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Epidemiological studies have shown that an elevated uric acid (UA) level predicts the development
of metabolic syndrome and diabetes; however, there is no direct evidence of this, and the underlying
mechanism remains unclear. Here, we showed that a high-UA diet triggered the expression of pro-
inflammatory cytokines, activated the NF-xB pathway, and increased gliosis in the hypothalamus.

. Intracerebroventricular injection of UA induced hypothalamic inflammation and reactive gliosis,

. whereas these effects were markedly ameliorated by the inhibition of NF-xB. Moreover, magnetic
resonance imaging confirmed that hyperuricemia in rodents and humans was associated with gliosis
in the mediobasal hypothalamus. Importantly, the rats administered UA exhibited dyslipidemia and
glucose intolerance, which were probably mediated by hypothalamic inflammation and hypothalamic

. neuroendocrine alterations. These results suggest that UA can cause hypothalamic inflammation

via NF-xB signaling. Our findings provide a potential therapeutic strategy for UA-induced metabolic
disorders.

Hyperuricemia has emerged as a major health problem in industrialized nations. Epidemiological evi-
dence has indicated that the prevalence of hyperuricemia is increasing worldwide'. It is estimated that
5-10% of adult Americans suffer from hyperuricemia®. In Asia, the prevalence of hyperuricemia is
26.1% for men and 17.0% for women®. Hyperuricemia has been thought to be part of the cluster of
metabolic abnormalities that includes glucose intolerance and dyslipidemia®. Recently, elevated serum
: uric acid (UA) has been considered to be an independent predictor of obesity®, fatty liver, and diabe-
© tesS. Laboratory studies have shown a contributory role of UA to metabolic syndrome, which features
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dyslipidemia, insulin resistance, and hypertension’. Fructose-induced hyperuricemia induces insulin
resistance, and lowering UA using xanthine oxidase inhibitors ameliorates the elevation of serum tri-
glycerides and insulin resistance®. Additionally, xanthine oxidoreductase-knockout mice fail to become
fat due to a defect in adipogenesis®. Despite this progress, little is known regarding the association of
hyperuricemia with metabolic disorders and the underlying mechanism.

Growing evidence has suggested that immune-cell-mediated tissue inflammation acts as a key mech-
anism of metabolic disorders in metabolically active organs'®. The hypothalamus is the “headquarters”
for the regulation of energy homeostasis'!, and hypothalamic inflammation is an early event in the
development of metabolic abnormalities in peripheral tissue'2. Hypothalamic inflammation increases
baseline plasma insulin, which is accompanied by impaired insulin signaling in liver and skeletal mus-
cle'®!* Hypothalamic dysfunction is sufficient to induce obesity and diabetes in genetic mouse models
with neuronal ablation of insulin signaling'®. These findings indicate that hypothalamic dysfunction plays
an important role in altered energy metabolism.

UA has been shown to have pro-inflammatory activity. It induces NADP-oxidase activation by activat-
ing redox-dependent pro-inflammatory signaling in cultured adipocytes'®. Additionally, UA upregulates
the expression of Crp, a marker of inflammation, in human vascular smooth muscle cells and endothelial
cells'®. However, whether it is neuroprotective or neurotoxic in the central nervous system remains con-
troversial'”!®, Few studies have examined the relationship between UA and hypothalamic inflammation.

NF-kB is a pro-inflammatory master switch that controls the production of inflammatory markers
and mediators. NF-k B activation induced by UA has been reported in several diseases. For example, UA
induces renal inflammation in gouty nephropathy via the activation of tubular NF-kB signaling'®. Soluble
UA induces inflammatory pathways by activating p38 MAPK and NF-«B in rat vascular smooth muscle
cells?. Recent studies have revealed that the pro-inflammatory NF-«kB pathway mediates hypothalamic
inflammation to cause metabolic syndrome'>*. It is of note that in addition to being an inflamma-
tory regulator, IKK3/NF-xB controls cell survival, growth, apoptosis and differentiation in a cell-specific
manner?. Specific suppression of NF-kB signaling broadly across the brain, locally within the medioba-
sal hypothalamus, or specifically in hypothalamic AgRP neurons significantly protects against metabolic
disorders'?.

In the present study, we found that serum UA can pass through the blood-brain barrier (BBB) and
act as a potent inflammatory stimulus, leading to NF-xB activation as well as the accumulation of gliosis
in the hypothalamus, both in animal models and in humans.

Results

Systemic hyperuricemia induces hypothalamic inflammation in rodents. To investigate the
effect of UA on the hypothalamus, we applied a previously reported strategy to generate a hyperurice-
mia model. Rats were fed a high-UA diet (HUAD) containing 2% oxonic acid (OA) and 2% UA for 3
months?®?*. OA can inhibit UA to metabolize into allantoin in rodents®. But it’s a partial inhibitor with
a short half-life and rats treated with OA alone develop mild hyperuricemia, we added UA as a supple-
ment. Serum UA concentrations in rats fed a HUAD for 28 days were increased relative to control rats
fed standard chow and were approximately 3-fold higher than that in control rats at the end of 3 months
(Fig. 1A), indicating that the hyperuricemic rat model was developed successfully.

Hypothalamic inflammation is an early event in the development of metabolic disorders and is evi-
dent in rodents within 1-3 days of high-fat-diet onset?. Using quantitative real-time PCR (qRT-PCR),
we analyzed the transcriptional levels of inflammatory genes in the hypothalamus. We found that the
gene expression profile exhibited a complex “on-oft” pattern, which showed upregulation in Il1b, Tnfa,
and Tkbkb mRNA within the first 7 days of HUAD administration, followed by a decline to baseline
or to a slightly elevated level from days 14 to 28 (Fig. 1C,D,H). The expression levels of 1l6 and Nfkbia
were elevated even on the first day of the HUAD and increased by approximately 50% within 28 days
(Fig. 1B,G). These results showed that HUAD could induce hypothalamic inflammatory gene expression.

In addition to the hypothalamus, we also detected the pro-inflammatory cytokines expression in the
prefrontal cortex and hippocampus. The results showed that pro-inflammatory cytokines increased in
the hippocampus after 3 months of HUAD administration. It has been reported that obesity-induced
diabetes is associated with hippocampal chronic inflammation and is considered a risk factor for neu-
rodegeneration®>”’. We hypothesize that UA may be associated with memory impairments. However,
because we aimed to investigate the effect of UA on metabolism regulation, we mainly focused on the
hypothalamus in this study.

Markers of gliosis during serum UA elevation. The activation, recruitment, and proliferation of
microglia and astrocytes, collectively termed “reactive gliosis”, is a hallmark of the brain’s response to
neuronal injury®. The effect of UA on astroglial responses in rats was assessed by GFAP immunostain-
ing. As expected, GFAP-positive astrocytes were scattered throughout the arcuate nucleus (ARC) of rats
(Fig. 2A). Within 28 days of HUAD administration, however, the intensity of GFAP staining in the ARC
increased by approximately 2-fold and remained at this high intensity over the next 2 months (Fig. 2B;
quantified on the lower right), suggesting an effect of HUAD in promoting astrocyte accumulation in
this brain area. Furthermore, the astrocytes became increasingly enlarged, indicative of a more active
morphology. Using immunofluorescence to detect the microglia-specific cytoplasmic marker Iba-1, we

SCIENTIFIC REPORTS | 5:12144 | DOL: 10.1038/srep12144 2



A 250
s
= 200
=
1
2 150
=
£
£ 100
—
(=}
g 50
(=3
o

0
D EY)

mRNA(fold chow)
5 &

o
n

0.0

2.0

b o
(] wn

mRNA(fold chow)

=}
<
(V]

0.0

Chow B2o Ii6 C 30 Il1b
--Hyperuricemia . - N
15 4 5
B -
% % 2.0
= =
ek 2 1.0 - & 15 1
Z Z
& 1.0 -
£
—1 ., 1 Eos
% 0.5 -
0.0 - 0.0 -
Chow 7d 21d 28d 60d 90d Chow 1d 7d  14d 28d Chow 1d 7d  14d 28d
Tnfa 5 - Ccl2
tfi Eag - F 35 :
3.0
E15 1 2 25 -
c 3
= = 2.0 1
510 . é
% : g 15 -
g g
0.5 - 1.0
0.5 A
0.0 A 0.0 -
Chow 1d 7d 14d 28d Chow 1d 7d  14d 28d Chow 1d 7d 14d 28d
Nfkbia Ikbkb Tkbke
b H . I s,
* %%
_ 15 4 -
g £ 1.0 {——
£ g
3 10 3
Z 2 0s
£ 0.5 - =
0.0 - 0.0 T
Chow 1d 7d 14d 28d Chow 1d 7d 14d 28d Chow 1d 7d  14d 28d

Figure 1. Systemic hyperuricemia induces hypothalamic inflammation in rodents. (A) Time course of
serum UA concentration after the onset of HUAD feeding (n= 6 rats per group; Avg. =average). (B-I)
Time course of the induction of mRNA expression of inflammatory mediators, including pro-inflammatory
cytokines (116, I11b, Tnfa, Crp, Ccl2) and NF-kB signaling (Nfkbia, Ikbkb, Ikbke) in the hypothalamus of rats
fed chow or a HUAD for up to 28 days (n= 6 rats per group). All mRNA species were quantified relative to
Gapdh housekeeping gene expression and are presented as fold changes relative to chow-fed controls [fold
chow]. All displayed values are the mean 4 SEM. *P < 0.05; **P < 0.01; ***P < 0.001 versus chow-fed control.

found that the number of microglia clearly increased in the ARC over the duration of HUAD exposure
compared to those in the chow-fed controls (Fig. 2C). Concomitantly, microglia increased in size and
adopted a more activated morphology. Collectively, these results showed that the rapid onset of hypo-
thalamic inflammation induced by a HUAD was accompanied by robust glial responses in the MBH.

UA passes through the BBB and acts as an inflammatory stimulus in the hypothalamus. To
investigate whether UA could pass through the BBB and play a role on the brain, we assessed UA levels
in the cerebrospinal fluid (CSF) and in hypothalamic tissue using liquid chromatography tandem mass
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Figure 2. Immunofluorescence analysis of UA-induced astrocyte and microglial accumulation in

the rat ARC. (A) Hypothalamic sections of the rats fed a standard chow (left) or a HUAD (right) were
immunostained for GFAP. The image is displayed at x 100 original magnification, and the white box
indicates the region acquired for the quantification of ARC astrocyte and microglia numbers. (B,C)
Immunofluorescence detection of the astrocytic marker GFAP protein (B) and of the microglial marker
Iba-1 (C) in coronal sections of the rat hypothalamus (4 pum) from rats fed either chow or a HUAD for 1
day, 7 days, 28 days, 2 months and 3 months. The low-magnification image is x 200 original magnification,
which was used for the quantification of ARC astrocyte and microglia numbers. The white box indicates the
region presented in the magnification below, which was used to show the activated morphology of the cells.
The mean number of ARC astrocytes and microglia in rats fed either chow or a HUAD were quantified in
the whole region from the low-magnification view displayed on the lower right (means £ SEM; n= 6 rats
per group). *P < 0.05; **P < 0.01; ***P < 0.001 versus chow-fed control.
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Figure 3. Icv administration of UA induces hypothalamic inflammation. (A-C) UA concentration in

the CSF (A), the amount of UA in hypothalamic tissue (B), and fasting serum UA concentration (C) were
determined in rats fed chow or a HUAD for up to 3 months. (D-I) Time course of the induction of mRNA
expression of the inflammatory mediators Tnfa (D), I1l6 (E), Il1b (F), Nfkbia (G), Ikbkb (H), and Ikbke (I) in
the hypothalamus of the rats that received icv administration of saline or 3000 ng/ml UA for up to 2 weeks
(n=6 rats per group). All mRNA species were quantified relative to Gapdh housekeeping gene expression
and are presented as fold changes relative to saline controls [fold of control]. All displayed values are the

mean 4+ SEM. *P < 0.05; **P < 0.01; ***P < 0.001 versus normal saline control.

spectrometry. We found that the average UA concentration in the CSF of HUAD-fed rats was 644.25ng/
ml, which was 1.34-fold higher than the concentrations of chow-fed control rats (Fig. 3A). The amount
of UA in the hypothalamic tissue of HUAD-fed rats was 208.9 ng/g, whereas it was 87.7 ng/g in chow-fed
controls (Fig. 3B). The serum UA concentrations in the HUAD and control groups were 31.86 and
9.69 pg/ml, respectively (Fig. 3C). These data indicated that UA could pass through the BBB and deposit
in hypothalamic tissue. Additionally, the amount of UA in both the hypothalamus and CSF of HUAD-fed
rats was significantly elevated.

To determine the direct effect of UA in inducing pro-inflammatory cytokines in the hypothalamus,
rats were intracerebroventricularly (icv) cannulated and perfused continuously with UA. It has been
reported that the average volume of ventricular CSF (lateral, third, and fourth ventricles) in the rat is
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7-34ul, the total cranial CSF volume is 200-440pl, and the CSF flow rate within the ventricular sys-
tem is 2.5-3.7pl /min**%. According to these values, the dose of UA used in this study was 3000 ng/
ml, with a volume of 10l and a rate of 1pl/min. As expected, 14 days of icv UA treatment produced a
significant increase in the expression of pro-inflammatory cytokines in the hypothalamus (Fig. 3D-1),
some of which increased as early as the first day. These results suggested that UA can act directly on the
hypothalamus and induce hypothalamic inflammation.

Changes in gliosis upon UA stimulation. To detect the rapid onset of gliosis in response to UA, the
gene expression of Gfap in the hypothalamus was assessed. We found that hypothalamic Gfap mRNA levels
increased by 47% after UA icv perfusion for 3 days and were elevated by 96% at day 7. At day 14, a slight
elevation of 59% was observed (Fig. 4C). The number of astrocytes in the ARC increased almost 3-fold
(Fig. 4A; quantified in Fig. 4D); moreover, we observed through visual evaluation that the size of astrocytes
became increasingly larger, indicative of a more active morphology (Fig. 4A). In addition, the effect of UA
on microglia was assessed by Iba-1 immunostaining. The number of microglia increased significantly in the
ARC on the first day of UA icv perfusion, remained elevated throughout the 2-week period, and increased
up to 2- to 3-fold higher than the control at the end of the experiment (Fig. 4B; quantified in Fig. 4E).

NF-kB is the main link between UA and hypothalamic inflammation. To further verify that
hypothalamic inflammation was induced by the pathogenic effect of UA rather than transient stimula-
tion, C57BL/6] mice were icv cannulated and perfused with 3000 ng/ml UA or an equal dose of allan-
toin, a metabolite of UA in rodents. After 2 weeks of administration, the expression of hypothalamic
pro-inflammatory cytokines and Nfkbia was determined. We found that UA markedly increased the
mRNA levels of the pro-inflammatory cytokines and Nfkbia (Fig. 5A-D). However, allantoin did not
exhibit such an effect (Fig. 5A-D). These results indicated that the pathogenic effect of UA but not tran-
sient UA stimulation may contribute to hypothalamic inflammation.

NF-kB is a critical mediator of nutritionally induced inflammation and metabolic dysfunctions*®*,
we hypothesized that NF-xB may link UA to hypothalamic inflammation. To explore this hypothesis,
BAY11-7085, a specific NF-xB inhibitor, was administered into the lateral ventricle 30 min before UA
icv administration in C57BL/6] mice®*’. Importantly, BAY11-7085 markedly inhibited the UA-induced
upregulation of pro-inflammatory cytokines and Nfkbia (Fig. 5E-H), suggesting that hypothalamic
NF-kB activation may be an important signaling event linking UA with hypothalamic inflammation.

UA induces NF-kB activation in neurons in vitro. Our findings described above confirmed that
hypothalamic inflammation and gliosis occurred as early as the first day of the hyperuricemia model in
rats. To further demonstrate the UA-mediated hypothalamic inflammation, immunostaining for NeuN,
GFAP, Iba-1, and the p65/RelA subunit of NF-kB was performed in primary cultures of hypothalamic
cells. We observed p65/RelA activation in neurons after exposure to 600 and 3000ng/ml UA for 24h
(Fig. 6A), which was characterized by p65/RelA translocation to the nucleus. However, p65/RelA was
barely activated in glial cells exposed to UA (Fig. 6B,C). To further study the potential role of UA in
inducing inflammation, western blotting was carried out to detect the expression of pro-inflammatory
cytokines in cultured SH-SY5Y human neuroblastoma cells, which naturally express insulin and leptin
receptors. Consistently, TNF-a and IL-6 expression was also significantly increased in SH-SY5Y cells
exposed to UA for 48h (Fig. 6D).

Magnetic resonance imaging (MRI)-based quantitative assessment of hypothalamic gliosis in
hyperuricemia rodents and humans.  Gliosis is a well-characterized neural tissue response to injury
from inflammatory insults*. We showed that consuming a HUAD induced inflammation associated with
gliosis in the hypothalamus of rats. To histologically confirm the gliosis induced by the HUAD, MRI was
used to detect gliotic changes quantitatively.

Regions of interest (ROIs) and example images from the 2-dimensional sequence, T2 parametric map,
and DTI-EPI sequence are shown (Fig. 7A,B). There was a significant difference in T2 relaxation time
in the hypothalamic ROIs between hyperuricemia rats and chow-fed rats, indicating that UA could sig-
nificantly increase T2 relaxation times (Fig. 7C). Moreover, the effect of lengthening T2 relaxation time
in the MBH persisted when the left and right MBH were analyzed separately in the model (left P < 0.01;
right P < 0.05); however, laterality (right vs. left) had no effect (P=0.13). Using diffusion tensor imaging
(DTI), values were compared for fractional anisotropy and tensor trace assessments. The tensor trace
showed a pattern similar to the T2 relaxation times, confirming that inflammation occurred (Fig. 7D);
however, laterality (right vs. left) showed no effect (P=0.41). Nevertheless, there was no significant
difference in fractional anisotropy (Fig. 7E). These results confirmed that gliosis occurred in the hypo-
thalamus of the hyperuricemia rats.

We then investigated whether MBH gliosis could also occur in hyperuricemia subjects. We analyzed
the data obtained from 15 hyperuricemia subjects with MRI examinations and from 16 normal subjects.
The concentration of serum UA in these hyperuricemia subjects ranged from 424 to 659puM for men
and from 397 to 518 M for women, whereas the average concentration was 293.1pM in normal sub-
jects. We performed an initial inspection of the MBH for hyperintense signal in T2 coronal sections,
as performed in the rodent study described above. Hyperintense signal in the MBH is a characteristic
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Figure 4. Fluorescence immunohistochemical analysis of the accumulation of astrocytes and microglia
in the rat ARC induced by icv UA perfusion. (A,B) Immunofluorescence detection of the astrocyte marker
GFAP protein (A) and of the microglial marker Iba-1 (B) in coronal sections of the rat hypothalamus (4 m)
from rats treated with icv saline as a control or with UA (3000 ng/ml, 10pl) for 1, 3, 7 and 14 days. The low-
magnification image is x 400 original magnification, which was used for the quantification of ARC astrocyte
and microglia numbers. The white box indicates the region presented in the magnification below, which
shows the activated morphology of the cells. (C) The astrocyte marker Gfap was quantified by qRT-PCR in
rats treated with icv saline or UA (3000ng/ml, 10pl) perfusion for 1, 3, 7 and 14 days (n= 6 rats per group).
The mRNA level of Gfap was quantified relative to Gapdh housekeeping gene expression and is presented as
a fold change relative to the saline control [fold of control]. (D,E) The mean number of ARC astrocytes (D)
and microglia (E) in the rats with icv administration of saline or UA were quantified in the whole region
using a low-magnification view (n= 6 rats per group). All displayed values are the mean = SEM. *P < 0.05;
*P < 0.01; ¥**P< 0.001 versus normal saline control.

finding of gliosis in numerous inflammatory, ischemic, and degenerative neural disorders in clinical®.
To detect gliotic changes below the visual detection threshold and to eliminate the influence of changes
in background between different batches of imaging, ratios were created to compare the mean signal
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Figure 5. Inhibition of NF-Kb protects mice against the hypothalamic inflammation induced by UA.
(A-D) Expression of Nfkbia (A), Il6 (B), Tnfa (C), and Il1b (D) were determined by qRT-PCR in the
hypothalamus of the mice that were icv injected with normal saline (N.S.), UA (3000 ng/ml, 2pl) or allantoin
(3000ng/ml, 2pl) for 2 weeks (n= 6 mice per group). (E-H) Expression of Nfkbia (E), Il6 (F), Tnfa (G), and
Il1b (H) were determined by gRT-PCR in the hypothalamus of the mice that were icv injected with normal
saline (N.S.) or UA (600ng/ml or 3000 ng/ml, 2pl), with or without icv injection of BAY11-7085 (n= 6 mice
per group). All displayed values are the mean & SEM. *P < 0.05; **P < 0.01 versus saline control; *P < 0.05;

#P < 0.01 versus without BAY11-7085 administration.

intensity between ROIs placed in the MBH and ROIs in adjacent amygdala tissue. ROIs are shown by
white circles and arrows in the representative images from a normal subject and a hyperuricemia sub-
ject (Fig. 7EG). Very importantly, in group comparisons, the right and left MBH/amygdala mean signal
intensity was significantly higher among hyperuricemia subjects (1.083 & 0.019) than that in normal UA
subjects (0.988 £ 0.016) (Fig. 7H). Collectively, our retrospective analysis suggested that hyperuricemia
in humans is very likely associated with gliosis in the MBH (Fig. 7I), which is a well-characterized neural

tissue response to inflammatory insults®.
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Figure 6. Immunofluorescence analysis of NF-kB activation in primary cultured neurons and glia cells.
(A-C) Hypothalamic primary cultures were immunostained for NeuN and RelA (A), Iba-1 and RelA (B),
and GFAP and RelA (C) (x 400) after 24h exposure to 600 ng/ml or 3000 ng/ml UA. RelA was used for

the reporting of NF-xB. Hoechst nuclear staining revealed all cells in the section. (D) SH-SY5Y cells were
treated with normal saline (Ctrl) or UA (0.6, 3, 15, 90ug/ml) for 48h, and then the protein expression of
TNF-q, IL-6 and B-actin were analyzed by western blotting. The gels were run under the same experimental
conditions and data typical of 3 independent experiments are shown. The full-length blots are presented in
Supplementary Figure S2.

UA leads to dyslipidemia and glucose intolerance. The hypothalamus is the nerve center respon-
sible for metabolism. To track UA in relation to lipid and glucose metabolism, we measured several
biochemical parameters in serum collected from the HUAD-fed rats (Fig. 8A-C) and UA icv-injected
rats (Fig. 8D-F). Interestingly, the rats treated with these two UA administration approaches showed
dyslipidemia. The blood pressure of the rats subjected to 3 months of a HUAD was somewhat increased
(Fig. 8G). We then performed an oral glucose tolerance test (OGTT) and a fasting serum insulin detec-
tion test at various time points”?>. We found that HUAD-fed rats exhibited a significantly higher blood
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Figure 7. MRI-based quantitative assessment of hypothalamic gliosis in hyperuricemia rodents

and humans. (A,B) Regions of interest (circles) and representative images of the normal rats (A) and
hyperuricemia rats (B). a. High-resolution, 2-dimensional rapid acquisition; b. T2 map generated from a
multiecho sequence; c. DTT for tensor trace measurement; d. DTT for fractional anisotropy. (C-E) Results
of multiparametric quantitative assessment in hyperuricemia rats and chow-fed controls, including T2
relaxation time (C) (ms= millisecond), tensor trace (D) and fractional anisotropy (E) (n= 6 rats per
group). (F,G) Representative coronal T2 FES FLAIR images through the hypothalamus in a normal serum
UA subject (F) and a hyperuricemia subject (G). Insets show the placement of ROIs (white circles) in
the mediobasal hypothalamus (MBH) and amygdala (AMY). (H) The average signal ratio on both sides
that signal intensity within ROIs placed in the MBH versus ROIs in adjacent amygdala tissue was used
for quantitative assessment in normal serum UA subjects (n= 16 subjects) and hyperuricemia subjects
(n=15 subjects). (I) Correlation of serum UA concentration with MBH hyperintensity, as measured by
average MBH/amygdala signal ratio on both sides (n= 31 subjects; r=0.41). All displayed values are the
mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 versus control.

glucose concentration (Fig. 8H,I) as well as an increased level of serum insulin (Fig. 8]) than chow-fed
control rats. The same was true for UA icv-injected rats. In the OGTT, the glucose area under the curve
(AUC) showed an 8% and 12% increase in the rats receiving icv UA perfusion for 1 and 2 weeks, respec-
tively (Fig. 8K,L).

Moreover, glucose intolerance also occurred in the mice receiving icv UA perfusion, raising the pos-
sibility of a common phenomenon of UA-induced glucose metabolic disorders across species (Fig. 8M).
Importantly, the inhibition of NF-kB by icv injection of BAY11-7085 protected mice against UA-induced
glucose intolerance (Fig. 8N); moreover, the glucose AUC in the OGTT almost recovered to normal
(Fig. 80). The UA-induced elevation of CHOL, LDL, and HDL was also ameliorated by NF-xB inhibi-
tion (Fig. 8P-R). These results suggested that NF-kB plays an important role in UA-induced metabolic
disorders.

To investigate the events linking UA-induced hypothalamic inflammation to metabolic disorders, we
measured mRNA levels of the relevant hypothalamic neuroendocrine factors involved in the control
of feeding, glucose levels and thermogenesis®®. Importantly, we found an “on-off” pattern in the gene
expression; mRNA levels of Agrp, Pomc, Crh, Trh, Ghrh, and Gnrh were elevated in the hypothalamus
within the first 7 days of HUAD administration, followed by a decline to almost 50% of the control
levels from days 14 to 28 (Supplementary Fig. S1A,B). And two of the neuroendocrine factors, Crh and
Trh, which are important for thermogenic function, decreased in the rats with icv UA administration
(Supplementary Fig. SIC). Because the transcriptional integration of NF-kB, c-Jun and PKC pathways
seems to account for the downregulation of hypothalamic neuroendocrine factors, we then assessed the
mRNA levels of the c-fos, c-jun, Prkca, Prkcd, and Prkcq genes in the hypothalamus of rats that received
a HUAD for 14 and 28 days (Supplementary Fig. S1D) or that received icv UA perfusion for 14 days
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Figure 8. UA leads to dyslipidemia and glucose intolerance mediated by NF-kB. (A-C) Time course

of serum biochemical parameters after the onset of HUAD feeding (n= 6 rats per group). (D-F) Serum
biochemical parameters of the rats that were icv administered saline or UA for 1 and 2 weeks (n= 6 rats
per group). (G-I) Blood pressure measurements (G) and an OGTT were performed in rats fed chow or

a HUAD for 1, 2, and 3 months; glucose concentrations are plotted versus time (H) and as AUC (I, per
120 min) (n=6 rats per group). (J) Quantification of fasting serum insulin concentration in rats fed chow
or a HUAD for 1, 2, and 3 months (n= 6 rats per group). (K,L) An OGTT was performed in the rats that
received icv administration of saline or UA (3000 ng/ml, 1pl/min, 10pl) for 1 and 2 weeks (icv-1w and
icv-2w). The test was performed 24h after the last dose of UA, and glucose concentrations are plotted versus
time (K) and as AUC (L, per 120min) (n= 6 rats per group). (M-O) OGTTs were performed in mice with
icv injection of normal saline (N.S.) or UA (600ng/ml or 3000 ng/ml, 1pl/min, 2pl), with (N) or without
(M) icv injection of BAY11-7085 (250 mM, 1pl/min, 2pl) 30 min prior to the icv UA administration for

14 consecutive days. The test was performed 8h after the last dose of UA, and glucose concentrations are
plotted versus time (M,N) and as AUC (O, per 120min) (n= 6 mice per group). (P-R) Serum biochemical
parameters of the mice that were icv administered saline or UA, with or without icv injection of BAY11-
7085 (n=6 mice per group). All displayed values are the mean & SEM. *P < 0.05; **P < 0.01; **P < 0.001
versus control; #P < 0.05; ##P < 0.01 versus without BAY11-7085 administration.
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(Supplementary Fig. SIE). Interestingly, we found that Prkcd, the gene that encodes PKC-6, changed
significantly, suggesting that UA activates hypothalamic NF-kB signaling and causes neuroendocrine
disorders at least partially through PKC-§, eventually leading to systemic metabolic disorders.

Discussion

In the present study, pro-inflammatory cytokine gene expression displayed a “on-oft” pattern in response
to UA, and an increase in pro-inflammatory cytokines and gliosis in the hypothalamus occurred dur-
ing the early phase of UA stimulation. We thus hypothesize that the rapid onset of MBH inflammation
could be a manifestation of neuronal injury that then triggers reactive gliosis involving microglial and
astroglial cell populations, both of which are thought to limit the extent of inflammation and neuron
loss in brain injury”. The transient response of glial cells to UA suggests that neuroprotective responses
could be mounted to limit or reverse the injury during its initial phases and cause the expression of
pro-inflammatory markers to return to basal levels in the MBH. However, with sustained exposure to
UA, the capacity of supportive glial cells to control the damage is exceeded, such that chronic inflam-
mation and reactive gliosis are generated in the hypothalamus. Our findings in primary hypothalamic
neural cells also showed that NF-xB was activated in neurons but not in glial cells after UA exposure.
Therefore, it is reasonable to conjecture that glial cells play an important neuroprotective role under
conditions in which the initial UA-induced insult is likely directed at neurons rather than glial cells.
Our findings are supported by similar observations in demyelinating or neurodegenerative disease®*.

Several mechanisms have been reported to explain overnutrition-induced inflammation, including
the activation of TLR4, serine/threonine kinases and endoplasmic reticulum stress*. In the present study,
the gene expression of Ikbkb, Ikbke, and Nfkbia increased significantly after UA stimulation, suggesting
that UA-induced inflammation may be mediated by the activation of the IKK/NF-xB pathway. In fact,
previous studies have demonstrated that IKK3/NF-xB activation in hypothalamic neurons is a general
cause of metabolic abnormalities due to overnutrition*!. Conversely, ablation of IKK3 in hypothalamic
AgRP and POMC neurons significantly protects against glucose intolerance'?. In fact, in addition to its
role as an inflammatory regulator, NF-kB signaling also controls cell survival, apoptosis and synaptic
plasticity*?. For example, p65 regulates the proliferation of adult neural stem cells through the NF-kB
target genes c-myc and cyclin D1#**, In the mature nervous system, NF-kB is activated in synapses in
response to excitatory synaptic transmission and may play a pivotal role in processes such as learning
and memory®.

Whether IKK/NF-xB signaling is activated in glial cells in conditions of overnutrition has been heav-
ily debated until now. Some studies have shown that the hypothalamic dysregulation induced by over-
nutrition involves a neuron-specific program through IKK3/NF-kB and that inflammatory cytokines
do not have strong effects in non-neuronal cells’’. However, others have shown that in conditions of
chronic inflammation induced by overnutrition and senescence, NF-k B is activated in microglia, which
are regarded as the macrophage-like immune cells of the brain. Moreover, pro-inflammatory cytokines,
such as TNF-« and IL-6, released from microglia work on appetite-controlling neurons to further acti-
vate NF-kB?. In the primary hypothalamic culture experiments performed in the present study, NF-xkB
was mainly activated in neurons in response to UA and not in glial cells, suggesting that a neuron-specific
program involving IKK/NF-kB signaling pathway plays a role.

In recent years, multiparametric high-field MRI approaches have been used to assess and quantify
gliosis in the MBH, based on the techniques of T2 relaxation time or DTI*. In particular, T2 relaxation
time is significantly correlated with histopathological gliosis and is considered a promising quantita-
tive radiological marker of gliosis in the MBH, despite its minute size’***. In our study, T2 relaxation
times were significantly different in the gliotic MBH of HUAD-fed rats, which was characterized by an
increased density of both astrocytes and microglia. We extended the finding of the high MBH T2 signal
by associating it with high serum UA levels in humans. Importantly, through a retrospective analysis
of T2 MRI obtained in a cohort of human subjects undergoing clinical examination, we found that the
intensity of the T2 signal (hyperintensity is an indicator of gliosis) was significantly increased in the
human MBH in individuals with hyperuricemia. This finding does not constitute definitive proof of
increased gliosis because edema, infection, and tumors could have a similar appearance. However, sub-
jects with preexisting evidence of neurological abnormalities were excluded from the study, and these
alternative explanations for increased T2 signal intensity are unlikely. Because MRI is a safe and estab-
lished tool for human brain imaging, our study suggests that MRI-based techniques have translational
value because they can be used to make comparable measurements of gliosis in the MBH of humans.
MRI may be a potential technique for the prediction of metabolic diseases because hypothalamic gliosis
is an early event that precedes dysfunction in peripheral tissues.

We found that rats exhibited dyslipidemia and glucose intolerance during UA stimulation and that
the inhibition of hypothalamic inflammation by an NF-xB inhibitor remarkably ameliorated glucose
intolerance. This evidence suggests that the inflammation induced by UA in the hypothalamus could
be one of the potential causes of metabolic disorders. This notion is supported by previous studies that
evaluated the isolated effect of low-grade hypothalamic inflammation on peripheral insulin action. Lean
rats with icv administration of a low dose of TNF-« exhibit impairment of leptin’s anorexigenic effects,
hyperglycemia, and impairment of insulin signal transduction in liver and muscle!**. Additionally, icv
injection of saturated fatty acids induces an increase in TNF-a expression and inflammatory signal
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transduction through the activation of TLR4 and PKCrt in the hypothalamus**%. In fact, a growing
number of studies has indicated that the key mechanisms of dyslipidemia and glucose intolerance may
originate in the brain, especially in the hypothalamus, because multiple hypothalamic changes occur
prior to substantial diabetes and obesity?>*°. Therefore, we speculate that some nutrients in the diet or
abnormal levels of endogenous substances, such as UA in our study, may stimulate the hypothalamus to
produce inflammation directly, leading to the changes in various peripheral tissues.

In summary, the consumption of a HUAD induces hypothalamic inflammation and reactive gliosis
in both rodents and humans. Experimental and clinical data indicate that hypothalamic inflammation
mediated by NF-kB signaling may be implicated in the pathogenesis of metabolic disorders induced by
UA. However, there is a limitation in our study. In the retrospective study in humans, we only compared
mediobasal hypothalamus MRI signal intensity of hyperuricemia group and the normal group. But due
to time constraints, we did not track the prognosis of these subjects, which is likely to further illustrate
the viewpoint of this study.

Methods

Preparation of reagents. UA used in icv administration in vivo or in cell culture was prepared as
follows: UA was dissolved in saline, sonicated for 30 min, and filtered with a 0.22 pm membrane filter,
followed by observation under a microscope to confirm the absence of UA crystals.

Animal studies. Weight-matched male Wistar rats (300-350g) and male C57BL/6] mice (7-8 weeks
old) were purchased from Beijing Animal Center (Beijing, China). All of the animals were housed indi-
vidually in a specific pathogen-free environment, maintained in a temperature-controlled room with a
12-hour-light/12-hour-dark cycle, and provided with ad libitum access to water.

To establish the hyperuricemia model, the rats were provided with a HUAD containing 2% OA and 2%
UA for periods ranging from 1 day to 3 months?**. The animals were anaesthetized with sodium pento-
barbital before necropsy. All of the animal protocols were reviewed and approved by the Experimental
Animal Ethics Committee of Sichuan University (Chengdu, China)*®®!, and the methods were carried
out in accordance with the approved guidelines.

Icv cannulation and icv administration. Wistar rats and C57BL/6] mice were placed in a stereo-
taxic apparatus (Ruiwode, Shenzhen, China) according to a previously described method®. A stainless
steel guide cannula was stereotaxically implanted into the lateral cerebral ventricle of the rats (1.5mm
lateral and 0.8 mm posterior to bregma, 4.0 mm ventral to the surface of the skull). After cannulation,
the rats were treated with ampicillin sodium (0.2 g/ml, 600 pl/kg, intramuscular, twice daily) for 4 days.
After a 3-day recovery period, the icv-cannulated rats were treated daily with 10l UA (3000 ng/ml, 1pl/
min) for 1, 3, 7 or 14 days.

The coordinates (relative to bregma) for icv cannula implantation in mice were 1.0mm lateral,
-0.42mm anteroposterior, and 2.2 mm deep®. After cannulation, the mice were treated the same as the
rats (described above). After 4 days of antimicrobial therapy and 3 days of recovery, the icv-cannulated
animals were administered 2.l normal saline, UA (600 ng/ml and 3000 ng/ml) or allantoin (3000 ng/ml)
daily for 14 days. To inhibit NF-kB activation in the hypothalamus, 2pl BAY11-7085 (500 nmol) was
icv injected 30 min before the injection of UA®. The infusion rate for normal saline, UA, allantoin, and
BAY11-7085 was approximately 1pl/min.

Retrospective study of brain MRl in humans. We performed a retrospective cohort study to search
for radiological evidence of MBH gliosis and to correlate our findings with hyperuricemia. Magnetic
resonance brain examinations that used pituitary or epilepsy imaging protocols with coronal T2 FES
FLAIR sequences and that were performed between 3/1/2014 and 6/20/2014 at West China Hospital
of Sichuan University were reviewed for 2 inclusion criteria: the availability of high quality coronal
views of the hypothalamus and the absence of clinical abnormalities that might confound interpreta-
tion (e.g., hypothalamic-pituitary axis disease). For the 51 subjects that met our inclusion criteria, we
reviewed electronic medical records to determine serum UA concentration, gender, age, body weight,
and final diagnosis. Exclusion criteria were as follows: absence of serum biochemical analysis for UA;
age of less than 16 or more than 70 years; diagnosis of pituitary, hypothalamic, or neurodegenerative
disorder (e.g., multiple sclerosis); metabolic disease (hyperglycemia, hyperlipemia, fatty liver, hyperinsu-
linemia, diabetes, and obesity); serum biochemical parameter abnormalities without definite metabolic
disease (including CHOL, TG, HDL, LDL, and GLU); cerebral atrophy; and history of bariatric disease.
Twenty subjects were excluded (age <16 [n=2]; age>70 [n=1]; metabolic disease [n=5]; serum bio-
chemical parameter abnormalities [n=9]; CNS disease [n=3]), yielding a total of 31 study partic-
ipants. All subjects were classified into 2 groups: the hyperuricemia group (fasting serum UA >416 M
for men, >357pM for women) and the normal group. The basal characteristics of the study population
are provided in Supplementary Table S1. ROIs in the bilateral MBH and amygdala were defined by a
neuroradiologist, who was blinded to all clinical information. Mean ROI signal intensity, standard devi-
ation, and ROI area were measured using proprietary software on the PACS workstation (Centricity, GE
Healthcare). Ratios were calculated by comparing the mean signal intensity in the MBH on each side
with that in the ipsilateral amygdala ROL Our study was approved by the Medical Ethics Committee
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(Human) of West China Hospital and Sichuan University. All subjects had been informed and approved
participation in this study, and “informed consent” was obtained from all subjects. The methods were
carried out in accordance with the approved guidelines.

Statistical analysis. Data are presented as the mean+ SEM. Differences between two means were
assessed by unpaired, two-tailed Student’s t test. Data involving more than two means were evaluated by
one-way ANOVA followed by Tukey’s post-hoc tests (SigmaStat [SyStat] and GraphPad Prism [GraphPad
Software, Inc.]). P values less than 0.05 were considered statistically significant.

References

1.
2.
3.

4.
5.

9.
10.
11.
12.
13.
14.

15.
16.

17.

18.

19.

20.

21.

22.
23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.
38.

So, A. & Thorens, B. Uric acid transport and disease. J Clin Invest 120, 1791-1799 (2010).

Terkeltaub, R. Update on gout: new therapeutic strategies and options. Nat Rev Rheumatol 6, 30-38 (2010).

Chang, H. Y., Pan, W. H., Yeh, W. T. & Tsai, K. S. Hyperuricemia and gout in Taiwan: results from the Nutritional and Health
Survey in Taiwan (1993-96). ] Rheumatol 28, 1640-1646 (2001).

Moller, D. E. & Kaufman, K. D. Metabolic syndrome: a clinical and molecular perspective. Annu Rev Med 56, 45-62 (2005).
Masuo, K., Kawaguchi, H., Mikami, H., Ogihara, T. & Tuck, M. L. Serum uric acid and plasma norepinephrine concentrations
predict subsequent weight gain and blood pressure elevation. Hypertension 42, 474-480 (2003).

. Johnson, R. J. et al. Hypothesis: could excessive fructose intake and uric acid cause type 2 diabetes? Endocr Rev 30, 96-116

(2009).

. Song, R. et al. Central role of E3 ubiquitin ligase MG53 in insulin resistance and metabolic disorders. Nature 494, 375-379

(2013).

. Sanchez-Lozada, L. G. et al. Effects of febuxostat on metabolic and renal alterations in rats with fructose-induced metabolic

syndrome. Am ] Physiol-Renal 294, F710-718 (2008).

Cheung, K. J. et al. Xanthine oxidoreductase is a regulator of adipogenesis and PPARgamma activity. Cell Metab 5, 115-128
(2007).

Lumeng, C. N. & Saltiel, A. R. Inflammatory links between obesity and metabolic disease. J Clin Invest 121, 2111-2117 (2011).
Schwartz, M. W. & Porte, D., Jr. Diabetes, obesity, and the brain. Science 307, 375-379 (2005).

Zhang, X. et al. Hypothalamic IKKbeta/NF-kappaB and ER stress link overnutrition to energy imbalance and obesity. Cell 135,
61-73 (2008).

Baldwin, W. et al. Hyperuricemia as a mediator of the proinflammatory endocrine imbalance in the adipose tissue in a murine
model of the metabolic syndrome. Diabetes 60, 1258-1269 (2011).

Arruda, A. P. et al. Low-grade hypothalamic inflammation leads to defective thermogenesis, insulin resistance, and impaired
insulin secretion. Endocrinology 152, 1314-1326 (2011).

Bruning, J. C. et al. Role of brain insulin receptor in control of body weight and reproduction. Science 289, 2122-2125 (2000).
Kang, D. H., Park, S. K, Lee, I. K. & Johnson, R. J. Uric acid-induced C-reactive protein expression: implication on cell
proliferation and nitric oxide production of human vascular cells. ] Am Soc Nephrol 16, 3553-3562 (2005).

Hooper, D. C. et al. Uric acid, a peroxynitrite scavenger, inhibits CNS inflammation, blood-CNS barrier permeability changes,
and tissue damage in a mouse model of multiple sclerosis. FASEB ] 14, 691-698 (2000).

Kolz, M. et al. Meta-analysis of 28,141 individuals identifies common variants within five new loci that influence uric acid
concentrations. PLoS Genet 5, €1000504 (2009).

Zhou, Y. et al. Uric acid induces renal inflammation via activating tubular NF-kappaB signaling pathway. PloS one 7, 39738
(2012).

Kanellis, J. et al. Uric acid stimulates monocyte chemoattractant protein-1 production in vascular smooth muscle cells via
mitogen-activated protein kinase and cyclooxygenase-2. Hypertension 41, 1287-1293 (2003).

Purkayastha, S., Zhang, G. & Cai, D. Uncoupling the mechanisms of obesity and hypertension by targeting hypothalamic IKK-
beta and NF-kappaB. Nat Med 17, 883-887 (2011).

Hayden, M. S., West, A. P. & Ghosh, S. SnapShot: NF-kappaB signaling pathways. Cell 127, 1286-1287 (2006).

Mazzali, M. et al. Elevated uric acid increases blood pressure in the rat by a novel crystal-independent mechanism. Hypertension
38, 1101-1106 (2001).

Kim, Y. G. et al. Involvement of macrophage migration inhibitory factor (MIF) in experimental uric acid nephropathy. Mol Med
6, 837-848 (2000).

Thaler, J. P. et al. Obesity is associated with hypothalamic injury in rodents and humans. J Clin Invest 122, 153-162 (2012).
Jeon, B. T. et al. Resveratrol attenuates obesity-associated peripheral and central inflammation and improves memory deficit in
mice fed a high-fat diet. Diabetes 61, 1444-1454 (2012).

Nguyen, J. C., Killcross, A. S. & Jenkins, T. A. Obesity and cognitive decline: role of inflammation and vascular changes. Front
Neurosci 8, 375 (2014).

Murtha, L. A. et al. Cerebrospinal fluid is drained primarily via the spinal canal and olfactory route in young and aged
spontaneously hypertensive rats. Fluids Barriers CNS 11, 12 (2014).

Chiu, C. et al. Temporal course of cerebrospinal fluid dynamics and amyloid accumulation in the aging rat brain from three to
thirty months. Fluids Barriers CNS 9, 3 (2012).

Zhang, G. et al. Hypothalamic programming of systemic ageing involving IKK-beta, NF-kappaB and GnRH. Nature 497, 211-
216 (2013).

Hummasti, S. & Hotamisligil, G. S. Endoplasmic reticulum stress and inflammation in obesity and diabetes. Circ Res 107,
579-591 (2010).

Jang, P. G. et al. NF-kappaB activation in hypothalamic pro-opiomelanocortin neurons is essential in illness- and leptin-induced
anorexia. J Biol Chem 285, 9706-9715 (2010).

Lee, D. et al. Longer T(2) relaxation time is a marker of hypothalamic gliosis in mice with diet-induced obesity. Am J Physiol
Endocrinol Metab 304, E1245-1250 (2013).

Briellmann, R. S., Kalnins, R. M., Berkovic, S. E & Jackson, G. D. Hippocampal pathology in refractory temporal lobe epilepsy:
T2-weighted signal change reflects dentate gliosis. Neurology 58, 265-271 (2002).

Uchimura, K. et al. The serine protease prostasin regulates hepatic insulin sensitivity by modulating TLR4 signalling. Nat
Commun 5, 3428 (2014).

Cai, D. NFkappaB-mediated metabolic inflammation in peripheral tissues versus central nervous system. Cell cycle 8, 2542-2548
(2009).

Sofroniew, M. V. Molecular dissection of reactive astrogliosis and glial scar formation. Trends Neurosci 32, 638-647 (2009).
Paolicelli, R. C. et al. Synaptic pruning by microglia is necessary for normal brain development. Science 333, 1456-1458 (2011).

SCIENTIFIC REPORTS | 5:12144 | DOL: 10.1038/srep12144 14



www.nature.com/scientificreports/

39. Dheen, S. T, Kaur, C. & Ling, E. A. Microglial activation and its implications in the brain diseases. Curr Med Chem 14, 1189-
1197 (2007).

40. Hotamisligil, G. S. & Erbay, E. Nutrient sensing and inflammation in metabolic diseases. Nat rev Immunol 8, 923-934 (2008).

41. Cai, D. et al. Local and systemic insulin resistance resulting from hepatic activation of IKK-beta and NF-kappaB. Nat Med 11,
183-190 (2005).

42. Mattson, M. P. & Meffert, M. K. Roles for NF-kappaB in nerve cell survival, plasticity, and disease. Cell Death Differ 13, 852-860
(2006).

43. Widera, D. et al. Schwann cells can be reprogrammed to multipotency by culture. Stem Cells Dev 20, 2053-2064 (2011).

44. Kaltschmidt, B. & Kaltschmidt, C. NF-kappaB in the nervous system. Cold Spring Harb Perspect Biol 1, 2001271 (2009).

45. Schmeisser, M. J. et al. IkappaB kinase/nuclear factor kappaB-dependent insulin-like growth factor 2 (Igf2) expression regulates
synapse formation and spine maturation via Igf2 receptor signaling. ] Neurosci 32, 5688-5703 (2012).

46. Taniguchi, C. M., Emanuelli, B. & Kahn, C. R. Critical nodes in signalling pathways: insights into insulin action. Nat Rev Mol
Cell Biol 7, 85-96 (2006).

47. Benoit, S. C. et al. Palmitic acid mediates hypothalamic insulin resistance by altering PKC-theta subcellular localization in
rodents. J Clin Invest 119, 2577-2589 (2009).

48. Milanski, M. et al. Saturated fatty acids produce an inflammatory response predominantly through the activation of TLR4
signaling in hypothalamus: implications for the pathogenesis of obesity. ] Neurosci 29, 359-370 (2009).

49. Shin, A. C. et al. Brain Insulin Lowers Circulating BCAA Levels by Inducing Hepatic BCAA Catabolism. Cell Metab 20, 898-909
(2014).

50. Kilkenny, C., Browne, W. ], Cuthill, I. C., Emerson, M. & Altman, D. G. Improving bioscience research reporting: The ARRIVE
guidelines for reporting animal research. | Pharmacol Pharmacother 1, 94-99 (2010).

51. McGrath, J. C., Drummond, G. B., McLachlan, E. M., Kilkenny, C. & Wainwright, C. L. Guidelines for reporting experiments
involving animals: the ARRIVE guidelines. Br ] Pharmacol 160, 1573-1576 (2010).

52. Martinez de Morentin, P. B. et al. Nicotine induces negative energy balance through hypothalamic AMP-activated protein kinase.
Diabetes 61, 807-817 (2012).

53. Koch, C. et al. Leptin rapidly improves glucose homeostasis in obese mice by increasing hypothalamic insulin sensitivity. J
Neurosci 30, 16180-16187 (2010).

Acknowledgments
This work was supported by National Science & Technology Major Project (2012Z2X09302-004), National
Natural Sciences Foundation of China (81271467, 81272459, 30970938, and 81322035).

Author Contributions

Conceived and designed the experiments: X.B.C., Y.L.Z., WJ.L. and Y.Z.X.; Performed the experiments:
WJ.L., Y.ZX, XN.S., EG.G, Y.L. and ].H.; Contributed materials and analyzed the data: Z.P.Z,, Y.L., ] H,,
S.S. and L.X.Z,; Contributed to writing the main manuscript and preparing figures: WJ.L., YZ.X,, X.B.C.
and Y.L.Z. All authors read and approved the results and conclusions of final manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Lu, W. et al. Uric Acid Produces an Inflammatory Response through
Activation of NF-xB in the Hypothalamus: Implications for the Pathogenesis of Metabolic Disorders.
Sci. Rep. 5, 12144; doi: 10.1038/srep12144 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:12144 | DOL: 10.1038/srep12144 15


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Uric Acid Produces an Inflammatory Response through Activation of NF-κB in the Hypothalamus: Implications for the Pathogene ...
	Results

	Systemic hyperuricemia induces hypothalamic inflammation in rodents. 
	Markers of gliosis during serum UA elevation. 
	UA passes through the BBB and acts as an inflammatory stimulus in the hypothalamus. 
	Changes in gliosis upon UA stimulation. 
	NF-κB is the main link between UA and hypothalamic inflammation. 
	UA induces NF-κB activation in neurons in vitro. 
	Magnetic resonance imaging (MRI)-based quantitative assessment of hypothalamic gliosis in hyperuricemia rodents and humans. ...
	UA leads to dyslipidemia and glucose intolerance. 

	Discussion

	Methods

	Preparation of reagents. 
	Animal studies. 
	Icv cannulation and icv administration. 
	Retrospective study of brain MRI in humans. 
	Statistical analysis. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Systemic hyperuricemia induces hypothalamic inflammation in rodents.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Immunofluorescence analysis of UA-induced astrocyte and microglial accumulation in the rat ARC.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Icv administration of UA induces hypothalamic inflammation.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Fluorescence immunohistochemical analysis of the accumulation of astrocytes and microglia in the rat ARC induced by icv UA perfusion.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Inhibition of NF-Κb protects mice against the hypothalamic inflammation induced by UA.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Immunofluorescence analysis of NF-κB activation in primary cultured neurons and glia cells.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ MRI-based quantitative assessment of hypothalamic gliosis in hyperuricemia rodents and humans.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ UA leads to dyslipidemia and glucose intolerance mediated by NF-κB.



 
    
       
          application/pdf
          
             
                Uric Acid Produces an Inflammatory Response through Activation of NF-κB in the Hypothalamus: Implications for the Pathogenesis of Metabolic Disorders
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12144
            
         
          
             
                Wenjie Lu
                Youzhi Xu
                Xiaoni Shao
                Fabao Gao
                Yan Li
                Jing Hu
                Zeping Zuo
                Xue Shao
                Liangxue Zhou
                Yinglan Zhao
                Xiaobo Cen
            
         
          doi:10.1038/srep12144
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep12144
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep12144
            
         
      
       
          
          
          
             
                doi:10.1038/srep12144
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12144
            
         
          
          
      
       
       
          True
      
   




