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TGP attenuates endoplasmic reticulum stress and regulates the
expression of thioredoxin-interacting protein in the Kidneys of
diabetic rats
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Summary Recent evidence suggests that the endoplasmic reticulum stress (ERS)-thioredoxin-
interacting protein (TXNIP)-inflammation chain contributes to diabetic renal injury.
The aim of the current study was to investigate whether total glucosides of peony (TGP)
could inhibit ERS and attenuate up-regulation of TXNIP in the kidneys of rats with
streptozotocin-induced diabetes. TGP was orally administered daily at a dose of 50, 100, or
200 mg/kg for 8 weeks. The expression of glucose-regulated protein 78 (GRP78), phospho-
protein kinase RNA-like ER kinase (p-PERK), phosphor- eukaryotic translation initiation
factor 2a (p-elF2a), C/EBP-homologous protein (CHOP), and TXNIP was assessed. Results
indicated that TGP significantly decreased diabetes-induced albuminuria and it acted
by down-regulating activation of the ERS-TXNIP-inflammation chain in the kidneys of
diabetic rats. These findings indicate that renoprotection from TGP in diabetic rats possibly
contributed to inhibition of ERS and decreased expression of TXNIP. These findings
also offer a new perspective from which to study the molecular mechanisms of diabetic
nephropathy and prevent its progression.

Keywords: Diabetic nephropathy, endoplasmic reticulum stress, thioredoxin-interacting protein,
total glucosides of peony

1. Introduction and eventually leading to organ failure (/,2).

Over the past few years, several studies have

Diabetic nephropathy (DN) is currently prevalent around
the world and accounts for nearly one-third of cases of
end-stage renal disease. In clinical settings, treatments for
DN usually consist of close monitoring of blood glucose
and blood pressure and use of medications such as renin-
angiotensin system (RAS) blockers. Nonetheless, DN
worsens in many patients, increasing the need for dialysis
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indicated that endoplasmic reticulum stress (ERS) plays
a crucial role in the pathogenesis of diabetic vascular
complications (3,4). An ERS response maybe triggered
by a stressful stimulus (e.g., hyperglycemia, oxidative
stress, albuminuria, advanced glycation end products
(AGEs), and activation of RAS (5-8)), that exhausts
or disrupts normal protein folding by the endoplasmic
reticulum, thus causing accumulation of misfolded and/
or unfolded proteins. ERS may also activate the unfolded
protein response (UPR) pathway that is initiated
by glucose-regulated protein 78 (GRP78) and three
endoplasmic reticulum transmembrane sensors - inositol
requiring enzyme la (IREla), protein kinase RNA-like
ER kinase (PERK), and activating transcription factor
6 (ATF6) (9). Therefore, the overexpression of IREla,
PERK, and ATF6 contribute to a modified endoplasmic
reticulum or the continued presence of unfolded proteins,
resulting in insufficient protein folding.

Inflammation plays a leading role in the pathogenesis
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of DN (/0,11). A key molecule, thioredoxin-interacting
protein (TXNIP, and also known as vitamin-D3 up-
regulated protein-1 (VDUP1) or thioredoxin binding
protein-2 (TBP-2)), has been found to link ERS to
inflammation and cell death (/2,73). ERS can induce
TXNIP activation through the PERK and IREI
pathways, it can provoke interleukin 1p (IL-1p) mRNA
transcription, and it can mediate ERS-mediated 8
cell death (/3). Microarray studies indicated that the
expression of TXNIP mRNA was markedly elevated
in human islet cells and renal tubular cells (/4,15).
More recently, studies have found that TXNIP can
induce oxidative stress and increase extracellular matrix
production, causing the development of DN (/6). Thus,
the prevention of TXNIP expression may inhibit the
progression of DN (/7). Accordingly, the ERS-TXNIP-
inflammation chain may be a novel target for DN
therapy.

Over the past few years, patients with DN have
become increasingly interested in Chinese herbal
therapies. The dried root of Paeonia lactiflora Pall.
is often used in Chinese herbal remedies, where it is
commonly referred to as white peony root (baishao
in Chinese). Total glucosides of peony (TGP) are
active compounds that can be extracted from the
dried roots of Paeonia lactiflora Pall. Reversed-
phase high-performance liquid chromatography
(HPLC) has indicated that TGP contain eight principal
components, namely paeoniflorin, oxypaeoniflorin,
benzoylpaeoniflorin, benzoyloxypaeoniflorin,
oxybenzoyl-paeoniflorin, albiflorin, paconiflorigenone,
and lactiflorin (Figure 1 (/8). TGP are considered to have
antiinflammatory, antioxidative, hepatoprotective, and
immunoregulatory actions (/9-21). TGP are a disease-
modifying medication for rheumatoid arthritis that was
approved by the State Food and Drug Administration
(SFDA) in 1998. Recently, TGP have been used to
treat chronic nephritis in rats (22), and their action may
involve the regulation of the expression of IL-1 and IL-
lo mRNA (23). In previous studies, the current authors
experimentally induced DN, and results indicated that
TGP prevented inflammation, oxidation, and macrophage
activation, thus slowing the progression of DN (24-
26). However, the effect of TGP on the ERS-TXNIP-
inflammation chain in DN remains unclear. The aim
of the current study was to determine how TGP averts
renal injury in diabetic rats in terms of the ERS-TXNIP-
inflammation chain.

2. Materials and Methods

2.1. Reagents

TGP was extracted from the roots of P. lactiflora
Pall. using ethanol reflux, n-butanol extraction, and

macroreticular absorption resin chromatography.
HPLC fingerprinting analysis indicated that the

R1=H R2=H: paeoniflorin

R1=O0OH R2=H: oxypaeoniflorin
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Figure 1. Chemical structures of the major components of
total glucosides of peony.
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Figure 2. HPLC fingerprinting of total glucosides of peony.
(1) Albiflorin; (2) Paeoniflorin. Column: Supelcosil LC-18 (5
mm, 150 mm x 4.6 mm); Solvent A: Acetonitrile; Solvent B:
H20 (acidified to pH 3.0 with phosphoric acid); Gradient: 10%,
15%, 18%, 30%, 35%, 40%. And 40% of solvent A at 0, 5, 25,
27, 38, 40, and 50 min, respectively. Flow rate: 1.0 mL/min.
Injection volume: 10 mL. Detection: 230 nm.

extract contained 41.1% paconiflorin (Figure 2)
(27). Streptozotocin (STZ) was obtained from Sigma
Chemical Co. (St. Louis, MO, USA). A microalbumin
assay kit was purchased from Abcam Biotechnology
(Abcam, Cambridge, UK). An immunohistochemistry
kit (PV-9000) was purchased from Beijing Zhongshan
Biotechnology, Inc. (Zhongshan, China). TXNIP and a
GAPDH primer were obtained from Shanghai Sangon
Co. (Shanghai, China). A Trizol Kit was obtained from
Invitrogen (Invitrogen, California, USA). M-MLV
reverse transcriptase and an RNA enzyme inhibitor
were purchased from Promega (Madison, WI, USA).
A SYBR Green PCR Master Mix Kit was obtained
from Bio-Rad Laboratories (Hercules, CA, USA). The
following antibodies were used in this study: rabbit anti-
GRP78 and anti-TXNIP antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA), and
anti-p-PERK, anti-p-elF20, and anti-CHOP antibodies
were purchased from Cell Signaling (USA). Anti-p-
actin antibodies, anti-rabbit IgG, and anti-mouse IgG
antibodies conjugated to horseradish peroxidase (HRP)
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were purchased from Wuhan Sanying Biotechnology,
Inc. (Wuhan, China). A bicinchoninic acid (BCA) kit
was obtained from Beyotime Institute of Biotechnology
(Jiangsu, China). A chemiluminescence kit was obtained
from Amersham Life Science (Little Chalfont, UK).

2.2. Animals

Male Munich-Wistar rats (n = 50, weight: 180 to 200 g)
were purchased from the Experimental Animal Center
of Anhui Medical University. Each cage contained 5
animals with free access to food and water. Animals were
housed in a constant environment (temperature of about
24 + 1°C, 60% humidity, 12:12-h light:dark cycle). This
study was approved by the Animal Ethics Committees
of the Faculty of Anhui Medical University and animals
were treated in accordance with the "Principles of
Laboratory Animal Care and Use in Research" (Ministry
of Health, Beijing, China).

2.3.Experimental design

After ten days of acclimation, rats fasted overnight and
were then injected with 65 mg/kg of streptozotocin in
a citrate buffer (0.1 M, pH 4.5) based on their weight.
Two days later, blood glucose and body weight were
evaluated and only rats with blood glucose levels higher
than 16.8 mmol/L were used in this study. Diabetic rats
were randomly divided into four groups (a diabetic
control group and TGP intervention groups) with
no differences among the groups. TGP intervention
groups were administered TGP daily at a dose of 50,
100, or 200 mg/kg via a stomach tube, while the non-
diabetic control group and diabetic control group were
administered an equivalent amount of 0.5% sodium
carboxymethylcellulose (CMC-Na).

2.4. Urinary albumin excretion

Prior to sacrifice, 24-h urine samples were collected
from rats housed in metabolic cages in order to
measurement urinary albumin excretion. Samples
were centrifuged at 10,000 g for 3 min at 4°C and final
volumes were recorded. Albumin levels were detected
using the Rat Albumin ELISA Kit in accordance with the
manufacturer's instructions.

2.5. Blood samples and tissue collection

After 8 wk of follow-up, rats fasted 12 h, and 10 rats
from each group were euthanized by intraperitoneal
injection of sodium pentobarbital (50 mg/kg). Blood
samples were immediately collected by catheterizing the
right jugular artery and then the rats were perfused with
normal saline at 4°C. After the rats were perfused, one
kidney was fixed in a 10% formaldehyde solution for
immunohistochemical experiments and another kidney

was stored at -80°C for further analysis.
2.6. Immunohistochemistry

Immunoperoxidase staining for GRP78 was performed
on 10% formalin-fixed paraffin sections (2 um). Three-
percent hydrogen peroxide was used to block endogenous
peroxidase and antigens were retrieved with microwave
heating. Tissue sections were blocked with 10% normal
goat serum for 10 min followed by incubation with
anti-GRP78 antibodies (1:100) overnight at 4°C. The
sections were washed in phosphate-buffered saline and
incubated with the appropriate horseradish peroxidase-
labeled secondary antibody for 30 min at 37°C. After
sections were rinsed, reactions were visualized using
3,3-diaminobenzidine (DAB, Sigma), with a brown
color indicating peroxidase activity. Sections were
counterstained with hematoxylin. Immunostaining of
GRP78 was evaluated using the Image-Pro Plus 6.0
image analysis system by quantifying the stained area
of the sections and the entire field of view at the same
light intensity used in microscopy (28). Five fields were
randomly selected from each section for observation at a
high magnification and the ratio of the stained area to the
entire field was calculated.

2.7. Western blot analysis

Tissue samples from each of the 5 groups were
homogenized in radio immunoprecipitation assay (RIPA)
lysis buffer, and Western blot analysis was performed
as described previously (26). Nitrocellulose membranes
were blocked with 5% non-fat milk for 2 h and then
incubated with the primary antibody at 4°C overnight.
Membranes were then treated with horseradish
peroxidase-labeled secondary antibody. Blots were
developed with enhanced chemiluminescence. The signal
intensity of each band was quantified and analyzed using
the Leica Q500IW image analysis system, and the result
was expressed as a ratio of GRP78, p-PERK, p-elF2q,
CHOP, and TXNIP to housekeeping protein-actin in
optical density units.

2.8. RNA extraction and real-time PCR

Total RNA was extracted from kidney tissue with the
Trizol reagent in accordance with the manufacturer's
instruction. Real-time PCR was performed using the
SYBR Green PCR master mix kit as previously described
(26). The primers used in this study were as follows:
TXNIP, 5'-TCAGTCAGAGGCAATCACATTA-3',
and 5'-GGAGCCAGGGACACTAACATAG-3 and
GAPDH, 5'-ACAGCAACAGGGTGGTGGAC-3', and
5'-TTTGAGGGTGCAGCGAACTT-3". The relative
expression of mRNA was analyzed using 2 AACt, and
expression of the mRNA of interest was normalized to
GAPDH.
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Table 1. Characteristics of the rats clinical and metabolic parameters

Groups Dose Blood glucose Body weight Kidney weight/ body weight Albumin excretion rate”
(mg/kged) (mg/dIL) (2) (g/100g BW) (mg/24 h)
Normal 123.53 £29.19 458 £27.47 0.30 +0.04 0.38 x/+ 1.3
Diabetic control 469.07 + 74.58** 271.75 £ 16.86™* 0.56 +0.05* 1.87 x/+ 1.1
Diabetic + TGP 50 445.04 +77.43 281.75 £25.01 0.52+0.02 1.32 /= 1.1*
100 470.49 + 75.47 266.4 +27.87 0.50 £ 0.06 1.15 %/~ 1.17
200 484.16 +75.65 318.0+17.8 0.50 +0.04 0.65 x/+ 1.1#

Data areexpressed as means + S.E.M. “Shown as geometric mean x/+ tolerance factor. Number of rats in each group was 10. *p < 0.05, **p <0.01,
compared with normal group; #p < 0.05, #p < 0.01 compared with diabetic control group.

2.9. Statistical analysis

Data obtained from this study are expressed as the mean
+ S.E.M. unless otherwise specified. For statistical
analysis, ANOVA was performed using SPSS 16.0. The
difference between groups was tested using the LSD
test and Levene's test for homogeneity of variance,
where p <0.05 was considered to indicate a significant
difference. Since the rate of urinary albumin excretion
followed a skewed distribution, log transformation was
used prior to statistical analysis of this parameter.

3. Results

3.1. TGP attenuated an increase in albuminuria in
diabetic rats

TGP treatment did not cause any significant changes
in body weight, blood glucose levels, and the ratio of
the kidney weight to body weight among the diabetic
groups. Accumulated evidence has indicated that
albuminuria is a leading risk factor for the progression
of renal disease (29,30). TGP significantly attenuated
the high level of albuminuria in all of the diabetic
groups (Table 1). Although that attenuation was dose-
dependent, the levels of albuminuria were still higher
than those in normal control rats. This finding suggests
that TGP can potentially protect the kidneys and
prevent the development of DN.

3.2. TGP inhibited the expression of GRP78 in the
kidneys of rats with STZ-induced diabetes

GRP78 is a marker of ERS and has been implicated in
the pathogenesis of diabetic complications (9). GRP78
was noted in the glomerulus and tubulointerstitium.
There was minimal staining for GRP78 in the kidneys
of normal rats, while GRP78 was abundantly expressed
in the kidneys of diabetic rats. Overexpression of
GRP78 was more limited in diabetic rats treated with
TGP (Figure 3 and Table 2). Densitometric analysis of
Western blots revealed that the level of GRP78 protein
was markedly higher in control diabetic rats than in
normal rats. As shown in Figure 4, TGP at a dose of 50,
100, or 200 mg/kg significantly down-regulated renal
expression of GRP78 protein in diabetic rats according

Figure 3. Immunostaining of GRP78 in the kidney. (A)
normal; (B) control diabetic; (C) diabetic + TGP 50 mg/kg; (D)
diabetic + TGP 100 mg/kg; (E) diabetic + TGP 200 mg/kg.
Original magnification x400.

Table 2. Semiquantitative assessment of GRP78 immuno-
histochemisty staining in five groups of rats

Groups Dose Glomeruli (%)" Tubulointerstitum (%)*
(mg/kged)
Normal 0.75+£0.53 5.05+£0.77
Diabetic control 12.42 +5.56** 18.93 £ 1.67**
Diabetic + TGP 50 9.46 + 1.83" 15.60 +2.07%
100 5.79 + 1.89" 12.33 + 3.46™
200 4.89 +£2.26" 10.25 +3.27%

Data areexpressed as means = S.E.M. “Shown as the median. Number
of rats in each group was 10. **p < 0.01, compared with the normal
group; #p < 0.05, #p < 0.01, compared with the control diabetic group.

to Western blot analysis.

3.3. TGP reduced the expression of p-PERK and p-elF2a
in the kidneys of rats with STZ-induced diabetes

ERS caused abnormal levels of p-PERK and p-elF2a
expression . As indicated by densitometric analysis
of Western blots, the levels of p-PERK and p-elF2a
expression were significantly higher in diabetic rats
than in normal rats. However, TGP treatment caused the
levels of p-PERK and p-elF2a expression to decrease
markedly (Figure 4).

3.4. TGP attenuated the expression of CHOP in the
kidneys of rats with STZ-induced diabetes

CHOP (or GADDI153) is an integral component of

www.biosciencetrends.com



493 BioScience Trends. 2016, 10(6):489-495.

1 2 3 4 5
GRP78

m-n-n p-PERK
—_— - = p-elF2a
B N @) ¢ (0) 2

A SRS WS G e [(-actin

Intensity Ratio

EAEEE SSLEE SFEEE SFEES 4,
é@i‘;fj‘ ao“ f@‘«é‘ ;a’\‘ifg:: &5 i@'«; <"b“°i§§.§
LT T VI ,yj\i{f
GRP78 p-PERK p-elF20. CHOP TXNIP

Figure 4. Western blot analysis of GRP78, p-PERK, p-elF2
a, CHOP, and TXNIP in renal tissue from five groups of
rats. (1) normal; (2) control diabetic; (3) diabetic + TGP 50
mg/kg; (4) diabetic + TGP 100 mg/kg; (5) diabetic + TGP 200
mg/kg. Densitometric data were normalized to B-actin levels
and values for each control group were arbitrarily defined as 1.
Results are expressed as the mean + S.E.M from at least three
independent experiments. **p < 0.01 vs. normal, #p < 0.05, #p
< 0.01 vs. control diabetic.

ERS-induced apoptosis; importantly, CHOP is also
a component of the inflammatory response (/0). In
order to investigate whether TGP was involved in the
pathogenesis of DN via the inflammatory response, the
level of CHOP expression was determined using Western
blot analysis. The level of CHOP protein was markedly
higher in control diabetic rats than in normal rats. Like
the findings mentioned earlier, the activation of CHOP
diminished dramatically as a result of treatment with
TGP at a dose of 50, 100, or 200 mg/kg (Figure 4).

3.5. TGP attenuated the expression of TXNIP in the
kidneys of rats with STZ-induced diabetes

The current study focused on TXNIP, which is an
important link between ERS and inflammation (/2,13).
The current results indicated that TXNIP tended to
increase in rats with STZ-induced diabetes. As shown
in Figure 4, the level of TXNIP expression decreased
markedly with administration of TGP at a dose of
50, 100, or 200 mg/kg. The level of TXNIP mRNA
expression in the renal tissues of rats with DN was
significantly higher than that in the control group, and
that level of expression decreased markedly as a result
of treatment with TGP (Figure 5).

4. Discussion

Previous studies by the current authors indicated that
the weight of the kidney, the glomerular volume,
the tubulointerstitial damage index, and the rate of
urinary albumin excretion improved markedly 8 weeks

Figure 5. Quantitative real-time PCR of TXNIP in the
kidney. Values are expressed as the mean + S.E.M from at
least three independent experiments. **p < 0.01 vs. normal, #p
< 0.05 vs. control diabetic.

after diabetes was induced with STZ; however, TGP
ameliorated albuminuria and it attenuated glomerular
and tubulointerstitial injuries without changing blood
glucose levels (24,25,31). This suggested that TGP
might prove to be a useful therapy for DN. The current
results suggested that type 1 diabetes mellitus induced
with STZ was associated with activation of the renal
ERS response and upregulation of TXNIP. Previous
studies have indicated that the protective effects of TGP
in diabetic rats were related to its antiinflammatory and
antioxidative action. The current study further identified
the effects of TGP on ERS and TXNIP in diabetic rats.

Diabetes has been characterized as a chronic
inflammatory disease (3/,32) and is associated with
abnormal secretion of numerous inflammatory factors.
The increased UPR in diabetes reveals the existence of
ERS (33), including upregulation of nuclear transcription
factors such as PERK. Fang et al. reported that ERS
appeared to play an important part in albuminuria-
provoked inflammasome activation and elimination of
ERS via tauroursodeoxycholic acid (TUDCA), which
might represent a novel avenue for attenuating kidney
epithelial cell damage caused by albuminuria (34). The
UPR is a homeostatic response that allows the cells to
cope with stressful conditions associated with increased
misfolded or unfolded protein loads; failure of this
mechanism is referred to as the ERS response (9).The
ERS response has been found to play a key role in a
growing number of pathological conditions such as DN
(10,34,35), and the ERS response is considered to be a
cause of chronic inflammation (36). The current results
verified the hypothesis that DN is related to ERS via
dysregulated expression of GRP78, p-PERK, p-elF2a,
and CHOP.

Recent experimental evidence suggests that TXNIP
occupies a critical node in signaling that connects
ERS and IL-1p production. TXNIP expression was
induced by ERS via the IREla and PERK-elF2a
pathways of the UPR. Carbohydrate response element
binding protein (ChREBP) and activating transcription
factor 5 (ATF5) regulate TXNIP expression at the
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transcriptional level (/2,13), while IREla regulates
TXNIP expression at the posttranscriptional level (/2).
Consequently, cell death is induced by IL-1f production
caused by TXNIP through the initiation of IL-1f
mRNA transcription. Transcriptional activation of IL-
1B might explain the upregulation of TXNIP caused by
ERS (37). TXNIP is also considered to be as a crucial
signaling molecule that connects oxidative stress and
inflammasome activation (38). Studies of endothelial
cells have indicated that activation of the ERS-TXNIP-
inflammation chain was responsible for endothelial
dysfunction (39,40). Suppressing ERS, regulating
TXNIP expression, and inhibiting inflammation have
proven beneficial in the management of cardiovascular
disease in obese individuals and diabetics (39,41).

TGP are isolated from the roots of P. lactiflora
Pall. and are used in clinical settings to alleviate an
inflammatory reaction. The roots of P. lactiflora Pall.
have long been used as a treatment for rheumatoid
arthritis. Recent studies in China had reported that TGP
cure nephritis, including Heymann nephritis and IgA
nephropathy. Together with previous results indicating
that TGP treatment reduces the expression of tumor
necrosis factor o (TNF-a)) and IL-1B (26), the current
results indicated that TXNIP might be a critical hub
between ERS and IL-1f. Numerous stress signaling
pathways may converge at TXNIP, contributing to
inflammasome activation and pro-inflammatory cytokine
production. An important finding is that TGP may
inhibit the upregulation of TXNIP and ERS in diabetic
kidneys via the attenuation of pro-inflammatory cytokine
production. Therefore, TGP could possibly play a pivotal
role in the treatment of DN.

Together with the results of recent studies, the current
findings indicated that there are close ties among ERS,
glucose toxicity, oxidative stress, and inflammation
in DN, suggesting that a therapeutic strategy targeting
TXNIP might be effective in treating DN. However,
the specific mechanism by which TGP acts on ERS and
TXNIP is not yet fully understood. This topic will be
examined in further studies in the future.
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