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Hepatic HMGCS2-derived [3-
hydroxybutyrate attenuates hippocampal
insulin resistance and neuroinflammation
to promote MASLD-induced cognitive

function
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Cognitive impairment is a known complication of metabolic dysfunction-associated steatotic liver
disease (MASLD), and B-hydroxybutyrate (BHB), a ketone body providing alternative brain energy
under metabolic stress, may exert neuroprotective effects. This study explored BHB’s role in MASLD-
related cognitive impairment and its underlying mechanisms using a 20-week high-fat diet (HFD)-
induced MASLD mouse model with cognitive dysfunction, comparing 3-hydroxy-3-methylglutaryl-
CoA synthase 2 (Hmgcs2) knockout (KO), wild-type (WT), and exogenous BHB-supplemented mice.
Key outcomes included hippocampal pathology, neuroinflammation, insulin resistance, amyloid-3
(AB) deposition, tau phosphorylation, glucose/lipid homeostasis, and cognitive function. Results
showed Hmgcs2 KO mice exhibited worse metabolic dysregulation (elevated triglycerides,
cholesterol, hepatic lipid accumulation, impaired glucose tolerance, increased insulin, reduced BHB),
cognitive decline (confirmed by Y-maze and novel object recognition tests), hippocampal p-Tau/Ap
aggregation, neuroinflammation (elevated iNOS, COX-2, IL-1B), and impaired IRS/PISK/AKT/GSK3p
signaling, whereas exogenous BHB supplementation alleviated these phenotypes. Collectively,
reduced Hmgcs2 expression and BHB levels critically contribute to MASLD-induced cognitive
impairment via cerebral insulin signaling disruption and neuroinflammation, highlighting BHB’s

therapeutic potential.

With rapid shifts in dietary patterns and lifestyles, the prevalence of meta-
bolic dysfunction-associated steatotic liver disease (MASLD) is increasing
annually, with a current global incidence of approximately 40% projected to
rise to 55.7% by 2040". The clinical burden of MASLD extends beyond
liver-related morbidity and mortality, encompassing a range of extra-
hepatic complications’. Recently, cognitive impairment has been recognized
as a significant complication of MASLD". Studies have shown that indi-
viduals with MASLD have more than double the risk of developing cognitive
impairment compared to healthy controls®. These patients often experience

memory deficits and reduced attention, which can profoundly disrupt their
daily functioning and overall quality of life”’. Unfortunately, the precise
mechanisms driving MASLD-induced cognitive impairment remain
unclear, and effective therapeutic options are currently limited in clinical
Ppractice.

The hippocampus regulates cognitive functions, such as learning and
memory, and is particularly vulnerable to environmental toxins, cardio-
vascular and metabolic dysregulation, as well as subsequent cognitive
impairment™"’. Potential mechanisms linking metabolic disorders, such as
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MASLD, to cognitive decline include insulin resistance, inflammation,
oxidative stress, disrupted glucose-energy homeostasis, gut dysbiosis, and
vascular dysfunction, although the exact pathways remain unclear'™".
Inflammation and insulin resistance are common pathological mechanisms
underlying both cognitive impairment and metabolic disorders, playing
crucial roles in high-fat diet (HFD)-induced cognitive dysfunction'*".
Elevated neuroinflammation promotes serine phosphorylation of insulin
receptor substrate-1 (IRS-1), disrupting hippocampal insulin signaling. This
disturbance triggers Tau hyperphosphorylation and facilitates amyloid-f
(AP) deposition, ultimately contributing to cognitive decline'*".

B-Hydroxybutyrate (BHB), the primary ketone body in mammalian
systems, is produced from fatty acid B-oxidation in the liver during fasting,
prolonged physical exertion, and carbohydrate restriction. This metabolic
byproduct is readily utilized by energy-demanding tissues, where it
undergoes a two-step conversion: first to acetyl-CoA, then to ATP. This
ATP acts as a vital energy source for essential organs such as the brain and
heart'®. The regulation of BHB synthesis is primarily influenced by two
factors: the availability of fatty acids as precursors and the expression level
and enzymatic activity of 3-hydroxy-3-methylglutaryl-CoA synthase 2
(HMGCS2)". Preclinical and clinical studies have revealed that individuals
with metabolic abnormalities, such as MASLD, and rodent models exhibit
reduced blood ketone levels, accompanied by decreased HMGCS2 expres-
sion in the liver'™"’. Moreover, enhancing Hmgcs2 expression or supple-
menting with BHB has been shown to significantly improve hepatic steatosis
and glucose homeostasis**". Interestingly, HMGCS2 promotes the autop-
hagy of AP precursor proteins and Tau/p-Tau, thereby mitigating cognitive
decline associated with Alzheimer’s disease (AD) by modulating ketone
body production™. Additionally, BHB supplementation has been demon-
strated to benefit cognitive function by reducing AP accumulation in the
brain, attenuating excessive microglial activation, and improving mito-
chondrial respiratory function in hippocampal neurons™. Collectively, these
findings highlight the potential significance of ketone bodies, particularly
BHB, in both the pathophysiology and therapeutic strategies for MASLD
and cognitive impairment. However, the role of the HMGCS2-BHB axis in
MASLD-induced cognitive impairment remains poorly understood.

In this study, we established an HFD-induced MASLD model to sys-
tematically examine the effects of Hmgcs2 knockout (KO) and exogenous
BHB supplementation on cognitive function in mice, as well as their
underlying molecular mechanisms.

Results
Hmgcs2 deficiency exacerbates HFD-induced glucose and lipid
metabolic disorders and cognitive impairment in mice
After 20 weeks of HFD feeding, both wild-type (WT) and Hmgcs2 KO mice
developed significant MASLD and cognitive impairment. As shown in
Fig. 1, Hmges2 KO mice exhibited accelerated weight gain (Fig. 1A) and
more pronounced glucose intolerance compared to WT mice, evidenced by
significantly increased area under the curve for the oral glucose tolerance test
(AUCogqrr, Fig. 1B) and serum insulin (Fig. 1C) levels. Fasting blood glu-
cose (FBG) levels were also elevated, though the increase did not reach
statistical significance (Fig. 1D). Hmgcs2 deficiency exacerbated HFD-
induced hepatic lipid accumulation, as evidenced by elevated serum tri-
glyceride (TG) and total cholesterol (TC) (Fig. 1E), an increased Non-
alcoholic Steatohepatitis Activity Score (NAS) from hematoxylin and eosin
(H&E) staining (Fig. 1F, G), and a greater percentage of lipid droplet area
from Oil Red O staining (Fig. 1F, H). Hmgcs2 deficiency did not affect HFD-
induced liver fibrosis (Fig. 1F and Supplementary Fig. 1A), likely because the
20-week HFD regimen itself was insufficient to induce significant fibrosis.
Cognitive assessments using the Y-maze (Fig. 1I) and novel object
recognition (NOR, Fig. 1]) tests revealed that Hmgcs2 KO mice exhibited
more cognitive dysfunction than their WT littermates. Furthermore, serum
BHB levels were significantly lower in Hmgcs2 KO mice compared to WT
controls (Fig. 1K). These findings suggest that Hmgcs2 deficiency aggravates
HFD-induced glucose and lipid metabolic dysregulation, as well as cognitive
impairment, which is accompanied by reduced circulating BHB levels.

Hmgcs2 deficiency exacerbates HFD-induced hippocampal
inflammation and insulin resistance in mice

Hmgcs2 deficiency significantly exacerbated the chronic HFD-induced pro-
inflammatory response in the hippocampus, as demonstrated by the
marked upregulation of inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2) in both immunofluorescence (Fig. 2A, B) and
Western Blot analyses (Fig. 2C and Supplementary Fig. 1B). This effect was
further confirmed by a significant increase in IL-1p levels (Fig. 2A-C, and
Supplementary Fig. 1B). Additionally, Hmgcs2 KO mice exhibited heigh-
tened activation of the nuclear factor kappa-B ((NF-kB)/NLR family pyrin
domain containing 3 (NLRP3) inflammasome pathway, accompanied by
increased hippocampal IL-18 protein levels (Fig. 2D and Supplementary
Fig. 1B). Given that IRS-1 serine phosphorylation is a hallmark of insulin
resistance, we next investigated whether Hmgcs2 deficiency impacts IRS-1
activation. Compared to WT controls, Hmges2 KO mice displayed sig-
nificantly elevated hippocampal IRS-1 phosphorylation at Ser612/636 and
Ser1101 (Fig. 2E, F), indicating exacerbation of HFD-induced hippocampal
insulin resistance. To further evaluate downstream insulin signaling, we
analyzed the phosphorylation status of the phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT) pathway and its effector glycogen synthase
kinase-3( (GSK3p). Elevated phosphorylation of PI3K, AKT, and GSK3
was observed in the hippocampus of Hmges2 KO mice (Fig. 2E, G). These
findings collectively demonstrate that Hmgces2 deficiency exacerbates HFD-
induced hippocampal inflammation and insulin resistance in MASLD mice.

Hmgcs2 deficiency exacerbates HFD-induced hippocampal A
and Tau neurotoxicity in mice

Hmges2 KO mice exhibited significant upregulation of hippocampal amyloid
precursor protein (APP) and beta-site APP cleaving enzyme 1 (BACEI)
expression, shown by Western Blot (Fig. 2H and Supplementary Fig. 1C). This
upregulation led to a pathogenic AP profile, characterized by increased Ap42
deposition, decreased AB40 levels, and a higher AB42/AB40 ratio (Fig. 2I-K).
In parallel, phosphorylated tau (p-Tau) in the hippocampus was also markedly
enhanced as shown by Western Blot (Fig. 2L and Supplementary Fig. 1C).
Immunohistochemical analysis further confirmed these findings at the tissue
level, revealing elevated levels of hippocampal APP, BACEL, and p-Tau in
Hmgcs2-deficient mice (Fig. 2M, N). These findings collectively suggest that
Hmgcs2 deficiency exacerbates the neurotoxic effects of AP and p-Tau, con-
tributing to worsened hippocampal pathology in MASLD mice.

BHB alleviates HFD-induced systemic glucose-lipid metabolic
disorders and cognitive impairment in mice

The results of this study demonstrate that Himges2 deficiency exacerbates
cognitive impairment in HFD-induced MASLD mice. Given these findings,
we explored the therapeutic potential of BHB, a key metabolite regulated by
Hmgcs2, as it may help mitigate the metabolic and cognitive dysfunctions
associated with MASLD. Experimental results demonstrated that BHB sup-
plementation significantly reduced body weight in MASLD mice (Supple-
mentary Fig. 2A). Analyses of oral glucose tolerance test (OGTT), insulin, and
FBG levels revealed that BHB effectively enhanced glucose clearance and
ameliorated systemic insulin resistance (Fig. 3A-D). Further investigation
showed that BHB intervention markedly decreased serum TC levels (Fig. 3E),
slightly decreased serum TG levels (Supplementary Fig. 2B), and alleviated
hepatic lipid accumulation (Fig. 3F and Supplementary Fig. 2C, D).

Chronic BHB supplementation significantly ameliorated cognitive
deficits across multiple behavioral domains. In the Morris water-maze
(MWM) test, BHB-treated mice exhibited a significant increase in the
number of platform crossings (Fig. 3G, H), indicating restored spatial
memory. This recovery was further supported by increased time spent in the
target quadrant and a greater swimming distance within it (Supplementary
Fig. 2E, F). Furthermore, the enhanced spontaneous alternation rate in the
Y-maze (Fig. 3I) demonstrated a reversal of working memory impairment.
Similarly, in the NOR test, BHB administration led to a higher dis-
crimination ratio for the novel object (Fig. 3]), reflecting improved recog-
nition memory. These behavioral findings consistently demonstrate that
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Fig. 1 | Hmgcs2 KO exacerbates metabolic disorders and cognitive impairment in

HFD-fed mice. A Body weight changes during the experimental period. 6 weeks:
£=2.163, df = 14, "p = 0.0484; 8 weeks: ¢ = 2.245, df = 14, 'p = 0.0415; 12 weeks:
t=2232, df = 14, "p = 0.0425; 14 weeks: t = 2.929, df = 14, 'p = 0.0110; 16 weeks:
t=3.014, df = 14, “p = 0.0093; 18 weeks: £ = 3.057, df = 14, "p = 0.0085; 20 weeks:
t=3.359, df = 14, “p = 0.0047; n = 8 mice per group. B OGTT curves and the
quantification of the area under the curve (AUC). 60 min: t = 2.530, df= 12,
“p=0.0264; 120 min: ¢ =2.799, df = 12, 'p=0.0161; 180 min: ¢ = 2.341, df = 12,
“p=0.0373; AUC: t =2.361, df = 12, "p = 0.0360; 1 = 7 mice per group. C Fasting
serum insulin levels. ¢ = 2.835, df = 12, 'p = 0.015; n = 7 mice per group. D FBG
levels. t = 0.9060, df = 12, p = 0.383; n = 7 mice per group. E Serum TG and total
cholesterol (TC) levels. TG: t =2.297, df= 12, 'p = 0.0404; TC: t = 4.211, df = 12,

“p=0.0012; n = 7 mice per group. F Representative HE, Oil Red O, and Sirius Red
staining of liver tissue. Scale bar, 100 um. G NAS calculated from H&E staining.
t=4.919,df=8, "p=0.0012; n = 5 mice per group. H Percentage of Oil Red
O-stained area. t = 2.357, df =8, 'p = 0.0461; n = 5 mice per group. I Y-maze spon-
taneous alternation test and the corresponding diagram. ¢ = 4.699, df = 14,

""p <0.001; n = 8 mice per group. J Percentage of exploration time with the novel
object and schematic of the novel object recognition test. t = 2.589, df = 14,
"p=0.0214; n = 8 mice per group. K Serum BHB levels. t = 3.566, df = 14,
”p=0.0031; n = 8 mice per group. Error bars represent the standard error of the
mean (SEM). Statistical comparisons were performed using unpaired two-tailed
Student's t-test; "p < 0.05,"p < 0.01, “p < 0.001. WT wild-type, Hmgcs2 3-hydroxy-
3-methylglutaryl-CoA synthase 2.
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BHB intervention provides robust protection against HFD-induced cog-
nitive dysfunction, encompassing short-term, long-term, and spatial
memory domains.

Collectively, these findings suggest that chronic BHB supplementation
provides comprehensive protection against HFD-induced systemic insulin
resistance, glucose-lipid metabolic disorders, and cognitive dysfunction.

BHB alleviates HFD-induced hippocampal neuronal damage and
loss in mice

Nissl staining was employed to evaluate neuronal loss and structural
integrity. In the control group, the hippocampus displayed tightly packed

¥ 200pm

neurons with rounded nuclei, clear nucleoli, and abundant deep-purple
Nissl bodies (Fig. 4A). In contrast, HFD-fed mice exhibited significant
neuronal damage in the hippocampal cornu ammonis (CA) 1-3 regions,
including neuronal loss (yellow arrows), disrupted architecture, nuclear
pyknosis (red arrows), and a decrease in Nissl body density with pale
staining (Fig. 4A-C). Following BHB treatment, there was a notable
restoration of neuronal density, improved cellular morphology, and an
increase in Nissl body content, as indicated by more intense purple staining
(Fig. 4A-C). Similarly, H&E staining corroborated these findings, showing
HFD-induced neuronal loss and nuclear pyknosis in CA1-3 regions, which
were significantly improved by BHB treatment (Supplementary Fig. 3A).
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Fig. 2 | Hmgcs2 KO exacerbates HFD-induced hippocampal neuroinflammation,
insulin resistance, and neurotoxicity. A Representative immunofluorescence
images of inducible nitric oxide synthase (iNOS; green), COX-2 (yellow), and
Interleukin-1p (IL-1p; red) in the hippocampus of mice. Scale bar, 200 pm, 50 pm.
B Mean fluorescence intensity of iNOS, COX-2, and IL-1f. iNOS: t=1.258, df = 6,
p=0.2553; COX-2: £=2.983,df=6, p=0.0245; IL-1B: t =3.181,df = 6, p=0.0191;
n =4 mice per group. C Quantification of iNOS, COX-2, and IL-1p protein levels by
Western Blot. iNOS: t = 4.343, df = 10, "'p = 0.0015; COX-2: t = 5.949, df = 10,
""p<0.001; IL-1f: t = 8.215, df = 10, "'p < 0.001; 1 = 6 mice per group.

D Quantification of NLR family pyrin domain containing 3 (NLRP3), nuclear factor
kappa-B (NF-kB), and IL-18 protein levels by Western Blot. NLRP3: t = 3.648,
df=10, "p = 0.0045; NF-xB: t = 6.624, df = 10, " p < 0.001; IL-1p: ¢ = 8.790, df = 10,
""p <0.001; n = 6 mice per group. E-G Western Blot analysis for phosphorylated
IRS (Ser1101, Ser612/636), total IRS, phosphorylated PI3K (p55-Y199), total PI3K,
phosphorylated AKT (Ser473), total AKT, phosphorylated GSK3 (Ser9), and total
GSK38 in the hippocampus. p-IRS-1(Ser1101)/IRS: ¢ = 4.058, df= 10, "p = 0.0023;
p-IRS-1(Ser612/636)/IRS: t = 3.849, df = 10, *Xp =0.0032; p-PI3K/PI3K: t = 5.896,

df=10, ""p <0.001; p-AKT(Ser473)/AKT: t = 4.377, df= 10, "p = 0.0014; p-
GSK3p(Ser9)/GSK3p: t =4.930, df= 10, ""p < 0.001; n = 6 mice per group.

H Quantification of amyloid precursor protein (APP) and beta-site APP cleaving
enzyme 1 (BACE1) protein levels by Western Blot. APP: ¢t =5.761, df = 10,
""p<0.001; BACEL: t=5.139, df= 10, "p < 0.001; 2 = 6 mice per group.

I, J Quantification of hippocampal APp42 (I) and AB40 (J) levels by ELISA. Ap42:
t=2.149, df = 10, p = 0.057; AB40: t = 2.967, df = 10, 'p = 0.0141; = 6 mice per
group. K AP42/AB40 ratio. ¢ =4.142, df = 10, "p = 0.0020; 1 = 6 mice per group.

L Quantification of phosphorylated Tau (p-Tau; Ser396) /total Tau ratio by Western
Blot. t = 4.540, df = 10, “p = 0.0011; # = 6 mice per group. M Representative images
of APP, BACE], and p-Tau by immunohistochemistry. Scale bar, 200 pm, 100 um.
N Histochemistry score (H-Score) of APP, BACEL, and p-Tau. APP: ¢ =5.130,
df=6, "p=0.0022; BACEL: t = 2.795, df =6, 'p = 0.0314; p-Tau: t =2.917, df = 6,
"p=0.0267; n = 4 mice per group. Error bars represent the SEM. Statistical com-
parisons were performed using unpaired two-tailed Student’s t-test; 'p < 0.05,
"p<0.01, p<0.001. WT wild-type, Hmgcs2 3-hydroxy-3-methylglutaryl-CoA
synthase 2.

These results highlight that BHB alleviates HFD-induced hippocampal
neuronal damage and loss.

BHB alleviates HFD-induced hippocampal inflammation

Our previous study showed that Hmges2 deficiency exacerbates HFD-
induced hippocampal inflammation (Fig. 2A-C). To further investigate
hippocampal immune responses, we performed double immuno-
fluorescence labeling for glial fibrillary acidic protein (GFAP; a reactive
astrocyte marker) and ionized calcium-binding adapter molecule 1 (IBA1;a
microglial activation marker). Compared to controls, HFD-fed mice dis-
played a significant increase in hippocampal GFAP-positive cells, and a
non-significant increase in IBA1-positive cells (Fig. 4D-F). BHB treatment
reduced the number of GFAP- and IBA1-positive cells, suggesting that BHB
suppresses astrocyte and microglial activation. Activated microglia release
potent pro-inflammatory cytokines such as IL-1p, COX-2, and iNOS.
Consistent with this, immunofluorescence and Western Blot analysis
revealed that the protein levels of IL-1B, iNOS, and COX-2 were elevated in
the hippocampus of HFD-fed mice. Following treatment with BHB, these
levels were significantly reduced (Fig. 5A-C and Supplementary Fig. 3B).
These findings demonstrate that BHB alleviates HFD-induced hippocampal
neuroinflammation.

BHB alleviates HFD-induced hippocampal insulin resistance
Compared to control mice, HFD-fed mice showed significantly increased
phosphorylation of IRS-1 at Ser612/Ser636 and Ser1101 in the hippo-
campus, indicating IRS-1 inactivation under HFD conditions, an effect that
was reversed by BHB treatment (Fig. 5D, E). To further evaluate hippo-
campal insulin sensitivity, we assessed the phosphorylation status of PI3K/
AKT and its downstream target, GSK3p, following insulin stimulation.
HFD-fed mice exhibited elevated baseline phosphorylation of PI3K, AKT,
and GSK3p in the hippocampus, which was suppressed by BHB treatment
(Fig. 5D, F). These results suggest that BHB improves HFD-induced hip-
pocampal insulin resistance.

BHB inhibits HFD-induced hippocampal Ap formation and tau
phosphorylation

BHB significantly reduced the protein expression of APP and BACE1 in the
hippocampus of MASLD mice (Fig. 6A, B), along with a notable decrease in
AP42 levels (Fig. 6C), a key pathological hallmark of AD. BHB had no
significant effect on AP40 levels (Fig. 6D). However, it showed a non-
significant trend toward reducing the AP42/AP40 ratio (p=0.0948)
(Fig. 6E). Western Blot analysis revealed that BHB inhibited HFD-induced
p-Tau in the hippocampus (Fig. 6F, G). Meanwhile, immunohistochemical
analysis also revealed that BHB significantly reduced the levels of APP,
BACEL, and p-Tau in the hippocampus of HFD-fed mice (Fig. 6H, I). These
findings demonstrate that BHB mitigates the neurotoxic effects of AP
and p-Tau.

Discussion

In this study, we established a MASLD mouse model by feeding mice an
HED for 20 weeks. Cognitive function was assessed using the Y-maze, NOR,
and MWM tests. Our findings showed that Hmgcs2 deficiency exacerbated
HFD-induced systemic glucolipid dysregulation, insulin resistance, and
cognitive dysfunction. However, supplementation with the metabolic pro-
duct BHB significantly alleviated these pathological features in MASLD
mice, primarily by reducing hippocampal inflammation, improving insulin
sensitivity, and inhibiting the formation of AP and p-Tau (Fig. 7).

In hepatic mitochondria, acetyl-CoA undergoes reactions catalyzed by
HMGCS2, leading to the production of ketone bodies, such as acetoacetic
acid, acetone, and BHB*. These ketones are used as alternative energy
sources, especially by the brain'®. The brain, being insulin-sensitive, needs
proper insulin signaling for normal function. Insulin resistance is linked to
metabolic diseases and AD**, and impaired signaling worsens AD’s key
features, Tau hyperphosphorylation and A accumulation. Notably, BHB
acts as an insulin sensitizer and plays a critical role in metabolic disorders
like MASLD and type 2 diabetes”**. We found that long-term HFD feeding
specifically affects systemic glucose metabolism and leads to significant
peripheral insulin resistance. This phenomenon is exacerbated by Hmgcs2
KO and ameliorated by exogenous BHB supplementation. Unsurprisingly,
HED feeding also results in the disruption of the insulin-dependent IRS1-
PI3k-AKT-GSK3p signaling pathway in the hippocampus. PI3K, AKT, and
GSK3p, which are key kinases in the insulin signaling pathway, remained
persistently in a marginally hyperphosphorylated state after HFD feeding
and lost their responsiveness to insulin. Notably, as a central node in cellular
signal transduction, GSK3p dysfunction triggers multiple pathological
processes in the neurodegenerative brain, including cholinergic neuron and
synaptic loss, AP deposition, hyperphosphorylation of tau protein, and
neuroinflammation'*”. In this study, BHB administration reduced serum
insulin levels, improved glucose disposal in mice, and restored the IRS1-
PI3K-AKT-GSK3p signaling pathway. These results show that BHB alle-
viated HFD-induced cognitive dysfunction by enhancing hippocampal
insulin sensitivity.

Impaired insulin signaling is a key contributor to the two core
pathological features of AD: tau hyperphosphorylation and AP accumula-
tion. Regarding tau pathology, we found that the HFD induced tau phos-
phorylation specifically at the Ser396 residue, a canonical AD epitope whose
pathological relevance is well-established”. This modification was
mechanistically linked to the activation of GSK-3f, the primary kinase
responsible for this site’". These results suggest that HFD may contribute to
AD pathogenesis by triggering early-stage disease mechanisms. The
administration of BHB effectively suppressed GSK-3f activity, thereby
reducing this specific pathogenic tau phosphorylation and disrupting a
critical cascade leading to neurodegeneration. Furthermore, the selective
reduction of AP42—without proportional effects on AP40—suggests a
potential mechanism involving enhanced y-secretase processivity’>”. This
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Fig. 3 | BHB ameliorates HFD-induced systemic glucose/lipid metabolic dis-
turbances, insulin resistance, and cognitive dysfunction in mice. A, B OGTT
curves and the quantification of the area under the curve (AUC). 0 min: F (2,

Hhk

21) =37.84,ND vs HFD: * p < 0.001, HFD vs HFD + BHB: “p =0.0451; 30 min: F
(2,21) =7.175,ND vs HFD: **p =0.0031, HED vs HEFD + BHB: p = 0.0949; 60 min: F

(2,21) = 9.434, ND vs HFD: "'p < 0.001, HED vs HFD + BHB: p = 0.0610; 120 min:
F (2,21) = 18.66, ND vs HFD: ""p < 0.001, HFD vs HFD + BHB: *p = 0.0410;
180 min: F (2, 21) = 13.31, ND vs HED: ""p < 0.001, HFD vs HFD + BHB:

Ak

p=0.1243; AUC: F (2, 21) = 19.16, ND vs HED: *"p < 0.001, HFD vs HFD + BHB:
“p=0.0180; n = 8 mice per group. C Fasting serum insulin levels. F (2, 18) = 10.88,
ND vs HED: "p < 0.001, HFED vs HED + BHB: p = 0.0438; n = 7 mice per group.
D FBG levels. F (2, 33) = 10.03, ND vs HED: “p = 0.0015, HFD vs HFD + BHB:

“p=0.0012; n = 12 mice per group. E Serum total cholesterol (TC) levels. F (2,

ok Ak

21) =50.38, ND vs HFD:  p <0.001, HFD vs HFD + BHB:  p <0.001; n = 8 mice
per group. F Representative H&E and Oil Red O staining of liver tissue. n =5 mice
per group. Scale bar, 100 um. G Representative swimming paths in the Morris water-
maze (MWM) test. H Platform crossings in the MWM test. F (2, 18) = 15.48, ND vs
HFD: “p =0.0021, HFD vs HFD + BHB: ""p < 0.001; = 7 mice per group.

I Spontaneous alternation percentage in the Y-Maze test. F (2, 21) = 8.838, ND vs
HED: ‘p=0.0151, HFD vs HED + BHB: "p = 0.0017; n = 8 mice per group. J Novel
object exploration time in the novel object recognition test. F (2, 21) = 6.404, ND vs
HFD: p=0.0632, HFD vs HFD + BHB: **p =0.0058; n =8 mice per group. Error
bars represent the SEM. Statistical comparisons were performed using One-way
ANOVA with Tukey’s post hoc test; p < 0.05, "p < 0.01, p < 0.001. ND normal
diet, BHB p-hydroxybutyrate, HFD high-fat diet.

shift in cleavage preference toward shorter, less amyloidogenic AP species
(e.g., AB38 and AP40) would effectively lower the AB42/AB40 ratio, a key
AD pathological hallmark, and aligns with the action of known y-secretase
modulators™". Certainly, this is merely an experimental hypothesis, and
further experiments are required for its verification.

Inflammation is a key pathological link connecting MASLD and
cognitive impairment™. Chronic low-grade inflammation is a characteristic
feature of MASLD pathogenesis, with inflammation initially confined to the
liver. Pro-inflammatory cytokines (e.g., IL-6, IL-1p, and TNF-a) released by
the liver trigger systemic inflammation, disrupt the blood-brain barrier, and
activate microglia and astrocytes in the central nervous system™. Activated

glial cells amplify neuroinflammation by increasing the expression of COX-
2 and iNOS while releasing additional cytokines (e.g., IL-6,IL-1B, and TNF-
a)”. This forms a self-perpetuating vicious cycle of persistent glial cell
activation and escalating neuroinflammation. Enhanced neuroinflamma-
tion promotes serine phosphorylation of IRS-1 and impairs insulin signaling
in the hippocampus™. Additionally, persistent glial cell-mediated neuroin-
flammation exacerbates oxidative stress through multiple mechanisms™*,
and these mechanisms collectively contribute to a neurotoxic environment
that promotes AP formation and tau hyperphosphorylation. In this study,
BHB treatment significantly reduced the reactive upregulation of HFD-
induced glial cells and simultaneously decreased the levels of iNOS, COX-2,
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Fig. 4 | BHB ameliorates HFD-induced hippocampal neuronal damage and
neuroinflammation in mice. A Representative diagram of Nissl staining. Scale bar,
50 um. B, C Neuronal density in hippocampal cornu ammonis (CA)1, CA2, CA3,
and dentate gyrus (DG) regions. CAl: F (2, 11) = 24.60, ND vs HFD: Mp <0.001,
HFD vs HFD + BHB: "p = 0.0016; CA2: F (2, 11) = 26.95, ND vs HFD: "'p < 0.001,
HFD vs HFD + BHB: "'p < 0.001; CA3: F (2, 11) = 7.444, ND vs HFD: 'p =0.0110,
HFD vs HFD + BHB: p =0.0426; DG: F (2, 11) = 0.7730, ND vs HFD: p = 0.8086,
HFD vs HED + BHB: p = 0.7956; n = 5 mice for ND and HFD group, n = 4 mice for
HFD + BHB group. D Representative immunofluorescence images of glial fibrillary
acidic protein (GFAP; green) and ionized calcium-binding adapter molecule 1
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(IBAL; red) in the hippocampus of mice. Scale bar, 200 um, 50 pm. E, F Mean
fluorescence intensity of GFAP and IBA1. GFAP: F (2, 6) = 24.52, ND vs HFD:
"'p=0.0010, HFD vs HFD + BHB: 'p = 0.0465; IBA1: F (2, 6) = 4.886, ND vs HFD:
p=0.0558, HFD vs HFD + BHB: p = 0.1304; n = 3 mice per group. The red arrows
indicate nuclear pyknosis (condensed chromatin) and morphological alterations;
yellow arrows denote neuronal loss and disorganized cellular arrangement. Error
bars represent the SEM. Statistical comparisons were performed using One-way
ANOVA with Tukey’s post hoc test; p < 0.05, "p <0.01, ""p <0.001. BHB p-
hydroxybutyrate, HFD high-fat diet, ND normal diet.

and IL-1f, thereby protecting the hippocampal region of HFD-fed mice
from inflammatory damage. Mechanistically, BHB primarily reduces the
release of pro-inflammatory cytokines by inhibiting the activity of the
NLRP3 inflammasome and regulating epigenetic modifications*"*’. This
explains the observed resolution of neuroinflammation in this study.

The exact cause of MASLD is not fully understood, but recent studies
suggest that impaired ketogenesis may play a key role. Research shows that
disrupted ketone production speeds up MASLD progression***. Notably,
patients with metabolic dysfunction-associated steatohepatitis have lower
Hmgcs2 expression compared to those with MASLD*. Additionally, both
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Fig. 5 | BHB ameliorates HFD-induced hippocampal neuroinflammation and
insulin resistance in mice. A Representative immunofluorescence images of
inducible nitric oxide synthase (iNOS; green), COX-2 (yellow), and Interleukin-1p
(IL-1B; red) in the hippocampus of mice. Scale bar, 200 um, 50 pm. B Mean fluor-
escence intensity of iNOS, COX-2, and IL-1B. iNOS: F (2, 9) = 8.109, ND vs HFD:
*p =0.0120, HFD vs HED + BHB: *p =0.0266; COX-2: F (2,9) =4.509, ND vs HED:
p=0.1060, HFD vs HFD + BHB: ‘p = 0.0480; IL-1B: F (2, 9) = 10.36, ND vs HFD:
“p=0.0058, HFD vs HFD + BHB: p = 0.0143; = 4 mice per group.

C Quantification of iNOS, COX-2, and IL-1 protein levels by Western Blot. iNOS: F
(2,15) =19.54, ND vs HFD: "'p < 0.001, HFD vs HFD + BHB: ~"p < 0.001; COX-2:
F(2,15) =21.49,ND vs HFD: ""p < 0.001, HFD vs HFD + BHB: ""p < 0.001; IL-1:
F (2, 15) = 11.72,ND vs HED: “'p = 0.0012, HFD vs HED -+ BHB: “'p = 0.0042; n = 6
mice per group. D-F Western Blot analysis for phosphorylated IRS (Ser1101,

Ser612/636), total IRS, phosphorylated PI3K (p55-Y199), total PI3K, phosphory-
lated AKT (Ser473), total AKT, phosphorylated GSK3 (Ser9), and total GSK3p in
the hippocampus. p-IRS-1(Ser1101)/IRS: F (2, 15) = 26.13, ND vs HED: ""'p < 0.001,
HFD vs HFD + BHB: ~'p < 0.001; p-IRS-1(Ser612/636)/IRS: F (2, 15) = 20.26, ND
vs HED: ""p < 0.001, HFD vs HFD + BHB: ""p < 0.001; p-PI3K/PI3K: F (2,

15) = 24.19, ND vs HFD: ""p < 0.001, HFD vs HFD 4 BHB: ""p < 0.001; p-AKT(-
Ser473)/AKT: F (2, 15) = 34.37, ND vs HFD: """p < 0.001, HFD vs HED + BHB:
""p <0.001; p-GSK3p(Ser9)/GSK3p: F (2, 15) = 11.52, ND vs HED: ~p = 0.0015,
HFED vs HED + BHB: “'p = 0.0037; 1 = 6 mice per group. Error bars represent the
SEM. Statistical comparisons were performed using One-way ANOVA with Tukey’s
post hoc test; 'p <0.05, "p<0.01,"p < 0.001. BHB p-hydroxybutyrate, HFD high-

fat diet, ND normal diet.

MASLD patients and rodent models have reduced BHB levels'”"”. BHB, a
water-soluble ketone, can cross the blood-brain barrier and provide energy
to the brain during low-glucose conditions™. Studies have shown BHB’s
potential to improve cognitive function through various mechanisms™*"*.

The HMGCS2-BHB axis serves as a potential bridge linking MASLD and

cognitive dysfunction. In this study, compared to the WT MASLD mice,
Hmges2 KO mice exhibited a significant metabolic dysregulation pheno-
type, characterized by elevated serum TG and cholesterol levels, exacerbated
hepatic lipid accumulation, and impaired glucose tolerance. Additionally,
Hmgces2 KO mice displayed increased circulating insulin levels and reduced
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Fig. 6 | BHB ameliorates HFD-induced hippocampal neurotoxicity. A, B Western
Blot analysis for APP and BACE1. APP: F (2, 15) = 16.04, ND vs HFD: "'p < 0.001,
HFD vs HFD + BHB: ~'p < 0.001; BACEL: F (2, 15) = 17.26, ND vs HFD:
™'p<0.001, HFD vs HED + BHB: ""p < 0.001; 2 = 6 mice per group.

C, D Quantification of hippocampal AB42 (C) and AB40 (D) levels by ELISA. Ap42:
F(2,15) = 15.46, ND vs HFD: "'p < 0.001, HED vs HFD + BHB: "'p = 0.0025; AB40:
F (2, 15) = 0.5499, ND vs HFD: p = 0.6372, HFD vs HFD + BHB: p =0.9997; n =6
mice per group. E AB42/AB40 ratio. F (2, 15) = 3.006, ND vs HFD: p = 0.1543, HFD
vs HFD + BHB: p = 0.0948; n = 6 mice per group. F, G Western Blot analysis for

phosphorylated Tau (p-Tau; Ser396) and total Tau. F (2, 15) = 5.500, ND vs HFD:

“p=0.0224, HED vs HED + BHB: "p = 0.0406; n = 6 mice per group.

H Representative images of APP, BACEL, and p-Tau by immunohistochemistry.
Scale bar, 200 pm, 100 pm. I Histochemistry score (H-Score) of APP, BACEI, and
p-Tau. APP: F (2, 9) = 11.20, ND vs HFD: "'p = 0.0032, HFD vs HFD + BHB:

*p =0.0272; BACEIL: F(2,9) = 15.90, ND vs HFD: Hp =0.0010, HFD vs HFD + BHB:
"p=0.0119; p-Tau: F (2, 9) = 19.38, ND vs HFD: "p < 0.001, HFD vs HFD + BHB:
"p=0.0104; n = 4 mice per group. Error bars represent the SEM. Statistical com-
parisons were performed using One-way ANOVA with Tukey’s post hoc test;
'p<0.05, "p<0.01, "p<0.001. BHB B-hydroxybutyrate, HFD high-fat diet, ND
normal diet.

BHB levels. Cognitive behavioral tests confirmed a more pronounced
decline in cognitive function in Hmgcs2 KO MASLD mice. Conversely,
exogenous BHB supplementation significantly improved disorders of glu-
cose and lipid metabolism and cognitive dysfunction in MASLD mice.
These data further confirm that the HMGCS2-BHB axis is a central med-
iator linking liver metabolic dysfunction to neurodegeneration in MASLD.

Despite the promising insights into the HMGCS2-BHB axis, our study
has several limitations that guide future research. A primary gap is the lack of
a BHB rescue experiment in Hmgcs2 KO mice, which we identify as a
foremost priority for future work. Furthermore, our therapeutic interven-
tion requires optimization; we did not measure BHB concentrations, pre-
cluding a direct comparison with physiological ketosis achieved via dietary

interventions, while the dose-response relationship and long-term safety of
supplementation remain undefined. The translational relevance is also
constrained by our use of only male mice and the inherent limitations of the
HFD model in fully recapitulating human disease complexity. Future stu-
dies should also investigate the potential contributions of other ketone
bodies, such as acetoacetate. Addressing these points and ultimately vali-
dating our findings in human clinical trials will be crucial steps toward
establishing BHB as a viable therapy for cognitive decline associated with
metabolic disorders.

In conclusion, our findings suggest that Hmgcs2 deficiency and
decreased circulating BHB levels may represent a shared pathological basis
for MASLD and its associated cognitive dysfunction. As a key metabolic

Communications Biology | (2026)9:235


www.nature.com/commsbio

https://doi.org/10.1038/s42003-026-09513-1

Article

ance

\nsulin resist p-Taug ‘

w;p-ésmpf—» AR

Cognitive impairment

Netiroinflammation

Systemic inflammation

MASLD

Fig. 7 | The role and mechanisms of HMGCS2 and BHB in MASLD-induced
cognitive impairment. Initially, during the progression of MASLD, the down-
regulation of hepatic 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2)
expression leads to reduced circulating BHB levels. By inducing hippocampal insulin
resistance and neuroinflammatory responses, this metabolic disturbance subse-
quently promotes the pathological deposition of Ap and phosphorylated Tau (p-
Tau), ultimately resulting in cognitive impairment.

regulator, BHB emerges as a promising therapeutic target for MASLD-
related cognitive impairment. The neuroprotective mechanisms likely
involve reducing peripheral and central insulin resistance and modulating
neuroinflammatory pathways to offer cerebroprotective effects.

Materials and methods

Materials and reagents

The assay kits for total cholesterol (TC, #A111-1-1) and TG (#A110-1-1)
were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). The AP40 (#AF43246-A), AP42 (#AF43247-A), and insulin
(#AF2579-A) ELISA kits were purchased from Aifang Biological Co., Ltd.
(Changsha, China). The BHB (#RX]J99926) ELISA kit was purchased from
Ruixin Biotech Co., Ltd. (Quanzhou, China). Sodium 3-hydroxybutyrate
(#S27521) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd.
(Shanghai, China). The HFD formulated with 60% fat, 20% protein, and
20% carbohydrate was procured from Research Diets, Inc. (#D12492, New
Brunswick, NJ, USA). Other reagents were obtained from Servicebio
(Wuhan, China). The details of antibodies are shown in Supplementary
Table 1.

Animals and model establishment

Hmges2 KO mice were generated by intercrossing heterozygous breeders
(Strain ID: T004234; Strain Type: Cas9; Genetic Background: C57BL/6]Gpt;
GemPharmatech Co., Ltd., Nanjing, China). Genotypes were confirmed
through PCR-based tail DNA analysis and Western blotting to verify pro-
tein depletion (Supplementary Fig. 4A, B). Age-matched male Hmgcs2 KO
mice (n = 12) and wild-type (WT) littermate controls (8 weeks old, n = 12)
were subjected to a 20-week HFD regimen under standardized housing
conditions. Male C57BL/6] mice (6 weeks old) were purchased from
GemPharmatech Co., Ltd. (Nanjing, China) and housed under specific
pathogen-free conditions with a 12-h light/dark cycle. After a 1-week
acclimatization period, the mice were randomly assigned to two groups:
normal diet (ND, n = 12) and HFD (n = 24). The mice were fed an HFD for a
total of 20 weeks. After 8 weeks of HFD feeding, the HFD-fed mice were
further divided into two subgroups: the BHB treatment group (BHB +
HFD, n=12) and the HFD control group (n=12). Based on literature
evidence’”’, mice in the BHB + HFD group were administered sodium
3-hydroxybutyrate (BHB) via intraperitoneal injection at a dose of 500 mg/
kg body weight daily for 12 weeks, while the HFD control group received an
equivalent volume of sterile phosphate-buffered saline (PBS).

At the conclusion of the study, mice were anesthetized with isoflurane
ata flow rate of 300-500 ml/min. Euthanasia was then performed by cardiac
puncture for blood collection. Subsequently, cardiac perfusion was per-
formed. For tissues intended for biochemical or molecular analysis, mice

were perfused with cold PBS to clear the blood, after which the liver and
brain tissues were harvested. For mice designated for histopathological
examination, following the PBS perfusion, a subsequent perfusion with 4%
paraformaldehyde was conducted for tissue fixation. We have complied
with all relevant ethical regulations for animal use. The detailed protocols
were approved by the Ethics Committee of Nanjing University of Chinese
Medicine (approval no. 202211A037).

OGTT

After a 12-h fasting period with free access to water, mice were administered an
oral gavage of glucose (2.0 g/kg body weight, dissolved in sterile PBS). Blood
samples were carefully collected via tail vein puncture at baseline (0 min) and
at 30, 60, 120, and 180 min post-gavage using a glucometer. The area under the
curve of the OGTT was then calculated based on the collected data.

MWM test

The MWM test was conducted to assess spatial learning and memory in
mice, following established protocols'. A circular pool (100 cm in diameter,
with water temperature maintained at 23 + 1 °C) was divided into four
quadrants, with a hidden platform (10 cm in diameter) placed 30 cm from
the wall in quadrant IV. The experimental phases included: 1) visible
platform training (Day 1, visual cue orientation); 2) hidden platform
acquisition (Days 2-5, 4 trials per day with 30-min inter-trial intervals); and
3) probe trial (Day 6, platform removed). Each trial ended when the mouse
mounted the platform ( = 3 s retention) or after 60 s, with guided platform
exposure for 10 s if the mouse failed to find the platform. Spatial memory
was quantified by the time spent in the target quadrant, the frequency of
platform crossings, and path efficiency.

NOR test

The NOR test was used to assess episodic memory in mice, utilizing their
natural inclination to explore novel objects. The apparatus consisted of a
white polyvinyl open-field arena (40 x 40 x 40 cm) with three objects: two
identical red cuboids (familiar objects, 10 cm in height) and a green poly-
gonal prism (novel object, height-matched to the cuboids). The protocol
involved three phases: (1) Habituation (Day 1: 5 min of free exploration); (2)
familiarization (Day 2: 10 min of exposure to two identical objects posi-
tioned 7 cm from the walls); and (3) testing (Day 3: 5 min of exploration
with one novel and one familiar object). Inter-trial cleaning with 75%
ethanol was strictly performed. Exploration time spent by the mice with the
familiar and novel objects was recorded and analyzed statistically.

Y-maze spontaneous alternation test

The Y-maze test was used to assess spatial working memory in mice. The
maze consisted of three identical arms (30 X 6 x 15 cm) radiating at 120°
from a central area. Mice were placed in the central zone and allowed to
explore freely for 8 min. Arm entries were recorded using video analysis. A
valid alternation was defined as three consecutive entries into different arms,
with the maximum possible alternations calculated as (total arm entries —
2). The alternation rate was expressed as a percentage, calculated using the
formula: (actual alternations/maximum possible alternations) x 100.

ELISA measurements and biochemical assays

Serum levels of TG, TC, Insulin, and BHB were measured using commercial
detection kits following the manufacturer’s protocols. Hippocampal tissues
were homogenized in ice-cold PBS at a 10% (w/v) ratio using a motor-driven
homogenizer. The homogenates were centrifuged at 12,000 rpm for 10 min
at 4 °C. The resulting supernatant was collected for subsequent analysis of
AP40 and AB42 levels.

Histological analysis

Coronal paraffin-embedded liver sections (4 um thick) were stained with
H&E for morphological evaluation. The severity of non-alcoholic steato-
hepatitis was scored using the NAS, which encompasses steatosis (0-3),
lobular inflammation (0-3), and hepatocellular ballooning (0-2). To
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quantify lipid deposition, fresh liver tissue embedded in optimal cutting
temperature compound was cryosectioned at 8 um and stained with Oil Red
O. Liver fibrosis was assessed via Sirius Red staining. The fibrosis stage was
scored on a scale of 0-4. Images were captured, and the percentage of Oil
Red O-positive area was quantified using Image]J software.

For neuronal integrity assessment, paraffin-embedded brain sections
(5 pm thick) were subjected to Nissl staining with 0.1% cresyl violet. The
number of surviving, morphologically intact neurons in the hippocampal
CAl, CA2, CA3, and dentate gyrus (DG) regions was quantified. Addi-
tionally, brain sections stained with H&E were used for general morpho-
logical assessment to evaluate the overall structural integrity of the neural
tissue. All evaluations, including scoring and counting, were carried out
under blinded conditions by independent peers.

Immunofluorescence

For immunofluorescence staining, serial coronal brain sections were incu-
bated with primary antibodies. This was followed by incubation with
species-matched secondary antibodies. Nuclei were counterstained with
4’,6-diamidino-2-phenylindole (Sigma- Aldrich, #D9542) for 5 min at room
temperature. Following image acquisition with a fluorescence microscope at
10x magnification, the mean fluorescence intensity for each slide was
quantified using Image] software. The antibodies used are detailed in
Supplementary Table 1.

Immunohistochemistry

Paraffin-embedded mouse brain sections were subjected to immunohisto-
chemical staining. Endogenous peroxidase activity was blocked by incu-
bation in 3% H,O, at 37 °C for 25 min. Antigen retrieval was subsequently
performed using microwave irradiation. Sections were then blocked with
3% bovine serum albumin for 30 min. Primary antibodies were applied to
detect target protein expression, with antibody dilutions detailed in Sup-
plementary Table 1. After incubation with HRP-conjugated secondary
antibodies, signal visualization was achieved using 3,3’-diaminobenzidine.
Finally, sections were counterstained with hematoxylin, dehydrated,
cleared, and mounted with a coverslip for bright-field microscopy obser-
vation. The Histochemistry score (H-Score) was calculated using the Sai-
viewer software. For each slide, five fields of view were selected from
corresponding regions at 10x magnification. The H-Score is a semi-
quantitative histological scoring method that converts the percentage of
positive cells and their staining intensity into a single numerical value,
enabling a comprehensive assessment of both staining intensity and
prevalence.

Western blot analysis

Liver and hippocampal tissues were homogenized in RIPA lysis buffer
supplemented with PMSF. Protein concentrations were measured using a
BCA assay. The lysates were separated on SDS-PAGE gels, transferred to
PVDF membranes, and blocked with a quick-sealing solution for 30 min at
room temperature. The membranes were incubated with primary anti-
bodies overnight at 4 °C, with antibody dilutions detailed in Supplementary
Table 1. Following washing, the membranes were incubated with HRP-
conjugated secondary antibodies for 1 h and visualized using ECL reagents
(Biosharp Life Sciences, #BL523A).

Statistics and reproducibility

Statistical processing was carried out via SPSS 26.0, and graph generation
was accomplished using GraphPad Prism 8.0. The unpaired Student’s ¢-test
was employed to evaluate the disparities between two groups, whereas one-
way analysis of variance (ANOVA) with Tukey’s post-hoc comparison was
utilized to assess the differences among multiple groups. A p-value < 0.05
was considered to indicate statistical significance. Data are presented as
mean + SEM, with all individual data points shown as dots. The ‘n’ in the
figure legend indicates the number of biological replicates from biologically
independent samples, and the specific number for each group is provided in
the corresponding legend.

Data availability

All data supporting the findings of this study are available within the paper
and its Supplementary Information. Uncropped and unedited blot images
are shown in Supplementary Figs. 5-11. Source data for the main figures are
provided in Supplementary Data File 1. Additional data are available from
the corresponding author upon request.

Code availability

This paper does not report any new generated original code.
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