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Abstract

Dyslipidemia and chronic inflammation play crucial roles in the progression of diabetes. This study
aimed to investigate the effects of inflammatory stress on lipid accumulation in multi-organs in dia-
betes. Eight-week-old male db/db mice were randomly assigned to inflamed group with alternating
day subcutaneous injection of 10% casein or control group with daily injection of distilled water. The
lipid profile and plasma levels of inflammatory cytokines were determined using a clinical biochem-
ical assay and enzyme-linked immunosorbent assay. The effects of inflammation on lipid accumula-
tion in target organs were evaluated by hematoxylin—-eosin staining, Oil Red O staining, Filipin
staining, and a quantitative intracellular cholesterol assay. The protein expressions of low-density
lipoprotein receptor (LDLr), sterol regulatory element binding protein-2 (SREBP-2), and SREBP-
cleavage-activating protein (SCAP) in tissues were assessed by immunohistochemical staining
and western blotting. Results showed that the serum levels of inflammatory cytokines were signifi-
cantly elevated in casein-injected mice, suggesting that an inflamed diabetic model was established.
Furthermore, the protein expressions of inflammatory cytokines in aortas, livers, kidneys, and intes-
tines were significantly increased in inflamed group compared with control. Whereas the serum
levels of lipid moieties in inflamed mice were not different compared with the control, inflammatory
stress significantly increased lipid accumulation in aortas, livers, kidneys, and intestines, which co-
incided with increased protein expressions of LDLr, SREBP-2, and SCAP in these organs of inflamed
mice. In conclusion, inflammation induces lipid accumulation in multi-organs of db/db mice from the
circulation to peripheral tissues, potentially due to lipid redistribution mediated by the disruption of
LDLr feedback regulation.
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Introduction

Diabetes mellitus (DM) and its associated complications represent a
public health problem that has reached epidemic proportions due to
the rapidly increasing rates of DM throughout the world [1]. Both
type 1 DM and type 2 DM (T2D) are associated with significantly
accelerated rates of microvascular complications, such as diabetic
nephropathy (DN), neuropathy, and retinopathy, and macrovascular
cardiovascular diseases such as atherosclerosis, hypertension, and
stroke [2]. However, the mechanisms responsible for the great risk

of complications accompanying DM are multifaceted and still largely
unknown.

Obesity and related metabolic abnormalities, such as inflamma-
tion and lipid disturbance, play a role in diabetic complications includ-
ing atherosclerosis, nonalcoholic fatty liver disease (NAFLD), and
DN. A growing number of studies have demonstrated that diabetes
is a chronic inflammatory disease [3]. The atherosclerosis risk in com-
munities study revealed that a mild state of inflammation precedes and
predicts T2D, independent of other risk factors such as obesity [4].
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Pickup and Crook [5] first proposed that long-term innate immune
system activation results in chronic inflammation, elicits disease rather
than repair and leads to the development of T2D. The mechanisms by
which chronic inflammation can evoke T2D are not completely clear.

Dyslipidemia is one of the key risk factors for cardiovascular com-
plications in patients with DM. It is important to note that dyslipide-
mia in diabetic patients is more artherogenic than that in nondiabetics
[6]. The dyslipidemia that is associated with T2D and glucose intoler-
ance consists of elevated triglycerides (TGs) and low high-density lipo-
protein cholesterol (HDL-C), whereas low-density lipoprotein
cholesterol (LDL-C) levels are generally similar to those observed in
nondiabetic patients [7].

In patients with diabetes, alterations in lipid distribution increase
the risk of atherosclerosis. It is well known that the LDL receptor
(LDLr) pathway is a feedback system with important functions in
regulating both plasma and intracellular cholesterol homeostasis.
Our previous studies demonstrated that inflammatory stress exacer-
bates lipid accumulation in hepatic and vascular smooth muscle
cells and accelerates the progression of NAFLD and atherosclerosis
by disrupting LDLr feedback regulation [8-10]. Therefore, this
study aimed to investigate the effects of inflammation on lipid accu-
mulation in multi-organs in DM and to explore its underlying
mechanisms.

Materials and Methods

Animal model

Eight-week-old male diabetic db/db mice (weighing 33-43 g) on a
C57BL/Ks] genetic background were purchased from the Model Ani-
mal Centre of Nanjing University (Nanjing, China). Animal experi-
ment protocols were approved by the Ethical Committee of
Southeast University following the latest version of the Declaration
of Helsinki. Mice fed with a normal chow diet containing 4% fat
were randomly assigned to inflamed group with alternating day sub-
cutaneous injections of 0.5 ml of 10% casein (Sigma, St Louis, USA)
or control group with daily injections of 0.5 ml of distilled water for 8
weeks (7 =10). Mice were placed separately in metabolic cages for
24-h urine collection. At the end of the experimental period, blood
samples were obtained from the right ventricle for biochemical assays
and to determine the serum levels of inflammatory cytokines. The
samples from aortas, livers, kidneys, and intestines were used for histo-
logical assessments.

Biochemical assays

The concentrations of blood glucose (BG), blood urea nitrogen, serum
creatinine (Scr), urine creatinine, TG, total cholesterol (TC), HDL, and
LDL were determined using a Hitachi 7600-110 Automatic Analyzer
(Hitachi, Tokyo, Japan). The quantitative analysis of 24-h urinary
protein was determined using Lowry method. The serum levels of
amyloid protein A and tumor necrotic factor-o. (TNF-o) were mea-
sured by enzyme-linked immunosorbent assay using SAA kit (Invitro-
gen, Carlsbad, USA) and TNF-a kit (R&D, Minneapolis, USA),
respectively.

Hematoxylin—eosin staining

Paraffin-embedded aorta, liver, kidney, and intestine samples were sec-
tioned and dewaxed. Sections were stained for 15 min with hematoxy-
lin, followed by staining with 1% eosin for 3 min. After dehydration,
resimene was used to seal the sections to transparency. The sections
were observed under a light microscope (Olympus, Tokyo, Japan).

Observation of lipid accumulation

The lipid accumulation in aortas, livers, kidneys, and intestines of
dbldb mice was evaluated by Oil Red O (Sigma) and Filipin staining
(Genmed, Shanghai, China). Briefly, samples were fixed with 5% for-
malin solution and then stained with Oil Red O for 30 min. Finally,
the samples were counterstained with hematoxylin for 5 min. The re-
sults were examined by light microscopy. For Filipin staining, sam-
ples were fixed with 4% paraformaldehyde for 30 min, washed
with phosphate-buffered saline (PBS) and incubated with freshly pre-
pared Filipin solution for 30 min. Then, slides were washed with
PBS, and a drop of phenylenediamine/glycerol was added. The slides
were then mounted with coverslips and examined by confocal laser
scanning microscopy. The values of semiquantitative analysis for the
Filipin positive areas were quantified by the software of Image-Pro
Plus version 6.0.

Quantitative measurement of intracellular cholesterol
Quantitative measurement of intracellular total and free cholesterol
was analyzed using the method described by Gamble et al. [11].
In brief, liver, kidney, and intestine samples were collected, and the
lipids were extracted with 1 ml of chloroform/methanol (2:1). The
lipid phase was collected, dried in vacuum, and then dissolved in
2-propanol containing 10% Triton X-100. The concentration of
total and free cholesterol was analyzed using a standard curve and
normalized by total protein from tissue lysates. The concentration
of cholesteryl ester was calculated by subtracting free cholesterol
from TC.

Immunohistochemistry

Paraffin-embedded sections (3 um) were subject to immunohisto-
chemical examination. After deparaffinization, sections were placed
in citrate-buffered solution (pH 6.0) and heated for antigen retrieval.
Endogenous peroxidase activity was blocked with 3% hydrogen per-
oxide treatment, and nonspecific binding was blocked with normal
nonimmune serum. Subsequently, the sections were incubated with
anti-mouse primary antibodies against TNF-a,, monocyte chemo-
tactic protein-1 (MCP-1), LDLr, sterol regulatory element binding
protein-2 (SREBP-2), and SREBP-cleavage-activating protein
(SCAP) (Santa Cruz, Dallas, USA) overnight at 4°C, followed by in-
cubation with biotinylated secondary antibodies. Finally, a diamino-
benzidine tetrahydrochloride substrate was used to develop the
reaction. The results were observed under a light microscope. Semi-
quantitative analysis was performed by the software of Image-
Pro Plus version 6.0.

Western blot analysis

Equal amounts (70 ug) of total protein from the liver and kidney
homogenates of db/db mice were separated by (5%) sodium dodecyl
sulfate polyacrylamide gel electrophoresis and then transferred onto
polyvinylidene fluoride (PVDF) membranes. The membranes were
blocked with 5% skim milk in Tris-buffered saline containing 0.5%
Tween 20 for 1 h at room temperature. The membranes were then in-
cubated with anti-mouse primary antibodies against MCP-1, TNF-o,,
LDLr, SCAP, and SREBP-2 overnight at 4°C, followed by incubation
with horseradish peroxidase-labeled secondary antibodies for 2 h.
B-Actin was used as an internal sample loading control and was de-
tected with a mouse monoclonal anti-B-actin antibody (Santa Cruz).
Finally, signals were detected using an enhanced chemiluminescence
kit (GE Healthcare, Pittsburgh, USA). Relative expression levels
were determined by normalization against B-actin.
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Statistical analysis

Data were expressed as the mean + SD and were processed using the
SPSS software 16.0 (IBM, USA). Continuous variables were compared
between the groups with an independent-sample # test (where appropri-
ate). The differences were considered significant if the P value was <0.03.

Results

Basic biochemical data in two groups of mice

As shown in Table 1, BG and Scr were significantly increased and cre-
atinine clearance rate (Ccr) was significantly decreased in the inflamed
group compared with those in the control group (P < 0.01). There were
no significant differences in TG, TC, LDL, and HDL levels between
the inflamed group and the control group.

Increased levels of inflammatory cytokines in plasma,
aortas, livers, kidneys, and intestines

To check whether an inflamed DM model was established successfully,
the serum levels of SAA and TNF-o were measured. It was shown that
the levels of serum SAA (Fig. 1A) and TNF-o. (Fig. 1B) were significantly
increased in the casein-injected mice compared with the control group,
suggesting that systemic inflammation was successfully induced. To ob-
serve the local change of inflammation in the target organs, we examined

Table 1. Basic biochemical data of the two groups of mice

Parameters Control group Inflamed group
BG (mM) 46.47 +3.90 52.42 £4.30%
TG (mM) 1.22+0.27 1.17£0.29
TC (mM) 3.36+0.17 3.32+0.13
LDL (mM) 1.03+£0.09 1.37+0.11
HDL (mM) 1.58£0.18 1.23 £0.09
BUN (mM) 11.70 +1.10 13.70+5.33
Scr (mM) 17.33+2.31 24.00 = 6.93*
Cer (ml/min) 0.387=0.053 0.250 = 0.025*

Eight-week-old male diabetic db/db mice fed with a normal chow diet
containing 4% fat were randomly assigned to alternating day subcutaneous
injections of 0.5 ml of 10% casein (inflamed group) or daily injections of
0.5 ml of distilled water (control group) for 8 weeks (7 = 10).

BG, blood glucose; TG, triglyceride; TC, total cholesterol; LDL, low-density
lipoprotein; HDL, high-density lipoprotein; BUN, blood urea nitrogen; Scr,
serum creatinine; Ccr, creatinine clearance rate.

*P < 0.05 vs. control group.
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the protein expressions of inflammatory cytokines by immunohisto-
chemical staining and western blotting. It was found that there were in-
creased protein expressions of MCP-1 (Fig. 2A,B) and TNF-o. (Fig. 2C,
D) in the aortas, livers, kidneys, and intestines of the inflamed group
compared with the control. The results were further confirmed by west-
ern blot analysis in kidney and liver (Fig. 2E,F). These findings indicated
that local inflammation in peripheral tissues was activated.

Inflammatory stress induces lipid accumulation in
aortas, livers, kidney, and intestines and exacerbates
histopathological damage in db/db mice

To explore the effect of inflammation on the lipid accumulation in
db/db mice, we checked the foam cell formation and lipid content
change in different issues. Interestingly, hematoxylin-eosin (HE) stain-
ing (Fig. 3A) showed significant foam cell formation in the aortas, li-
vers, and intestines of the inflamed group compared with the controls.
Oil Red O (Fig. 3B) and Filipin staining (Fig. 3C,D) results demon-
strated that inflammation significantly increased lipid droplets in the
aortas, livers, kidneys, and intestines in the inflamed group compared
with the controls. The quantitative analysis of intracellular cholesterol
further confirmed the results from Oil Red O and Filipin staining
(Fig. 3E). These findings suggest that inflammatory stress may induce
lipid redistribution from the plasma to peripheral tissues.

Inflammation disrupts LDL receptor feedback regulation
To explore the potential mechanisms of this phenomenon, we investi-
gated the effects of inflammation on the LDLr pathway in these tissues.
Immunohistochemical staining and western blotting were used to ob-
serve the expression of LDLr pathway-related proteins, including
LDLr, SREBP-2, and SCAP. The results showed that inflammation sig-
nificantly increased LDLr, SCAP, and SREBP-2 protein expressions in
aorta (Fig. 4A,B), liver (Fig. 4C,D), kidney (Fig. 4E,F), and intestine
(Fig. 4G,H). And the results of western blot analysis in kidney and
liver showed that the protein expression levels of LDLr, SCAP, and
SREBP-2 were also significantly increased in the inflamed group
(Fig. 4L]). These findings were in agreement with those from immuno-
histochemical staining, suggesting that lipid redistribution may be
mediated through the inflammatory stress-induced disruption of the
LDLr pathway.

Discussion

Diabetic patients commonly show dyslipidemia, which is strongly
associated with an increased risk for macrovascular events [12].
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Figure 1. The plasma levels of inflammatory cytokines in two groups of mice Eight-week-old male diabetic db/db mice fed a normal chow diet containing 4% fat
were randomly assigned to alternating day subcutaneous injections of 0.5 ml of 10% casein (inflamed group) or daily injections of 0.5 ml of distilled water (control
group) for 8 weeks (n=10). The levels of SAA (A) and TNF-c. (B) in the serum were measured by ELISA. The results are presented as the mean + SD. *P<0.01 vs.

control.
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Figure 2. Inflammatory stress increases the protein expressions of inflammatory cytokines in the aortas, livers, kidneys, and intestines of db/db mice
Eight-week-old male diabetic db/db mice fed a normal chow diet containing 4% fat were randomly assigned to alternating day subcutaneous injections of 0.5 ml
of 10% casein (inflamed group) or daily injections of 0.5 of ml distilled water (control group) for 8 weeks (n=10). The protein expressions of TNF-o.and MCP-1 in the
aortas, livers, kidneys, and intestines were measured by immunohistochemical staining. The values of semiquantitative analysis for the positive areas were
expressed as the mean + SD in each group, ¥*P<0.05 vs. control. (A-D) Brown staining shown by arrows indicates areas of positive protein expression. Original
magnification, 400x. (E, F) Western blot analysis. The histogram represents the mean = SD of the densitometric scans for TNF-o. and MCP-1 protein bands from
the mice group, normalized to B-actin, and expressed as the percentage of the control. *P<0.01 vs. control.
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Figure 3. Inflammatory stress induces lipid accumulation in the aortas, livers, kidneys, and intestines in db/db mice Eight-week-old male diabetic db/db mice fed
with a normal chow diet containing 4% fat were randomly assigned to alternating day subcutaneous injections of 0.5 ml of 10% casein (inflamed group) or daily
injections of 0.5 ml of distilled water (control group) for 8 weeks (n=10). The histopathological changes were assessed by HE staining (A, the arrows show fat
vacuoles, original magnification 400x). The tissues were examined for lipid accumulation by Oil Red O and Filipin staining (B-D, the arrows show cholesterol
accumulation, original magnification 400x). The values of semiquantitative analysis for the Filipin positive areas were expressed as the mean +SD in each
group. *P<0.05 vs. control. The concentration of cholesteryl ester in livers, kidneys, and intestine was measured (E) and results are presented as the mean + SD.

*P<0.01 vs. control.
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Figure 4. Inflammatory stress disrupts the feedback regulation of LDLr pathway in the aortas, livers, kidneys, and intestines of db/db mice Eight-week-old male
diabetic db/db mice fed with a normal chow diet containing 4% fat were randomly assigned to alternating day subcutaneous injections of 0.5 ml of 10% casein
(inflamed group) or daily injections of 0.5 ml of distilled water (control group) for 8 weeks (n=10). The protein expression of LDLr, SCAP, and SREBP-2 in the
aortas (A, B), livers (C, D), kidneys (E, F), and intestines (G, H) was measured by immunohistochemical staining. Brown staining shown by arrows indicates
areas of positive protein expression. Original magnification, 400x. The values of semiquantitative analysis for the positive areas were expressed as the
mean + SD in each group. * P<0.05 vs. control. (I and J) Western blot analysis. The histogram represents the mean + SD of the densitometric scans for LDLr,
SCAP, and SREBP-2 protein bands from each group, normalized to B-actin and expressed as the percentage of control. *P<0.05 vs. control.
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Figure 4 Continued

A systematic review of studies assessing associations between lipid
subfractions and macrovascular events revealed that dyslipidemia
may cause or exacerbate diabetes and its complications [13].

Under physiological conditions, excessive free fatty acid is con-
verted to TG or cholesteryl ester to be stored in adipocyte lipid dro-
plets [14]. The initial deposition of TGs occurs in subcutaneous
adipose tissue, and as the deposition increases in size, insulin resistance
increases, which limits further subcutaneous lipid accumulation [15].
Lipids are then diverted to visceral fat depots and nonadipose tissue,
which is also known as ectopic lipid accumulation or lipid redistribu-
tion [16,17]. Lipid redistribution may occur at several levels and sites:
from circulation to tissue, from tissue to tissue, and from organelle to
organelle [18]. Therefore, plasma levels of LDL cholesterol in patients
might be a poor marker for the risk of lipid-mediated organ injuries.
The factors affecting lipid redistribution include chronic inflammation
[18], decreased glomerular filtration rate [18], activation of the renin—
angiotensin system [19,20], insulin resistance, and drug administra-
tion (e.g. steroids and rapamycin) [10].

Recently, the role of chronic inflammation in lipid redistribution
has become a popular subject of research. Inflammation and lipid dis-
orders are ‘partners in crime’ [21]. It is becoming clear that inflamma-
tion is a major contributor to the development and progression of
atherosclerosis, NAFLD, chronic kidney disease, and DM. When per-
sistent, inflammation may play a major role in aggravating lipid
disorder-mediated organ injuries. Our results showed that the serum
levels of inflammatory cytokines and their expression in target organs
were significantly increased in casein-injected db/db mice compared
with the controls, suggesting that an inflamed DM animal model
was successfully established [22]. Furthermore, significantly increased
levels of BG and Scr, but diminished level of Ccr in casein-injected
dbldb mice suggested that inflammatory stress exacerbated the pro-
gression of DN.

LDLr SCAP SREBP-2 LDLr SCAP SREBP-2
Liver Kidney

It is well known that most tissues have a small intracellular reserve
of lipids. These reserves serve as an immediate energy source and a
foundation for essential ‘housekeeping’ functions such as the mainten-
ance of membrane structure, fluidity, and intracellular signaling [16].
In some cases, the disruption of such classic regulatory pathways will
lead to cell dysfunction and lipid deposition into other nonadipose or-
gans, such as the liver, intestine, arteries, and kidneys. Therefore, we
further observed the effects of inflammation on lipid accumulation in
the aortas, livers, kidneys, and intestines of the db/db mice. It was
found that chronic inflammation contributed to lipid accumulation
and foam cell formation in these target organs with more severe tissue
damage. These results suggested that inflammatory stress may induce
lipid redistribution from the circulation to target tissues, thereby ag-
gravating the progression of diabetes and its complications.

Lipid accumulation in the peripheral tissues of inflamed db/db
mice means that intracellular dynamic cholesterol homeostasis is dis-
rupted, which may be correlated with the dysregulation of lipoprotein
receptor-mediated cholesterol influx or efflux, such as the LDLr path-
way, which modulates cholesterol uptake. Physiologically, LDLr ex-
pression is predominantly regulated by the intracellular cholesterol
pool at the transcriptional level through a negative feedback mechan-
ism. An elevated intracellular concentration of cholesterol prevents the
transport of SCAP/SREBP-2 complexes from the endoplasmic reticu-
lum to the Golgi, thereby down-regulating LDLr expression [23]. To
explore the potential mechanisms underlying lipid redistribution, we
further assessed the effects of inflammatory stress on the LDLr path-
way in inflamed db/db mice. Our results showed that the protein ex-
pressions of LDLr, SCAP, and SREBP-2 were significantly increased in
the aortas, livers, kidneys, and intestines in inflamed db/db mice com-
pared with controls. This finding suggested that the disruption of the
LDLr pathway induced by inflammation might be involved in the lipid
redistribution of inflamed db/db mice. These findings were in
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agreement with our previous results from in vivo and in vitro studies
which demonstrated that chronic inflammation exacerbates lipid accu-
mulation in aortas, livers, and kidneys, whereas anti-inflammatory
strategies showed beneficial effects [8-10,24-26]. Our previous stud-
ies in different inflamed animal models verified a lipid redistribution
pattern driven by inflammation and provided a reasonable explan-
ation for the phenomena of reverse epidemiology occurring in hemo-
dialysis patients: a lower plasma cholesterol level indicates a greater
risk of cardiovascular disease [27,28].

In summary, our study, for the first time, demonstrated that inflam-
matory stress induces lipid redistribution from the circulation to per-
ipheral tissues by disrupting the LDLr pathway in diabetic mellitus,
which accelerates the progression of atherosclerosis, glomerulosclero-
sis, and fatty liver. Moreover, our findings provide experimental
evidence for the treatment of clinical DM patients with microinflam-
mation. During an inflammatory state, the serum lipid concentrations
in these patients are poor biomarkers for the diagnosis of lipid
disorder-mediated organ injuries. Therefore, anti-inflammatory ther-
apy combined with lipid-modulating therapy could be a promising
clinical treatment.
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