTCTCCTGTCCTCCTCCA-3’

amp8

Reverse 5’-TCTCCTCCCAGGGGATCAAG-3’

Forward [5-TGCTGGCTACCATGGGGCTG-3"
LAMP

Reverse 5’-GCAGCTGC CTGTGGAGTGAGT-3’

Forward [5-GCCGGTTTAAGTTGTGTGCT-3"
ATF 4

Reverse 5’-CTGGATTCGAGGAATGTTGCT-3"

Forward [ 5-GATGCAGCACATGAGGCTTA-3’
ATF 6

Reverse 5’-CAGGAACGTGCTGAGTTGAA-3’

Forward |[5-GAAAGCAGAAACCGGTCCAAT-3’
CHOP

Reverse 5’-GGATGAGATATAGGTGCCCCC-3’

Forward |5-AAACAGAGTAGCAGCGCAGACTGC-3’
XBP1

Reverse 5-GGATCTCTAAAACTAGAGGCTTGGTG-3"
BETA Forward |5-AGGCATCCTCACCCTGAAGTA-3"
ACTIN | Reverse | S'CACACG-CAGCTCATTGTAGA-3’
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Chemiluminescent substrate (Clarity™ Western ECL
substrate - BIO-RAD, USA cat#170-5060) was used to
the blot according to the manufacturer’s recommendation.

Histological analysis

The kidneys and jejuna tissues of each rat were
dissected, fixed in formaldehyde, and embedded in paraffin.
Sections of 6 um thickness were obtained and stained
with hematoxylin and eosin (H&E). The morphological
changes were analyzed using a light microscope equipped
with (Leica Qwin 500 C; Cambridge) image analysis
software.

Histological changes in renal tissue were evaluated at
10 randomly selected fields and scored as illustrated in
a previous study (23). The tubular injury was defined as
cellular degeneration and vacuolization, tubular dilatation,
and cast formation. According to the aforementioned
criteria, 0 = normal renal architecture, 1 = renal damage
involved less than 25% of the tubular area, 2 = renal
damage between 25% and 50% of the tubular area, 3
= renal damage between 50% and 75% of the tubular
area, and 4 = renal damage between 75% and 100% of
the tubular area. Jejuna samples were analyzed for the
inflammatory cell infiltration, epithelial damage, and
mucosal architecture, as illustrated previously (24) and
summarized in Table II.

Table I1. Intestinal injury scoring system

Statistical analysis

The data were analyzed using Graph Pad Prism
software (version 5.0; San Diego, California USA). One-
way ANOVA plus Newman-Keuls’s post hoc multiple
comparison tests were used to analyze differences between
the groups. Two-way ANOVAs (subject factors: Time and
diet) were used to analyze data from the total water and
food consumption. Pearson’s correlation coefficient was
used to estimate the relationship between variables. In this
study, the value of r was used to represent the strength of the
correlationship. In all cases, P<0.05 was taken to indicate
significance. All data are expressed as mean = SEM.

RESULTS

Bodyweight and food and water consumption

The results showed that the body weight gain was
significantly increased (P < 0.05) in all HFHF fed
rats when compared to their respective counterparts
on control diets. There was no significant difference
in average fluid intake yield by diet (F=5.9,
P<0.0001) and time (F=4.9, P<0.0001), however,
diet (F=4.4, P<0.0001), but not time (F=0.18, P=
0.99), had a significant effect on food consumption,
and no significance was found in the interaction
between both factors (Fig. 1).

Findings Definition Scoring
Inflammatory infiltrates Minimal (less than 10%) 1
Mild (10-25%) 2
Moderate (26-50%) 3
Marked (more than 51%) 4
Epithelial damage Focal erosions 1
Multiple erosions 2
Villous denudation 3
Mucosal architecture:

- Villous shortening Mild: villous/crypt ratio of 2:1 to 3:1. 2

Moderate: villous/crypt ratio of 1:1 to 2:1.
Non-parallel crypts, variable crypt diameters 3
- Irregular crypts 4
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HFHF acted synergistically with LPS to increase
Firmicutes and intestinal injury score and reduce occludin
and vitamin E reversed the effects of HFHF and LPS
HFHF-fed rats (with and without LPS) and
ConD-LPS elicited a significant increase (P < 0.05)
in Firmicutes and a significant decrease (P < 0.05) in
Bacteroides, compared with rats on the control diet
and not subjected to LPS (ConD-V and ConD-E).
Small intestinal gene expressions revealed that HFHF,
HFHF-LPS, and ConD-LPS rats had lower (P < 0.05)
levels of occludin and ZO-1 compared with ConD-V
and ConD-E rats. Furthermore, rats fed HFHF and
challenged with LPS showed a significant increase
(P < 0.05) in Firmicutes and a decrease in occludin,
when compared to HFHF-V and ConD-LPS groups
(Fig. 2 A-D). Moreover, intestinal histological score
and caspase-12 were significantly increased (P <
0.05) in rats receiving HFHF-LPS than other rats
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receiving either HFHF or LPS. The rats of control
groups (ConD-V and ConD-E) showed no intestinal
injury (Fig. 2 E-G).

Compared with the vehicle-treated groups
(HFHF-V, HFHF-LPS and ConD-LPS), Firmicutes,
caspase-12, and intestinal injury scores were
significantly decreased (P < 0.05) in the vitamin
E-treated groups (HFHF-E, HFHF-LPS-E, and
ConD-LPS-E). Moreover, all vitamin E-treated rats
(HFHF-E, HFHF-LPS-E, and ConD-LPS-E) showed
significantly increased (P < 0.05) gene expressions of
occludin and ZO-1 (Fig. 2).

HFHF acted synergistically with LPS to increase
serum LPS and SCFA and promote renal injury and
vitamin E reversed the effects of HFHF and LPS
We assumed that the increased serum LPS
and SCFA, produced by gut microbiota, would
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Fig. 1. Evaluation of body weight gain and food and water consumption of rats on different dietary regimens and
challenged with lipopolysaccharide (LPS). Data are expressed as the percentage (%) of body weight gain relative
to the initial body weight. ConD: control diet; HFHF: High-fat-High-Fructose diets;, LPS. lipopolysaccharide;
E: vitamin E; V: vehicle. Data are expressed as mean £ SEM. $ p<0.05 vs ConD-V, ! p<0.05 vs ConD-E.
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enhance the development of acute kidney injury
after endotoxin injection. To wvalidate this, we
examined the relationship of serum LPS and SCFA
to the development of renal impairment. Detailed
analysis of kidney function and structure revealed a
significant increase (P < 0.05) in renal caspase-12
and renal impairment in ConD-LPS as well as
untreated HFHF feeding rats (HFHF-V and HFHF-
LPS). In the renal morphological analysis, the
bowman’s space in the rats on an HFHF and/or LPS
tended to be dilated. Furthermore, tubular hyaline
casts, apoptotic degeneration, and inflammatory cell
infiltrations were observed in LPS, HFHF as well as
HFHF-LPS groups (Table III, Fig. 3).

Concomitantly, serum levels of LPS and SCFA
were significantly increased (P < 0.05) in untreated
HFHF feeding rats (with and without LPS) and
ConD-LPS, when compared to rats on the control
diet (Conn-V and ConD-E). Moreover, HFHF acted
synergistically to significantly increase (P < 0.05)
serum LPS and SCFA, and to significantly enhance
(P < 0.05) LPS induced renal injury. Compared to
untreated rats (HFHF-V, HFHF-LPS, and ConD-
LPS), rats subjected to HFHF and/or LPS and treated
with Vitamin E showed a significant reduction (P <
0.05) in renal injury as well as serum levels of SCFA
and LPS, as shown in Fig. 3. Increased levels of
SCFA and LPS were found significantly correlated

Fig. 2. A high-fat high fructose diet modified the microbiota composition and enhanced endotoxin-induced
intestinal injury and vitamin E reversed the effects. Alterations in the intestinal Bacteroides (A) and Firmicutes
(B) were associated with modulations of the intestinal occludin (C) and ZO-1. (D) mRNA expression levels. E,
F) Quantifications of intestinal injury and caspase-12 mRNA level. G) Representative hematoxylin and eosin
(H&E) stained images of intestinal tissue at 100 x and 400 x magnification for Control group (4) showing
the normal structure of intestinal layers;, ConD-LPS group (B) with distortion of the villi with the sloughed
epithelium of some parts (curved arrow)and the inflammatory cells infiltration (I), HFHF-V(C) showing brooding
and distortion of the villi and oedema (star) in lamina propria, HFHF-LPS (D) with substantial distortion of most
of the villi with obvious denudation and the inflammatory cells infiltration in the intestinal mucosa (I) and the
lumen of the intestine (wavy arrow). Vitamin E preserved the morphological structure of the intestinal mucosa,
submucosa, musculosa, and serosa in ConD-LPS-E (E) and HFHF-E (F). Some inflammatory infiltrations (1)
were noted in some Vvilli in HFHF-LPS-E (G). ConD: control diet; HFHF: High-fat-High-Fructose diet; LPS:
lipopolysaccharide; E: vitamin E; V: vehicle. Data are expressed as mean £ SEM. $ p<0.05 vs ConD-V, ! p<0.05
vs ConD-E, @ p<0.05 vs respective vitamin E treated group, % p<0.05 vs ConD-LPS, # p<0.05 vs HFHF-LPS.
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with renal damage. Creatinine, NGAL, and renal injury
score values were positively and significantly correlated
with serum LPS and SCFA levels (Table IV).

HFHF acted synergistically with LPS to increase
TLR4 and NFKB expressions in intestinal and renal
tissues and vitamin E reversed the effects of HFHF
and LPS

In intestinal and renal tissues, the data revealed a
significant increase (P < 0.05) of TLR4 and NF-«B
expressions in ConD-LPS, HFHF, and HFHF-LPS.
Additionally, HFHF combined with LPS significant-
ly aggravated (P < 0.05) the effect of LPS or HFHF
on TLR4 and NFKB expressions. In contrast, vitamin
E significantly reduced (P < 0.05) TLR4 and NF-xB

>
w

endotoxin LPS (pg/ml)
SCFA(pg/ml)

levels compared with untreated groups (HFHF-V,
HFHF-LPS, and ConD-LPS) (Fig. 4).

HFHF acted synergistically with LPS to promote
ER stress in intestinal and renal tissues and vitamin
E reversed the effects of HFHF and LPS
ConD-LPS, HFHF, and HFHF-LPS were found to
induce the activation of ER stress in intestinal as well
as renal tissues. As shown in Fig. 5, the expression
levels of the ER stress-related proteins ATF 4, ATF6,
CHOP, and XBP1 were all significantly enhanced
(p<0.05) after LPS or HFHF compared with control
groups (ConD-V and ConD-E), with the highest
increase observed in HFHF-LPS. However, vitamin
E significantly decreased (p<0.05) the ER stress both
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degree of renal injury. A, B) Quantifications of LPS and SCFA in the serum. E) Quantifications of renal caspase-12
mRNA level. D) Representative photomicrographs for hematoxylin and eosin staining (at 200 >magnification) of
kidney sections of rats fed a control diet (ConD) (A), ConD and subjected to LPS (B), high-fat high fructose
(HFHF) diets (C), and HFHF diet and subjected to LPS (D). HFHF diet as well as LPS induced an obvious
dilatation of Bowman's space (arrowheads), hyaline casts (H), inflammatory cells infiltrations (bifid arrow), and
dilatation of the renal tubules (D) and the blood vessels (C). The tubular epithelium showed multiple degenerated
cells with cytoplasmic vacuolation and pyknotic nuclei (arrows). E-G) Vitamin E almost preserved the normal
architecture of the kidney. Data are expressed as mean = SEM. § p<0.05 vs ConD-V, ! p<0.05 vs ConD-E, @
p<0.05 vs respective vitamin E treated group, % p<0.05 vs ConD-LPS, # p<0.05 vs HFHF-LPS.
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in renal and intestinal tissues in ConD-LPS, HFHF
and HFHF-LPS, as illustrated in Fig. 5.

HFHF acted synergistically with LPS to upregulate
mTOR and downregulate autophagy in intestinal
and renal tissues and vitamin E reversed the effects
of HFHF and LPS

Consistent with an increased ER stress, the
results showed a significant upregulation (p<0.05)
of mTOR and downregulation (p<0.05) of the
autophagy response (beclin 1, LC3, LAMP, and
VMAP) in ConD-LPS, HFHF, and HFHF-LPS.
Levels of previous parameters were significantly
altered (p<0.05) in the rats with combined LPS and
HFHF. However, vitamin E significantly decreased
(p<0.05) the ER stress and augmented (p<0.05) the
autophagy in ConD-LPS, HFHF, and HFHF-LPS, as
illustrated in Fig. 6.
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DISCUSSION

A high-fat high fructose diet (HFHF, western
diet) induced renal priming of the immune
response (TLR4 and NFKB) and aggravated the
inflammatory response to LPS. The previous
findings could be attributed to a change in Bacteroid/
Firmicutes ratio (dysbiosis) and elevated serum
levels of SCFA and LPS. The data also suggest that
the primed inflammatory response could be possibly
due to persistent upregulation of ER stress responses
(ATF6/CHOP/XBP1). The results indicate also that
downregulation of autophagy (beclin 1, LC3, Vamp§,
and LAMP) and upregulation of caspase 12 rendered
intestinal and renal cells vulnerable to ER stress.
Moreover, downregulation of autophagy could be
involved in the intestinal barrier and proximal tubular
renal injuries. Vitamin E supplementation dampened

2
@

Intestinal VAP
(relative fold change)

htestine LAMP
(relztive fold chenge]

Oq’qewnne

[k ® =

e

3

Kichey LANP
(relative fold change)
& N R &

§
E

= . ||||| 15 | R
N 3 % °:f(,-\d)‘gof»;\s> < o v u-‘q‘-’;fﬂgquae,o
F LIS S PSS S
F G H I J

Eidney

il
ST

)
T
S
T
SN0

1541w

Fig. 6. A high-fat high fructose diet and lipopolysaccharide acted synergistically to dampen the autophagy-related markers
in renal and intestinal tissues and vitamin E reversed the effects. Intestinal (A-E) and renal (F-J) tissues RT-PCR and western
blot analysis for Mtor (A & F), beclin-1 (B & G), LC 3 (C & H), LAMP (D &I), and VAMP (E & J) mRNA relative expression
normalized to the beta-actin housekeeping gene from rats fed on a control diet (ConD) or high-fat high fructose (HFHF)
diets (with and without vitamin E) and subjected to LPS or vehicle (V). (K) Western blot indicated protein expression of
mTOR, beclin-1, and LC3 . Data are expressed as mean £ SEM. 8 p<0.05 vs ConD-V, ! p<0.05 vs ConD-E, @ p<0.05 vs
respective vitamin E treated group, % p<0.05 vs ConD-LPS, # p<0.05 vs HFHF-LPS.
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Table I11. Impact of high fat-high fructose (HFHF), lipopolysaccharide (LPS), and vitamin E on renal function and

Structure
ConD-V
KWI 0.7+0.0
Creatinine
0.24+0.0
(mg/dl)
BUN
34.8+14.2
(mg/dl)
Cr
clearance
.3+40.
(ml/min/ 37.3+40.9
kg)
NGAL
0.4+0.2
(ng/ml)
Renal
Injury 0.6+0.3
Score
MBP
+7.
) 85+7.5

ConD-E

0.9+0.1

0.1+0.0

34.7+£5.9

38.6+£20.7

0.5+0.1

0.6+0.3

73+1.8

ConD-LPS

1.4+0.3

1.1£0.35%@

80.7+9.7'@

1.0+0.9%@

1.9+0.6%@

3.7+0.1%@

80+5.1

ConD-

LPS-E

1.340.1

04+0.2

51.848.4

25.6+19.4

0.94+0.0

1.0+0.3

96+12.0

HFHF-V

1.1+0.3

0.7 +0.25@#%

74.6+12.9%@#

2.2 £2.0% @*

1.0+0.2 #@

2.540.2 S@

117+3%

HFHF -E

0.9+0.1

0.3+0.0

42.4%4 4

11.4+12.9

0.6+0.1

0.5+0.2

111+10.3%

HFHF-LPS

1.1+£0.2

1.8 +0.25@%

112.2::4.9%%

0.7+0.6%@%

2.8+0.5%%

4.5+0.25%

113+£11.0%

HFHEF-

LPS-E

1.1+£0.2

0.6+0.1%

76.9+17.5°

5.7+1.3

1.1+£0.2

0.8+0.3

104+7.2%

Data are expressed as mean + SD. ConD: control diet; LPS: lipopolysaccharide; HFHF: high fat-high fructose; KWI:
Kidney weight index; BUN: Blood urea nitrogen; Cr clearance: creatinine clearance; NGAL: neutrophil gelatinase-
associated lipocalin; MBP: mean blood pressure. | P< 0.05 vs ConD-V ; $P< 0.05 vs ConD-E; # P< 0.05 vs HFHF-LPS,

@ P< 0.05 vs the corresponding group treated with vitamin E and % P< 0.05 vs ConD-LPS

Table IV. Relationship between serum LPS and SCFA and biochemical and morphological changes in kidney

LPS

SCFA

Biochemical & morphological
parameters

Creatinine

CCr
NGAL

Renal score injury

Creatinine

CCr
NGAL

Renal score injury
LPS: lipopolysaccharide; SCFA: short-chain fatty acids;, CCr: creatinine clearance;
NGAL: neutrophil gelatinase-associated lipocalin

r

0.85
-0.49
0.88
0.56

0.78
-0.43
0.66
0.70

Pearson’s correlationship

P

<0.0001
0.0006

<0.0001
<0.0001

<0.0001
0.0032

<0.0001
<0.0001
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ER stress, enhanced autophagy, and ameliorated the
inflammatory response.

In this study, HFHF-induced dysbiosis (decreased
Bacteroides and increased firmicutes) was observed to
provoke the intestinal leakage leading to a systemic
release of LPS and SCFAs (short-chain fatty acids
produced by fermentation of undigested carbohydrates
via intestinal microbiota). The relationship between
microbiota composition and the circulating levels of
SCFAs and LPS was previously reported (25, 26).
High levels of serum LPS and SCFAs could affect
other distant organs (27-29). Concurrently, we found
that chronic intake of HFHF acts synergistically with
injected endotoxin to increase systemic LPS and
SCFAs secretions, and to induce TLR4 and NFKB
expressions in the renal tissue. Our data revealed also
that serum levels of LPS and SCAFs were strongly
related to the observed renal alterations.

Based on the emerging evidence, the inflammatory
response is commonly triggered as a result of ER
stress. In intestinal and renal tissues, we found
that the increased TLR4 and NFKB expressions
in parallel accompanied by upregulation of ER
stress (ATF6/CHOP/XBP1), and these findings are
inconsistent with previous studies (30, 31). Recent
data revealed that NFKB activation is linked to
ER stress activation in the liver (32) and adipose
tissue (33). This finding coincides with a significant
decrease in the IL-1P level after LPS injection in
CHOP-/-mice, signifying that inhibition of ER
stress reduces inflammation. Inflammation activates
a positive feedback mechanism involving ER stress
to induce pro-inflammatory cytokine release leading
to a vicious cycle (34, 35).

In this study, upregulation of caspase 12
simultaneously with ER stress biomarkers supports
the strong relationship between ER-stress and
apoptotic pathways. ER stress could be invoked to
explain caspase upregulation in renal and intestinal
tissues. Sustained ER stress stimulates several pro-
apoptotic events leading to apoptosis. ATF4/ATF6-
CHOP axis activation was found to stimulate caspase
12 in parallel with inhibition of anti-apoptotic
proteins of the Bcl-2 family (36). Moreover, cells
were found to resist apoptosis in CHOP knockout
mice (37). In atherosclerosis, suppression of the ER

stress was found to reduce apoptosis of endothelial
cells (38).

Maintaining basal levels of autophagic activity
is crucial for cell survival. Consistent with previous
results (39-42), we found that dampening of
autophagy is accompanied by a reduced expression of
both occludin and ZO-1 and enhanced renal tubular
injury. We proposed that inhibition of autophagy
contributes to prolonged ER stress after HFHF and
LPS. Autophagy and endoplasmic reticulum may
work independently or synergistically to relieve stress
and protect cells, but they could induce cell death with
extreme stress (43). In chronic neurodegenerative
diseases, sustained ER stress frequently causes
activation of the autophagic pathway to alleviate
ER stress; however, impaired autophagy leads to
inefficient clearance of the accumulated proteins (44).
Prolonged ER stress inhibits autophagy via activation
of the ER-resident protein RTN3, which enhances
the interaction between beclinl and Bcl-2 (45).
Furthermore, ER stress-induced autophagy inhibition
may be mediated by NFKB activation (46). Growing
evidence implicates NFKB in autophagy inhibition
through the activation of mTOR (47, 48). Synergistic
effects of HFHF and LPS on the ER stress response
support the role of the insult strength on the degree
of ER stimulation and the ability of autophagy to
attenuate ER stress (49).

Vitamin E was found to protect cells against
oxidative stress and display anti-inflammatory
properties. We found that vitamin E could ameliorate
the effects of HFHF on the kidney by reducing the
release of LPS and SCFA. Vitamin E restored the
disruption of the barrier function of the intestine,
a result similar to few other studies (13, 50-52).
Similarly to Nighot and Ma (40), we found that
vitamin E alleviated the decrease of occludin and
Z0-1 expressions. Furthermore, we found that
concomitant intake of vitamin E restored intestinal
bacterial homeostasis. This means that part of the
impact of vitamin E on the intestinal wall could be due
to the gut microbiota’s community changes. Previous
findings are further supported by a study conducted in
pregnant women, which showed that higher intake of
vitamin E was associated with a decrease in Firmicutes
and an increase in Bacteroides (53).
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Vitamin E can influence intestinal and renal cell
viability through modulating ER stress in parallel
with the autophagy pathway. Our data, consistent
with previous reports on various cancer cells (54-
56), indicate that vitamin E may induce autophagy
and dampen ER stress. Vitamin E is a strong inducer
of autophagy via AkKt/AMPK/mTOR signaling (57-
58). Previous effects of vitamin E on the expression
of ER stress markers could explain its ability to
ameliorate inflammation and enhance autophagy
(16, 59, 60).

Our findings suggest that the western diet
persistently increased serum concentrations of
LPS and SCFA to induce priming of the immune
response in the renal tissue. There is a cross-talk
between the NFKB pathway, ER stress, apoptosis,
and autophagy that determines the fates of intestinal
and renal cells. Vitamin E supplementation restores
intestinal junction integrity and protects the kidney
via suppression of ER stress and enhancement of
autophagy. Our results are interesting as they provide
a mechanistic explanation for diet style being an
independent risk factor for renal disease progression.
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