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Metformin attenuates hypothalamic inflammation via
downregulation of RIPK1-independent microglial necroptosis in
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Necroptosis, a form of programmed cell death, accounts for many inflammations in a wide range of diseases. Diet-induced obesity
is manifested by low-grade inflammation in the mediobasal hypothalamus (MBH), and microglia are implicated as critical
responsive components for this process. Here, we demonstrate that microglial necroptosis plays a pivotal role in obesity-related
hypothalamic inflammation, facilitating proinflammatory cytokine production, such as TNF-a and IL-1f. Treatment with the anti-
diabetic drug metformin effectively reduces the obese phenotypes in the high-fat diet (HFD)-fed mice, attributing to remission of
hypothalamic inflammation partly through repressing microglial necroptosis. Importantly, using the receptor-interacting protein
kinase 1 inhibitor, necrostatin-1s, could not suppress the microglial inflammation nor prevent body weight gain in the obese mice,
indicating that the microglial necroptosis is RIPK1-independent. Altogether, these findings offer new insights into hypothalamic
inflammation in diet-induced obesity and provide a novel mechanism of action for metformin in obesity treatment.
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INTRODUCTION
Diet-induced obesity (DIO) has emerged as a major health problem
provoking the interests of researchers worldwide. Many studies have
demonstrated that obesity-induced chronic low-grade inflammation
in the area of the hypothalamus (mediobasal hypothalamus, MBH),
including the arcuate nucleus (ARC), plays a pivotal role in metabolic
disorder and body weight gain [1]. Necroptosis, a newly defined well-
regulated necrosis, is critical for inflammation regulation. Receptor-
interacting protein kinase 1 (RIPK1) and RIPK3 are two key initiators
of necroptosis. Their downstream molecule mixed lineage kinase
domain-like protein (MLKL) is a critical effector of the pathway.
Traditionally, necroptosis initiation requires RIPK1, which binds to its
partner RIPK3 to form necrosome. Subsequently, MLKL is recruited
and phosphorylated by RIPK3, resulting in cell membrane disruption
and release of proinflammatory mediators or damage-associated
molecular patterns (DAMPs) [2]. However, increasing evidence has
indicated that RIPK3 can mediate RIPK1-independent necroptosis [3].
Functionally, necroptosis is essential for several physiological and
pathological processes, including neuroinflammation. Previous stu-
dies have found necroptosis activation in retinal degeneration and
Alzheimer's disease [4, 5]. Therefore, it is noteworthy to examine the
functional roles of necroptosis in hypothalamic inflammation in DIO.
Microglia are the resident macrophage population in the central
nervous system (CNS). In DIO, proinflammatory cytokine produc-
tion in the MBH, including TNF-a and IL-1f, coincides with

hypothalamic microglial activation and accumulation [6]. There-
fore, it is not surprising to consider microglia as critical sensors
that orchestrate the metabolic inflammation in the MBH [7].

Metformin is first-line therapy for type 2 diabetes (T2DM).
Extensive cohort studies have shown body weight loss associated
with metformin treatment [8]. Emerging evidence suggests that
metformin can repress hepatic inflammation in fatty liver disease.
Nevertheless, whether metformin regulates metabolic inflamma-
tion in the MBH remains uncertain.

In this study, we identified that microglial necroptosis induces
metabolic inflammation in DIO mice. Metformin suppressed the
microglial necroptosis and subsequent inflammation. Our work
unravels the link between necroptosis and hypothalamic inflam-
mation, argues the therapeutic potential of metformin on
hypothalamic inflammation in DIO mice, and dissects its possible
mechanism in vivo and in vitro.

RESULTS

RNA-Seq analysis reveals necroptosis arises in the MBH of DIO
mice, and metformin treatment dampens this process

To investigate potentially altered gene expression underlying the
DIO mice, RNA-sequence (Seq) analysis was performed on the
hypothalamus of the chow mice (Chow), high-fat feeding mice
(HFD), and the metformin-treated HFD mice (HM) (Fig. 1A).
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Fig.1 Necroptosis occurred in the hypothalamus of DIO mice, and metformin suppresses the process of necroptosis. A Heat map of RNA-
Seq data showed changes of hypothalamic genes in Chow (n = 4), HFD (n = 4), and metformin-treated mice (300 mg/kg/day for six weeks, HM,
n=4). B Advanced bubble chart revealed the enrichment of differentially expressed genes in signaling pathways. C The mRNA levels of
necroptosis biomarkers, Ripk1, Ripk3, and MIkl, in the hypothalamus of three groups of mice, are measured by qPCR with independent RNA
samples. Increased expression levels of Ripk3 and Mkl were observed in HFD. Metformin dampened the overexpression of the genes. There
was no detectable difference in Ripk1. D, E and G Immunoblotting data confirmed the findings in qPCR (n = 7 for each group of mice). F and H
The upregulated protein expression levels of HSP70 and HMGB1, two DAMPs, validated the necroptosis occurrence in the hypothalamus of
obese mice and metformin mitigation of the injury. The data were presented as mean + SEM. *P < 0.05 vs. Chow mice; *P < 0.05 vs. HFD mice.
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Differential expression (DE) analysis identified 765 DE genes in
HFD compared with that in Chow, consisting of 319 upregulated
and 446 downregulated genes (Supplementary Table 1). Mean-
while, 246 upregulated and 349 downregulated total in 595 genes
were obtained in HM compared with that in HFD (Supplementary
Table 2). KEGG enrichment analysis indicated that necroptosis
positioned in the overlap of the two clusters of HFD_up versus
Chow and HM_down versus HFD (Fig. 1B). Of note, as the most
required component for necroptosis, the mRNA expression of Mik/
was found to be remarkably upregulated in the HFD hypothala-
mus compared with that in Chow (log2foldchange =1.26, p =
0.046), while being significantly downregulated in the HM vs. HFD
(log2foldchange = —1.58, p = 0.047).

To confirm the RNA-Seq results, we first examined the mRNA
expression level of Ripk1 and Ripk3, and MIk! utilizing quantitative
polymerase chain reaction (qPCR) analysis with independent RNA
samples. As shown in Fig. 1C, the expression pattern of Mikl was
alike with RNA-Seq data. However, the expression of Ripk3
exhibited a moderate increase in the hypothalamus of the HFD
mice but a significant decrease in HM mice, which were not
observed in RNA-Seq data. No significant differences were found
in the gene expression of Ripkl among the three groups,
consistent with the findings in RNA-seq. We next determined
the protein expression level of RIPK1, RIPK3, and MLKL by
immunoblotting. The results revealed that the level of RIPK3
expression and MLKL expression were upregulated in the HFD
mice, while metformin adjusted the abnormality. Likewise, no
significant difference was found in the expression of RIPK1 among
the three groups (Fig. 1D, E and G).

To further illustrate necroptosis-mediated hypothalamic injury,
we explored high-mobility group box-1 (HMGB1) expression, the
major DAMP released from necroptotic cells [9]. Of note, HFD
feeding reinforced HMIGB1 expression, whereas metformin sup-
pressed the protein nearly to the baseline level. Similarly, heat
shock protein 70 (HSP70), a stress-inducible heat shock protein
promoting MLKL polymerization [2], was boosted in the HFD-fed
mice and attenuated in the metformin-treated mice (Fig. 1F and
H). Overall, HFD feeding induced necroptosis in the hypothalamus,
and metformin mitigated the process.

Metformin attenuates hypothalamic inflammation by
suppressing the production of proinflammatory cytokines,
TNF-a and IL-1B, and protecting POMC neurons from injury
The release of proinflammatory cytokines in the hypothalamus,
such as TNF-a and IL-1B, is a hallmark of chronic HFD feeding. To
evaluate the effect of metformin on these inflammatory media-
tors, immunoblotting and gqPCR were both employed. Results
showed that HFD triggered higher tumor necrosis factor-alpha
(TNF-a) and interleukin 1-beta (IL-1B) expression than the chow
diet. In contrast, metformin treatment significantly downregulated
the cytokines’ expression markedly both on the protein level and
the mRNA level (Fig. 2A-D). POMC neurons, located in the
hypothalamus, respond to metabolic cues to control food intake
and energy expenditure. Immunofluorescence staining demon-
strated that HFD mice obsessed fewer POMC-expression neurons
in the ARC than their chow rivals. Indeed, metformin prevented
further repression of POMC neurons in the MBH from HM mice
(Fig. 2E).

Next, we examined the effects of metformin on general
indicators of obese mice. As we expected, HFD mice exhibited a
striking increase in body weight gain and food intake than the
Chow group. Nevertheless, HM mice weighed significantly less
than the HFD group from the third week and continued to weigh
less throughout the experiment for six weeks (Fig. 2F). Besides,
metformin administration reversed HFD-induced elevation of
caloric intake compared to that in the HFD mice receiving vehicle
treatment (Fig. 2G). Also, metformin improved the glucose
homeostasis of the HFD mice even before the weight loss. After
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two weeks of metformin treatment, the HM mice began to show
lower fasting blood glucose levels (HM 128.8 + 6.5 vs. HFD 163.3 +
8.6 mg/dL; Fig. 2H) and a significant improvement in glucose
tolerance (Fig. 2l and J), showing the calculated area under
the curve. We observed that metformin could improve glucose
homeostasis from two weeks to the end of the experiment. These
results aligned with the notion that metformin moderately
decreased weight gain caused by a high-fat diet [10, 11]. These
findings collectively suggested that metformin promoted body
weight loss, reduced food intake, and rescued the impaired
glucose metabolism in DIO mice by suppressing metabolic
inflammation in the MBH.

Metformin inhibits microglial necroptosis in the
hypothalamus of DIO mice

As activated microglia are considered the primary source of
proinflammatory cytokine and the critical mediator of inflamma-
tion response during hypothalamic inflammation, we first figured
out whether metformin affected the microglia by comparing Iba-1
positive microglial cells in the ARC region of three groups of mice
using immunostaining. Mice consuming HFD accumulated more
Iba-1 positive cells in the ARC region (microgliosis) (Fig. 3A). These
cells were observed amoeboid or round shape, representing
activated microglia morphology. Intriguingly, metformin adminis-
tration decreased the number of Iba-1 positive microglia and
modified these cells’ shape showing longer branching processes
and smaller cellular bodies. Furthermore, We also measured
hypothalamic inflammation in this setting by staining for TNF-a.
TNF-a expression was elevated in MBH of HFD mice and strongly
co-localized with lba-1 positive microglia (Fig. 3A). In contrast,
mice receiving metformin exhibited a lower level of TNF-a and
fewer double-positive cells.

Next, we detected the expression of TLR4 in lba-1 positive
microglia since TLR4 is a critical mediator for hypothalamic
inflammation. As shown in Fig. 3B, TLR4 immunoreactivity has a
strongly positive correlation with Iba-1 expression: TLR4 was
predominantly double-stained with Iba-1; the expression level of
TLR4 increased in HFD while decreased in metformin-treated mice.
Alternatively, immunoblotting was performed for further con-
firmation. Iba-1 expression was boosted in the HFD group
compared with Chow mice but declined in the HM group. The
same expression pattern was also shown in the TLR4 expression
(Fig. 3D-F). As TLR4 is also responsible for inducing the
necroptotic cascade reaction, it is not surprising to detect the
expression of MLKL in hypothalamic microglia. Stronger positive
immunoreactivity for pMLKL was observed in the HFD group,
which partially overlapped with the areas of Iba-1-positive cells. In
contrast, the intensity and the expression of pMLKL were restored
after metformin treatment, indicating that metformin dampened
obesity-induced hypothalamic inflammation partly, if not all, via
regulating necroptotic microglia (Fig. 3C). Together, these findings
demonstrated that metformin suppressed the microglial necrop-
tosis and subsequent production of TNF-a and IL-1(, resulting in
improving metabolic inflammation in the MBH.

Necroptosis blockade using Nec-1s shows no effect on
lipopolysaccharide stimulation in BV2 cells in vitro

To further determine the effects of metformin on microglial
necroptotic inflammation in vitro, murine BV2 microglial cells were
cultured and treated with lipopolysaccharide (LPS), which
mimicked the HFD-induced microglia activation in the hypotha-
lamus. First, we examined the cell viability of BV2 cells after
treatments. LPS stimulation induced ~40% cell viability down to
the control. More cells were rescued after being treated with
metformin (~72%) (Fig. 4A). Next, we measured the mRNA
expression of Il-1b, Tnfa, C-C motif chemokine ligand 2 (Ccl2),
and nuclear factor-kappa B subunit 1 (Nfkb1) in BV2 cells utilizing
gPCR analysis. As shown in Fig. 4B, the expression levels of these
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Fig.2 Metformin treatment attenuated hypothalamic inflammation, leading to body weight loss and glucose homeostasis improvement
in DIO mice. A-C Immunoblotting data showed elevated expression of TNF-a and IL-1p in the hypothalamus from HFD mice. The
overexpression of these proinflammatory cytokines in the hypothalamus was declined in HM mice. D gPCR results that aligned with the data
in immunoblotting. E Immunostaining for POMC cells (red) in the MBH (n = 4) showed metformin protection of POMC cells from HFD-induced
injury. Scale bar represented 50 pm. F-J General index demonstrated the beneficial effects of metformin on obese mice. F and G Metformin
lowered the body weight significantly and the caloric intake in HM mice compared with those in HFD mice. H Metformin downregulated
fasting blood glucose concentration in DIO mice. | Glucose tolerance test (GTT, glucose 1 g/kg intraperitoneally) in mice fasted for 12-16 h.
J Areas under the curve (AUC) for GTT (n = 7). The data were presented as mean + SEM. *P < 0.05 vs. Chow mice; *P < 0.05 vs. HFD mice.

genes were dramatically elevated in LPS-treated BV2 cells (the LPS
group) compared with the control cells (the Ctrl group). By
contrast, these expressions’ elevation was reduced over 50% by
metformin (the LM group). Similarly, the protein expression levels
of IL-1B and phospho-NF-kB (p-NF-kB) were also upregulated by
LPS and downregulated by metformin (Fig. 4C and D). Nec-1s, a

SPRINGER NATURE

selective RIPK1 inhibitor, was applied to determine necroptosis
involvement in microglial inflammation. Notably, adding Nec-1s
alone after LPS stimulation (the LN group) did not improve the cell
injury caused by LPS (Fig. 4A). The mRNA expression of Il-1b and
Ccl2 of the cells was comparable with the LPS group. However, the
MRNA of Tnfa and Nfkb1 were expressed at lower levels in the LN
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Fig. 3 Metformin reduced microgliosis by suppressing necroptotic microglia in the MBH of DIO mice. A Immunostaining for TNF-a (red)
and lba-1 (green, a marker of activated microglia) in the MBH showed that chronic HFD feeding induced Iba-1 positive microglia accumulation
and strong TNF-a immunoreactivity within the area of microglia. Metformin remarkedly decrease the microgliosis and TNF-a positive staining
overlapped with Iba-1, indicating metformin downregulated microglial inflammation effectively. B Immunofluorescent staining for TLR4
(green) and Iba-1 (red) in the MBH indicated that TLR4 expression was observed on the surface of Iba-1 positive microglia in HFD mice and
that HM mice exerted a reduced amount of microglia and corresponding decreased TLR4 staining. C Immunofluorescent double-staining for
p-MLKL (green) and Iba-1 (red) in the MBH. Iba-1 immunoreactivity was co-localized with pMLKL immunoreactivity, demonstrating microglia
underwent necroptosis caused by chronic HFD feeding. Metformin treatment markedly repressed microglial necroptosis in HM mice (n = 4).
White arrows indicated the merge of the two colors. Scale bar represented 20 um. D, E, F Immunoblotting data for Iba-1 and TLR4 expression.
The data were presented as mean + SEM. *P < 0.05 vs. Chow mice; *P < 0.05 vs. HFD mice.

cells than that in the LPS cells (Fig. 4B). Surprisingly, immunoblot- Combined use of metformin and Nec-1s does not enhance the
ting data suggested an opposite expression trend at protein effect of metformin alone in vitro
levels: IL-1P3 expression in the LN group was comparable with that To assess the combined action of metformin and Nec-1s, first, we
in the LPS group; NF-kB activation was even slightly enhanced in examined the expression of IL-1, NF-kB by immunoblotting. The
LN cells in contrast to LPS cells. cells in LMN(the metformin-Nec-1s combination group) exert a
We then turned to access the necroptosis profile of BV2 decreased level of the proteins compared with LPS-treated cells,
microglial cells. It could be seen that the LM group expressed although no difference greater than the LM cells was observed
significantly less RIPK3 and MLKL than the LPS group both at (Fig. 5A-C). Then, we compared their effects on MLKL distribution
mRNA and protein levels and that no significant differences were and expression utilizing immunofluorescence and immunoblot-
found between the LPS group and the LN group (Fig. 4E-H). ting. We observed the enlarged nuclei with a round shape in LPS-
Although Ripk1T mRNA was increased over twofold induced by LPS treated cells, whereas the cells in LM and LMN were partly spindle-

and declined significantly both in metformin-treated and Nec-1s- like and exhibited smaller sizes on average (Fig. 5D and E). Weak
treated cells (Fig. 4E), the RIPK1 protein expression was compar- signals for MLKL protein were diffusely distributed around the
able in all groups (Fig. 4l). nuclei in the control group. LPS treatment led to an accumulation

Cell Death Discovery (2021)7:338 SPRINGER NATURE
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Fig. 4 Necroptosis blockade using Nec-1s shows no effect on LPS stimulation in BV2 microglial cells in vitro. Cultured BV2 microglial cells
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Tnfa and Nfkb1 were expressed at lower levels in the LN cells. C, D Immunoblotting data showed lower expression levels of IL-18 and NF-xB in
the LM group, indicating metformin anti-inflammation effects on LPS-stimulated cells. Nec-1s adding caused slightly increased NF-«xB
activation but similar IL-1p expression with that in the LPS group. E-1 gPCR and immunoblotting for RIPK1, RIPK3, and MLKL. The expressions
of RIPK3 and MLKL were elevated in LPS and LN but reduced in LM. RIPK1 was upregulated in LPS and downregulated by LM and LM at the
mRNA level, but no difference was observed in the four groups, implying LPS-induced necrogtosis in BV2 cells were RIPK1-independent.n =3
independent cultures. The data were presented as mean = SEM. *P < 0.05 vs. Control cells; "P < 0.05 vs. LPS-stimulated cells.
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of positive immunoreactivities in the cytoplasm surrounding the
nuclei.

In contrast, fewer spot-like fluorescent signals were detected in
the zone after metformin treatment, which was observed as well
in the LMN group. Meanwhile, positive signals for RIPK3 protein
were also seen in a similar pattern as MLKL. Remarkably, the
signals of the two proteins were overlapped in part. Data in Fig. 5F
and G-I confirmed the findings of MLKL and RIPK3 above both at
mRNA level and protein level. Also, RIPK1 expression was
comparable within all the groups (Fig. 5J). Collectively, exposing
BV2 microglial cells to LPS induced necroptotic inflammation,

Cell Death Discovery (2021)7:338

which was rescued by metformin; no clear benefit of Nec-1s alone
or combination with metformin could be identified within the
analysis, indicating that inhibiting RIPK1 may not be involved in
the process of LPS-induced necroptosis in BV2 microglial cells.

HFD-induced necroptosis in the MBH is RIPK-1 independent
in vivo

To validate the notion that DIO-mediated microglial necroptosis
was RIPK1-independent, we built up the obese mice model
receiving the treatments of metformin, necrostatin-1 (Nec-1, HN),
and metformin plus Nec-1 (HMN). Chow mice were also
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administrated with Nec-1 (CN) as control. As shown in Fig. 6A, the
Nec-1 treatment did not affect the hypothalamic inflammation of
chow-fed mice, as the positive signals of TNF-a and lba-1 were
comparable in the hypothalamus between the groups (Chow and
CN). Elevated double-staining of Iba-1 and TNF-a cells was
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observed both in the hypothalamus from HFD and HN, indicating
RIPK1 blockade did not influence HFD-induced hypothalamic
inflammation. Significantly, less activated Iba-1 positive microglia
overlapped with TNF-a staining were found in the hypothalamus
of HM and HMN, and no significant difference between HM and
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Fig. 6 Microglial necroptosis in the hypothalamus was RIPK1-independent in DIO mice. DIO mice were divided into six groups: Chow, CN
(chow diet+ Nec-1s 2.5 mg/kg intraperitoneally), HFD, HN (HFDt+ Nec-1), HM (HFD+ metformin 300 mg/kg, oral gavage), and HMN (HFD+
metformin+ Nec-1). A Immunostaining for TNF-a (green) and Iba-1 (red) in the MBH from six groups of mice (n = 5). The two proteins’ signals
in Chow, HFD, and HM were similar to those described in Fig. 3A. The positive signals of TNF-a and Iba-1 were comparable in the
hypothalamus between Chow and CN. A high number of double-stained Iba-1 and TNF-a cells was observed in HN, similar to those in HFD,
indicating RIPK1 blockade did not influence hypothalamic inflammation. Additionally, semblable observations for the two proteins were
obtained from HM mice and HMN mice. Five images were acquired for each group. Scale bar=20 pm. B and C Body weight gain and caloric
intake of mice from the six groups. D and E GTT and the AUC data from the mice of different treatments. The data were presented as mean +

SEM. *P < 0.05 vs. Chow mice; *P < 0.05 vs. HFD mice.
<

HMN was identified. Body weight analysis did not show any
significant difference between the HFD and HN groups (HFD
47.0+2.049g vs. HN 45.6 £2.0g, Fig. 6B). Although HM mice and
HMN mice reduced body weight compared with HFD mice, a clear
benefit of adding Nec-1 plus metformin could not be identified in
this analysis (Fig. 6B). Caloric intake analysis and GTT test showed
similar results (Fig. 6C-E). All data together indicated that HFD
feeding induced necroptotic inflammation in the hypothalamus in
a RIPK1-independent manner; metformin rescued the necroptotic
microglia without affecting the RIPK1 signal.

DISCUSSION

In the present study, we first delineate a novel picture that
microglial necroptosis facilitated metabolic inflammation in the
MBH of DIO mice. Next, we provide evidence that metformin
inhibited proinflammatory cytokines and microgliosis partially by
suppressing the necroptosis process of microglia in vivo and
in vitro, which would be a new explanation of its effects on
reducing body weight. Another important finding was that neither
Nec-1s alone could shunt the microglial necroptosis in vivo and
in vitro, nor could combined use of metformin and Nec-1s
enhance the effects of metformin alone.

Inflammatory mediators released from microglia result in the
long-lasting impaired metabolic control of the hypothalamus
[7, 12]. Traditionally, activation of the NF-kB signal transduction
pathway was considered critical for proinflammatory cytokines
overproduction, including TNF-a, IL-13, and CCL2 [13, 14l
However, emerging studies have demonstrated that necroptotic
microglia contributes to neuroinflammation in several neurode-
generation diseases [15-19]. As microglia locates at the vital
position in hypothalamic inflammation, the possibility rises that
necroptosis occurs in microglia during the procession of
inflammation in the MBH. In this study, we provide evidence that
hypothalamic microglia underwent necroptosis in response to
chronic HFD stimulation, leading to the exacerbation of cytokine
production. Indeed, immunofluorescence showed strong signals
of MLKL overlapped with Iba-1 positive cells in HFD mice (Fig. 3C).
In vitro analysis validated BV2 microglial cells overexpression of
RIPK3 and MLKL at both mRNA and protein levels in response to
LPS stimulation. Furthermore, detection of necroptosis-related
DAMPs, such as HSP70 and HMGB1 [2, 20], confirmed the
occurrence of necroptosis in the MBH in obese mice. Therefore,
our data indicate activated microglial were partly inclined to
undergo necroptosis, a novel contributor to diet-induced
hypothalamic inflammation.

Metformin is commonly used to treat obese-associated T2DM
[11]. Prior studies have shown that T2DM subjects treated with
metformin obsessed fewer hypothalamic microglia than T2DM
subjects without metformin treatment [21]. Meanwhile, animal
studies have noted that metformin inhibited neuroinflammation
and showed a protective effect [22, 23]. However, the effects of
metformin on the microglial necroptosis in the hypothalamus in
obesity remain unclear. We observed the recovery of POMC
neurons in the MBH after metformin treatment, accounting for the
decreased food intake compared with HFD mice, which was in line
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with the findings before [24]. Markedly, metformin exerted the
ability to downregulate necroptosis biomarkers, such as MLKL
expressed within hypothalamic microglia. Together, these effects
gave rise to the sharp fall of TNF-a expression collocated within
Iba-1 positive microglia (Fig. 3A). TLR4 has been found to express
abundantly on the surface of microglia during inflammation. It is
well known that TLR4 activation is essential for necroptotic
signaling [25, 26]. Regarding this, one possible explanation for
metformin’s action might be that metformin mitigated the
accumulation of activated microglia in the MBH, followed by the
corresponding decrease of TLR4 expression (Fig. 3B, D, F). One of
the issues that emerged from these findings is the underlying
mechanism of how metformin restrained microgliosis. We first
considered necroptosis-related microglial death. Nevertheless, it is
conflictive to our data that metformin decreased the expression of
DAMPs significantly since necroptosis, like necrosis, leads to the
release of those inflammatory mediators [9] (Fig. 1F). Besides, cell
viability analysis revealed that metformin protected BV2 microglial
cells from death caused by LPS in vitro (Fig. 4A). Given that
metformin promotes the M1-to-M2 polarization of macrophages
in obese adipose tissue [27], we could not rule out the possibility
that metformin modulates the M1/M2 polarization of microglia in
the MBH, which requires further investigation.

Generally, RIPK1 is considered the initiator of necroptosis due to
its kinase activity in RIPK1-dependent necroptosis signaling. On
the other hand, emerging evidence also demonstrates that RIPK3
mediates necroptosis in a RIPK1-independent manner, where
RIPK1 exerts its scaffold function to promote the NF-kB pathway
[3, 28, 29]. In the present study, RIPK protein expression was
comparable in all groups in vivo and in vitro, although mRNA
expression patterns differed. A possible explanation for this
discordance might be that in vivo data reflected the impact of
HFD feeding on the entire hypothalamus, including neurons and
glia, whereas BV2 microglial cells represent microglia alone.
Nevertheless, the poor correlation between mRNA and protein
expression levels in vitro requires further investigation to uncover
the role of RIPK1 in the microglia. Notably, adding Nec-1s did not
affect microglial inflammation. These data point to the possibility
that HFD-induced necroptotic inflammation is RIPK1-independent.
Nec-1s is the specific kinase inhibitor of RIPK1 and can not affect
the scaffold activity of RIPK1, which may explain why the solid
TNF-a expression overlapped with Iba-1 positive microglia in the
MBH in the HN mice (Fig. 6A). Additionally, data that combined
treatment of Nec-1s and metformin exhibited comparable effects
with metformin alone further support the idea that the non-
catalytic, scaffold activity of RIPK1 facilitates the energy-sensing
signaling [30].

There are some questions that need to be addressed. First, our
study could not clearly identify why necroptosis happens in the
microglia. Prior studies have shown SFAs induce microgliosis and
trigger TLR4/IKKB/NF-kB pathways, resulting in the impaired
metabolic disorder of the hypothalamus [12]. Necroptosis is
another form of programmed cell death and works as a backup
system when apoptosis is blunt [31]. These facts raise the
possibility that microglial necroptosis may exhibit a protective
effect on microgliosis, regardless of proinflammatory cytokines
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release. Therefore, it is worthy to distinguish the role of microglial
necroptosis in hypothalamic inflammation. Second, our data
suggest RIPK1 displays scaffold activities in microglial necroptosis.
Further research needs to be carried out to validate the
mechanism of RIPK3 and MLKL that they are involved in in the
microglial necroptosis. Besides, how metformin initiates
the regulation on RIPK3 and MLKL in the process is not well
defined in this study.

In conclusion, our study demonstrates that the RIPK1-
independent microglial necroptosis is involved in the HFD-
induced metabolic inflammation in the MBH, while metformin
attenuates hypothalamic inflammation via repressing microgliosis
and suppressing the microglial necroptosis. Overall, this study
delineates a clearer picture of the hypothalamic inflammation in
obesity and provides more evidence for the usage of metformin in
obesity-related treatment.

MATERIALS AND METHODS
Animal study
C57BL/6 mice were purchased from the Model animal research center of
Nanjing University Nanjing, China, and bred under a standard condition of
care (specific pathogen-free environment; 20-22 °C; 12:12-h light-dark
cycle). The experimental procedures were approved by the Animal Ethics
Committee at Shenzhen University, China.

5-week-old male mice were fed a 60% high-fat diet (HFD; D12492,
Research Diets, Research Diets, New Brunswick, NJ), with normal-chow diet
mice as controls (Chow). After 12 weeks, mice were randomly grouped for
different treatments according to the random number table. Firstly, three
groups were set, including the Chow mice, HFD control group (HFD, n =
15), and metformin administration group (HM, n = 15). The drug (300 mg/
kg body weight, D150959, Sigma-Aldrich) or vehicle was administrated by
oral gavage daily for six weeks. Body weight was recorded twice a week,
and food intake was measured every day during the experiment.

In the second batch, necrostatin-1 (Nec-1, S8037, Selleck) was applied in
the chow mice and HFD mice at 2.5 mg/kg body weight by intraperitoneal
injection daily for six weeks.

Intraperitoneal glucose tolerance test (GTT)

Intraperitoneal GTT was performed every two weeks after drug adminis-
tration on 16 h-fasted mice. 1g/kg body weight glucose was injected
intraperitoneally. Blood glucose was measured using a handheld
glucometer (OneTouch Ultra Easy, LifeScan) via tail bleed at 0, 15, 30, 60,
90, and 120 min after glucose administration.

RNA sequencing and bioinformatics analysis

Total RNA was isolated from the hypothalamus of the Chow group (n =3),
the HFD group (n=4), and the HM group (n=4) using TRIzol Reagent
(15596026, Invitrogen). The following steps were performed at Novogene
Bioinformatics Technology Co. Ltd. Briefly, the integrity of RNA was
evaluated using the RNA Nano 600 Assay Kit of the Bioanalyzer
2100 system (Agilent Technologies, CA, USA). Sequencing libraries were
generated using NEBNext UltraTM RNA Library Prep Kit for lllumina (NEB,
USA) following manufacturers’ instructions. Sequencing was performed on
an lllumina Novaseq platform and 150-bp paired-end reads were
generated. The clean data that passed through the quality control were
obtained from the raw data (Table 1) and were subsequently analyzed with
methods listed in Table 2. Differentially expressed genes (DEGs) were
determined by fold change >2 and a P < 0.05. The significance of enriched
Gene Ontology (GO) terms was set at less than 0.05.

Cell cultures

Mouse BV2 microglial cell line was obtained from Northeastern University,
and cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 2% fetal bovine serum (FBS) 100 IU/ml penicillin, and
10 pg/ml streptomycin at 37 °C with an atmosphere of 5% CO,, routinely
being tested for mycoplasma with Mycoplasma Stain Assay Kit (Beyotime).
The cells were fasted with non-FBS DMEM media for 12-16 h before
adding drugs. Then, BV2 cells were treated with LPS (500 ng/ml) for 12 h,
followed by adding metformin (2.5 mM) or necrostatin-1 (Nec-1s, 500 nM,
2263, BioVision) for another 12 h.
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Table 1. Basic information of the sequenced sample data.

Sample Clean_reads Error_rate Q20 Total_map
ChowO01 70158630 0.03 97.78 68137262 (97.12%)
Chow02 74377652 0.02 98.07 72430188 (97.38%)
Chow03 69450488 0.03 97.89 67607592 (97.35%)
HFDO1 70772642 0.03 97.96 68879724 (97.33%)
HFDO02 69488398 0.02 98.08 67661496 (97.37%)
HFDO03 72155654 0.03 97.97 70234152 (97.34%)
HFDO04 69201722 0.02 98.06 67393277 (97.39%)
HMO1 68338818 0.03 97.98 66540152 (97.37%)
HMO02 70487014 0.03 97.96 68618258 (97.35%)
HMO03 73747200 0.02 98.04 71791775 (97.35%)
HMO04 69533272 0.03 97.94 67664643 (97.31%)
Table 2. Software used in the clean data analyses.

Analysis Software Version
Mapping Analysis Hisat2 2.0.5
Quantification FeatureCounts 1.5.0-p3
Differential Expression Analysis DESeq2 1.16.1
GO and KEGG Enrichment Analysis clusterProfiler 3.44

Cell viability analysis

CellTiter-Glo® Luminescent Cell Viability Assay (G7570, Promega) was
performed to determine cell viability, as per the manufacturer’s instruc-
tions. Eight replicants were set for each treatment.

Quantitative real-time polymerase chain reaction (qPCR)

The hypothalamus tissues or cells were collected, and total RNA was
extracted with TRIzol reagent (Invitrogen, 15596026) following the
manufacturer’s instructions. 500 ng of total RNA from each sample was
reverse transcribed to cDNA with qPCR RT Master Mix with gDNA
Remover (Toyobo, FSQ-301). According to the manufacturer’s instruc-
tions, gPCR was performed using SYBR Green Realtime Master Mix
(Toyobo, QPK-201). Each quantitative reaction was performed in
triplicate. To normalize the expression data, 18s was used as the
internal control gene. Relative gene expression levels were calculated
using the 2-AACt method. The primer sequences used for the PCR
amplification are presented in Table 3.

Immunofluorescence

For tissue immunofluorescence staining, the mice were anesthetized, and
brains were obtained after heart perfusion with 4% paraformaldehyde (PFA,
Sigma-Aldrich, 158127), followed by post-fixation in 4% PFA and dehydration
through 20% and 30% sucrose orderly at 4 °C. Frozen sections (14-um
thickness) were blocked with QuickBlock™ Blocking Buffer (Beyotime Biotech)
and incubated with primary antibodies overnight at 4 °C, including TNF-a
(1:200, Abcam, AB-1793), Iba-1 (1:500, Wako, WFD-6884), TLR4 (1:100, Santa
Cruz, SC-293072), and pMLKL (1:100, Sigma-Aldrich, MABC1158). Then, the
primary antibodies were visualized with the appropriate secondary
antibodies for 3 h incubation at room temperature with gentle rocking.
After being washed with PBS, sections were mounted with 4,6-diamidino-2-
phenylindole (DAPI) histology mounting medium (Sigma-Aldrich, F6057) and
analyzed by Zeiss LSM 510 confocal microscope (Carl Zeiss).

For cell immunofluorescence staining, cells were seeded on cover
glasses coated with Poly-L-lysine solution (Sigma-Aldrich, P8920 in a 24-
well plate. After treatments indicated, the cells on cover glasses were fixed
in fresh 4% PFA for 15 min at room temperature. Then, cells were rinsed
with PBS, and the subsequential steps were the same with the procedures
of tissue immunofluorescence staining.

Immunoblotting
Total proteins of tissues or collected cells were obtained using Minute Total
Protein Extraction Kit (SD-001, Invent Biotechnologies, Eden Prairie, MN,
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Table 3. Primer sequences for qPCR.
Primers Sequences
Tnfa Forward 5'-AGTCCGGGCAGGTCTACTTT-3'
Reverse 5'-GGTCACTGTCCCAGCATCTT-3’
II-1b Forward 5'-CCCAACTGGTACATCAGCAC-3’
Reverse 5'-TCTGCTCATTCACGAAAAGG-3’
Ccl2 Forward 5'-TGAATGTGAAGTTGACCCGT-3'
Reverse 5'-AAGGCATCACAGTCCGAGTC-3’
Nfkb1 Forward 5'-ATGGCAGACGATGATCCCTAC-3’
Reverse 5'-TGTTGACAGTGGTATTTCTGGTG-3’
Ripk1 Forward 5'-GACAGACCTAGACAGCGGAG-3'
Reverse 5'-CCAGTAGCTTCACCACTCGAC-3’
Ripk3 Forward 5'-GGTGGTGCTACCAAGGAGTT-3'
Reverse 5'-GAGATGGAAGACACGGCACT-3'
MIkI Forward 5'-TTAGGCCAGCTCATCTATGAACA-
3
Reverse 5'-TGCACACGGTTTCCTAGACG-3’
18s Forward 5'-GACTCAACACGGGAAACCTC-3’

USA) supplemented with protease and phosphatase inhibitors (Roche)
according to the instruction of the manufacture. Pierce BCA Protein Assay
kits (Thermo Scientific, Rockford, USA) were used to determine protein
concentrations. Thirty microgram proteins of each sample were separated
on SDS-PAGE gels and then transferred to PVDF membranes, which were
blocked with 5% non-fat milk for 1h at room temperature. Membranes
were incubated in the primary antibodies overnight at 4 °C as follows: IL-13
(1:1000, Abcam, AB9722), TLR4 (1:500), p-NF-kB (1:1000, Cell Signaling
Technology, 3033), NF-kB (1:1000, Cell Signaling Technology, 8242), MLKL
(1:1000, ProteinTech, 66675-1-lg), RIPK3 (1:1000, ProteinTech, 17563-1-AP),
RIPK1 (1:1000, BD Biosciences, 610459), HMGB1 (1:1000, Abcam, AB77302),
HSP70 (1;1000, Cell Signaling Technology, 4872), and actin (1:5000, Cell
Signaling Technology, 3077). Membranes were washed with TBS-T for
5min three times the next day and then incubated with horseradish
peroxidase-coupled secondary antibody for 1h at room temperature.
Signals were acquired using GE ImageQuant LAS4000, and quantification
analysis was carried out by Image J software.

Statistical analysis
All data were analyzed using the statistical software SPSS 19.0. Data are
presented as the means + standard error of the mean (SEM). Differences
between the groups were analyzed by one-way or two-way ANOVA,
followed by Tukey’'s post hoc test for group comparisons. p <0.05 was
considered statically significant.

No methods were applied to determine whether the data met
assumptions of the statistical approach used. Normal distributions were
assumed.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
authors upon request.
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