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Hepatic AKAP1 deficiency exacerbates diet-
induced MASLD by enhancing GPATI-
mediated lysophosphatidic acid synthesis
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% Check for updates Metabolic dysfunction-associated steatotic liver disease (MASLD), closely

associated with obesity, can progress to metabolic dysfunction-associated
steatohepatitis when the liver undergoes overt inflammatory damage. A-kinase
anchoring protein 1 (AKAPI) has been shown to control lipid accumulation in
brown adipocytes. However, the role of AKAP1 signaling in hepatic lipid
metabolism and MASLD remains poorly understood. Here, we showed that
hepatocyte-specific AKAP1 deficiency exacerbated hepatic steatosis and stea-
tohepatitis in male mice subjected to a high-fat diet and fast-food diet,
respectively. Mechanistically, AKAP1 directly phosphorylated and inactivated
glycerol-3-phosphate acyltransferase 1 (GPAT1) in a PKA-dependent manner,
thus suppressing lysophosphatidic acid (LPA) production. Increased endo-
genous LPA in hepatocytes promoted hepatocellular triglyceride (TG) synth-
esis and initiated pronounced inflammatory response in Kupffer cells.
Restoring hepatic AKAP1 or repressing LPA levels via GPATI knockdown alle-
viated MASLD exacerbation. Overall, AKAP1 plays a protective role against
MASLD by inhibiting GPATI activity, highlighting the potential of targeting
AKAP1/PKA/GPATI signalosome for MASLD therapy.

Metabolic dysfunction-associated steatotic liver disease (MASLD), also
known as nonalcoholic fatty liver disease (NAFLD), is a prevalent
etiology of chronic hepatic disorders, encompassing a wide range of
manifestations from simple steatosis to metabolic dysfunction-
associated steatohepatitis (MASH) and cirrhosis. The prevalence of
MASLD is a significant public health concern in both developed and
developing countries, impacting approximately 25% of the global
population’. As of now, only resmetirom has been approved by the
FDA to treat MASH with moderate to advanced liver fibrosis. However,
the long-term efficacy and safety still require further evaluation

through clinical trials>’. The mechanisms underlying MASLD onset and
progression are still imperative to elucidate.

A primary driver of MASLD and MASH is the hepatic overload of
key metabolic substrates, carbohydrates and fatty acids (FA), leading
to accumulation of toxic lipid species. These lipotoxic lipids induce
hepatocellular stress, apoptosis and death, resulting in the develop-
ment of MASH characterized by hepatocellular injury, inflammation,
stellate cell activation, and progressive accumulation of excess extra-
cellular matrix*. Hepatic steatosis occurs when fatty acid oxidation
(FAO) and lipid export fail to offset the increased fatty acid uptake and
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synthesis. Therefore, clarifying the fates of FA in hepatocytes is crucial
for understanding the metabolic basis of MASH. In hepatocytes, the
increased FA need to be activated by the acyl-CoA synthetases (ACS) to
form acyl-CoAs and then undergo either [-oxidation or re-
esterification into glycerolipids and phospholipids. Glycerol-3-
phosphate acyltransferase 1 (GPAT1), a mitochondrial outer mem-
brane (OMM) protein encoded by GPAM, converts the newly formed
acyl-CoAs into lysophosphatidic acid (LPA) and prevents their con-
version to acyl-carnitines. Thus, it has been proposed that the GPAT1
might serve as a valve that diverts acyl-CoAs away from (3-oxidation
and toward triglyceride (TG) synthesis®®. Recent GWASs have also
demonstrated that loss of function variants in GPAM manifest a pro-
tective effect on the risk of MASLD in humans’™’. These studies have
illustrated the existence of a close relationship between GPAT1 and
MASLD development, and a better knowledge of the regulation factors
that control the activity of this enzyme may help the development of
potential therapeutic approaches for MASLD.

A-kinase anchoring protein 1 (AKAP1) serves as a scaffold protein
that recruits protein kinase A (PKA), along with other signaling pro-
teins and RNA, to the OMM". It integrates intercellular signal
transduction cascades to maintain mitochondrial networks and bioe-
nergetics, cellular calcium homeostasis, and viability". Therefore,
AKAP1 could promote the assembly of signalosomes on the OMM and
act as a central hub for mitochondrial signaling. Several studies using
AKAP1 knockout mice have elucidated the role of AKAP1 in supporting
cardiovascular, lung and neuronal cell survival in the stressful
environment'>"®>, We have previously reported that AKAPI1 represses [3-
oxidation in brown adipocytes and promotes diet-induced obesity™.
However, the role of AKAPI1 in the development MASLD and the
mechanisms by which AKAP1 regulates hepatic lipid metabolism
remain uncertain.

Here, we reported the surprising findings that AKAP1 had no
impact on FAO but significantly inhibited TG synthesis in hepatocytes
via phosphorylating and inactivating the key rate-limiting enzyme
GPATI in a PKA-dependent manner. Hepatocyte-specific AKAP1 defi-
ciency exacerbated hepatic steatohepatitis in a fast-food diet (FFD)-
induced mouse MASH model, while restoration of AKAPI in the liver
rescued the exacerbated MASH in hepatocyte-specific AKAP1 deficient
mice. Mechanistically, the LPA derived from GPAT1 served as a crucial
mediator in hepatic TG synthesis and liver inflammation in the
context of AKAP1 deficiency. These findings indicate that the
AKAP1 signalosome establishes a microdomain with elevated PKA
activity on the OMM, precisely governing the destiny of acyl-CoAs,
thereby regulating TG synthesis and liver inflammation.

Results

Hepatocyte-specific AKAP1 deficiency exacerbates HFD-induced
steatosis and FFD-induced MASH in mice

To investigate the specific role of hepatic AKAP1 in the pathogenesis of
MASLD, we employed a CRISPR-Cas9 approach combined with a Cre-
loxP recombination system to generate mice with conditional knock-
out of AKAP1 (AKAPI-Flox). Hepatocyte-specific AKAP1 knockout mice
(AKAP1-HKO) were generated by crossing albumin-cre transgenic and
AKAP1-Flox mice (Supplementary Fig. 1a). Western blotting demon-
strated that AKAP1 was successfully knocked out in liver tissue of
AKAP1-HKO mice compared to those of AKAPI-Flox mice, but not in
other tissues (Supplementary Fig. 1b). Upon NCD feeding, no sig-
nificant differences were observed between AKAP1-HKO and AKAPI-
Flox mice. As lipotoxicity is the leading cause of MASLD initiation®, we
investigated the function of AKAP1 in a mouse MASLD model based on
24 weeks of HFD feeding. Prolonged HFD resulted in increases in body
weight, blood glucose levels, insulin resistance, serum TG and TC
levels, metabolic tissues weight (adipose tissue mass, heart weight and
liver weight) (Supplementary Figs. 2a-d and 3a, b). However, AKAPI-
HKO mice showed elevated serum TG levels and increased liver

weights (Supplementary Fig. 2c-e) compared to AKAP1-Flox mice
upon HFD feeding. H&E staining (Supplementary Fig. 2f), Oil Red O
staining (Supplementary Fig. 2g) and measurements of liver TG and TC
contents (Supplementary Fig. 2h) revealed that AKAP1-HKO mice
exhibited accelerated hepatic steatosis in response to HFD feeding.
Furthermore, HFD-induced serum ALT and AST levels were further
increased in AKAP1-HKO mice (Supplementary Fig. 2i). These findings
reveal that AKAPI genetic deletion aggravates HFD-induced hepatic
steatosis and hepatocellular injury.

Given that MASH is the advanced stage of MASLD*, we also
examined the effect of hepatocyte AKAP1 disruption on the MASH
progression caused by a prolonged fast-food diet (FFD, a western diet
plus a total of 42 g/L of carbohydrate mixed in drinking water at a ratio
of 45% glucose and 55% fructose)™. After 16 weeks of FFD feeding, both
AKAP1-Flox mice and AKAP1-HKO mice exhibited similar increases in
body weight, blood glucose levels, insulin resistance, serum TG and TC
levels, heart weight, kidney weight and adipose tissue mass (Fig. 1a-d
and Supplementary Fig. 3c, d). Furthermore, AKAPI-Flox mice devel-
oped MASH in a similar pattern to that observed in humans, showing
increased liver weight (Fig. 1d, e), NAFLD activity scores (NAS, histo-
logical scoring of steatosis, lobular inflammation, and ballooning)
(Fig. 1f), Oil Red O positive area (Fig. 1g), fibrosis severity scores
(Fig. 1h) and hepatic inflammation (Fig. 1i) with concomitant obesity as
well as dyslipidemia and insulin resistance. More severe hepatic stea-
tosis (Fig. 1f) and increased hepatic lipid content (Fig. 1j, k) were
observed in the livers of FFD-fed AKAP1-HKO mice compared to those
in FFD-fed AKAP1-Flox mice. Moreover, the hepatic lipid accumulation
was more pronounced in FFD-fed AKAP1-HKO mice than that in the
HFD-fed AKAP1-HKO mice (Fig. 1j, k and Supplementary Fig. 2h). Fur-
thermore, after FFD feeding, AKAP1-HKO mice developed markedly
aggravated fibrosis, as indicated by increased fibrosis severity scores
(Fig. 1h) and a-SMA (a marker of HSC activation)-positive regions
(Supplementary Fig. 3f). Consistently, AKAP1-HKO mice presented
remarkably accelerated hepatic inflammation, as indicated by the
evident infiltration of F4/80-positive inflammatory cells compared
with the AKAP1-Flox mice after FFD feeding (Fig. 1i). RT-qPCR results
further revealed that the expression of genes associated with fibrosis
(Collal, Col3al, Tgfb and a-Sma) and inflammation (/l1b, /l6, Tnfa and
Mcpl) was significantly elevated in the liver of AKAP1-HKO mice com-
pared with AKAP1-Flox mice after FFD feeding (Supplementary
Fig. 3e, g). In addition, AKAP1-HKO mice exhibited higher serum ALT
and AST levels compared to the AKAP1-Flox mice after FFD feeding
(Fig. 1, m). Collectively, these findings indicate that hepatocyte-
specific AKAP1 deficiency has minimal effect on whole-body metabo-
lism but lead to more severe MASH phenotypes following FFD feeding.

Restoration of hepatic AKAP1 expression rescues the exacer-
bated MASH in AKAP1-HKO mice

To further confirm the correlation of hepatic AKAP1 expression with
MASH progression, we generated an AKAP1 expression vector using
adeno-associated virus (AAV) type 8 (AAV8-AKAP1). AKAP1-Flox mice
and AKAPI-HKO mice (8 weeks of age) were fed on FFD for 4 weeks,
followed by intravenous tail injection of AAV8-AKAPI1 to specifically
overexpress and restore liver AKAPL levels, respectively. After an
additional 12 weeks of FFD feeding, mice were euthanized and ana-
lyzed (Fig. 2a). Western blotting demonstrated that tail vein injection
of AAV8-AKAP1 successfully upregulated AKAP1 expression in the
livers, but not in other tissues (Fig. 2b, Supplementary Fig. 4). There
were no significant differences in body weight, serum TG and TC levels
among the four groups (Fig. 2¢, d). In AKAPI-HKO mice, AKAP1
restoration significantly alleviated FFD-induced hepatic steatosis, as
evidenced by decreased liver weight (Fig. 2e), NAFLD activity scores
(NAS) (Fig. 2f), Oil Red O positive staining (Fig. 2g) and liver TG and TC
contents (Fig. 2j, k). Furthermore, fibrosis severity scores as evaluated
by Masson’s trichrome staining (Fig. 2h), inflammatory responses as
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Fig. 1| Hepatocyte-specific AKAP1 deficiency exacerbates FFD-induced MASH
in mice. AKAP1-Flox and AKAP1-HKO male mice were fed on NCD or FFD for

16 weeks. a Sequential changes in body weight. b Blood glucose levels. ¢ Serum TG
and TC levels. d Tissue weight. e Representative images of liver dissected from mice
in the indicated groups. Scale bar, 1 cm. f Representative H&E-staining images (left)
and NAFLD activity score (NAS) of each group (right). Scale bar, 50 um.

g Representative Oil Red O staining images (left) and quantification of the Oil Red O
positive area (right). Scale bar, 50 um. h Representative Masson’s Trichrome
staining images (left) and fibrosis score (right). Upper scale bar, 200 um; lower scale

Flox HKO Flox HKO

Flox HKO Flox HKO
NCD FFD NCD FFD

bar, 50 um. i Representative immunofluorescence staining images of F4/80 (left)
and quantification of the F4/80 positive cells (right). Scale bar, 50 um. j, k Liver TG
and TC levels. I, m Serum ALT and AST levels. For (a), (b) and (d), n=9 AKAP1-Flox
mice and n =8 AKAP1-HKO mice for the NCD group; n =12 AKAP1-Flox mice and
n=10 AKAP1-HKO mice for the FFD group. For (c) and (f-n), n = 6 mice per group.
Data were expressed as mean + SEM. Two-way repeated-measures ANOVA followed
by Bonferroni post hoc analysis for (a); one-way ANOVA with Bonferroni post hoc
analysis for (b-d, f-m). NCD, normal control diet, Source data are provided as
Source Data file.
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Fig. 2 | Restoration of hepatic AKAP1 expression rescues the exacerbated
MASH in AKAP1-HKO mice. a AKAP1-Flox mice and AKAP1-HKO mice (8 weeks of
age) were fed on FFD for 4 weeks, followed by intravenous tail injection of AAV8-
TBG-AKAP1 to specifically overexpress and restore liver AKAP1 levels, respectively.
After an additional 12 weeks of FFD feeding, mice were euthanized and analyzed.
b Western blotting analysis of AKAP1 protein expression. 3-actin was used as a
loading control. ¢ Body weight. d Serum TG and TC levels. e Liver weight.

f Representative H&E-staining images (left) and NAFLD activity score (NAS) of each
group (right). Scale bar, 50 um. g Representative Oil Red O staining images (left)

AAV8-AKAP1 - + - +

and quantification of the Oil Red O positive area (right). Scale bar, 50 um.

h Representative Masson’s Trichrome staining images (left) and fibrosis score
(right). Upper scale bar, 200 um; lower scale bar, 50 um. i Representative immu-
nohistochemical staining images of F4/80 (left) and quantification of the F4/80
positive area (right). Scale bar, 50 um. j, k Liver TG and TC levels. I, m Serum ALT
and AST levels. For (b), n =3 mice per group. For (c-m), n =8 mice per group. Data
were expressed as mean + SEM. One-way ANOVA with Bonferroni post hoc analysis
for all data. Source data are provided as Source Data file.
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indicated by F4/80 IHC (Fig. 2i), and the levels of serum biomarkers of
liver injury (ALT and AST, Fig. 21, m) were also substantially decreased
by AKAP1 restoration in AKAPI-HKO mice, indicating that AKAP1
restoration markedly decreased FFD-induced steatohepatitis. These
results further indicate that restoration of AKAP1 improves MASH in
AKAP1-HKO mice, suggesting a critical role of AKAP1in the progression
of MASH. In addition, elevated AKAP1 expression in the Flox+AAV8-
AKAP1 group significantly reduced hepatic TG and TC levels, and
decreased serum ALT and AST levels compared to both the Flox
+AAVS8-GFP and HKO + AAV8-AKAPI1 groups (Fig. 2j-m). These results
indicate that AKAP1 overexpression beyond physiological levels con-
fers protective effects, particularly by reducing lipid accumulation and
alleviating hepatocellular damage. However, increased AKAP1 expres-
sion in the Flox+AAV8-AKAP1 group had no significant impact on liver
fibrosis or inflammation, potentially due to the inherently low baseline
levels observed in the Flox+AAV8-GFP group.

Hepatocyte-specific AKAP1 deficiency promotes hepatic stea-
tosis by upregulating TG synthesis

Hepatic lipid accumulation can arise from increased lipid synthesis,
elevated fatty acid uptake, impaired (3-oxidation, reduced secretion via
VLDL, or a combination of these abnormalities. To investigate the
mechanism underlying the impact of AKAP1 on hepatic steatosis, we
examined the expression of genes involved in these processes. As
depicted in Fig. 3a, the mRNA levels of genes encoding proteins
involved in de novo lipogenesis (DNL) and in TG synthesis were sig-
nificantly elevated in HKO mice compared to flox littermates after FFD
feeding. No differences were observed in the mRNA levels involved in
fatty acid uptake, FAO or VLDL secretion between HKO and flox lit-
termates. Western blotting analysis confirmed that ACC1, FASN,
MGATI1 and DGAT2 protein levels in liver tissue were significantly
increased in AKAP1-HKO mice compared to their controls (Fig. 3b, c).
Furthermore, a lipidomic analysis of the livers were performed in
AKAP1-HKO mice and flox littermates following FFD feeding. Several
lipid classes changed, most pronounced of which was an increase in
total TG abundance in liver from AKAP1-HKO mice as compared with
flox littermates (Fig. 3d-f). Similarly, higher levels of diglyceride (DG)
were detected in liver from AKAPI-HKO as compared with flox mice
(Fig. 3d-f). In contrast, the levels of phosphatidylethanolamine (PE),
cardiolipin (CL) and sphingomyelin (SM) were significantly decreased
in liver from AKAPI-HKO mice (Fig. 3d-f). Collectively, these data
indicate that hepatocyte-specific AKAP1 deficiency accelerates FFD-
induced TG synthesis, and also regulates content of phospholipids
in liver.

In parallel, we evaluated the role of hepatic AKAP1 in the regula-
tion of hepatic fatty acid uptake. Fatty acid uptake is a multifaceted
process that necessitates the coordinated actions of transmembrane
transporters, lipid-binding proteins and enzymes, which collectively
facilitate the cellular import and intracellular distribution of exogen-
ous FA. Our data showed that mRNA and protein expression levels of
fatty acid translocase (CD36/FAT), fatty acid transport proteins
(FATPI1, FATP2, FATPS), fatty acid binding protein 1 (FABP1), and acyl-
CoA synthases (ACSL1, ACSL3) were comparable between the two
groups (Fig. 3a and Supplementary Fig. 5a). Moreover, AKAP1 defi-
ciency did not lead to CD36 translocation to the plasma membrane in
hepatocytes (Supplementary Fig. 5a). These data indicated that
hepatocyte-specific AKAP1 deficiency did not affect fatty acid uptake
after FFD. Next, we assayed hepatic FAO by determining FAO-related
protein expressions and palmitoyl carnitine levels in livers from FFD-
fed AKAP1-HKO and flox mice. The protein expressions of CPTIA,
CPTIB, CPT2 and ACOXI1 were comparable between the genotypes
(Supplementary Fig. 5b), as well as the levels of palmitoyl-carnitine
(Supplementary Fig. 5c¢), indicating that hepatocyte-specific AKAP1
deficiency did not affect FAO. Consistently, fasting serum levels of
ketone bodies (acetoacetate (AcAc) and B-hydroxybutyrate (BHB)),

which are markers of hepatic FAO, remained unchanged between the
two groups (Supplementary Fig. 5d). Finally, we evaluated the role of
hepatic AKAP1 in the regulation of VLDL-TG metabolism. There were
no significant differences in ApoB100 and ApoB48 protein expressions
in liver tissue between the genotypes (Supplementary Fig. Se). To
further examine this point, we investigated the effect of AKAP1 defi-
ciency on VLDL secretion. Mice were fasted for 6 h and injected with
the nonionic surfactant detergent poloxamer 407 (P407). The P407
injection blocks VLDL clearance by inhibiting lipoprotein lipase activity
and VLDL lipolysis”’°. Blood was collected after P-407 injection and
plasma TG were quantified. As shown in Supplementary Fig. 5f, in FFD-
fed mice, AKAP1 deficiency did not alter liver VLDL-TG secretion. In
combination, these findings suggest hepatocyte-specific AKAP1 defi-
ciency had little effect on fatty acid uptake, B-oxidation and VLDL
secretion in FFD-fed mice. Additionally, under HFD, there was a mild
increase in VLDL release in AKAP1-HKO mice compared to AKAP1-Flox
mice (Supplementary Fig. 5g). This effect may contribute to the rela-
tively mild hepatic steatosis phenotype observed in HFD-fed AKAP1-
HKO mice.

Our lipidomics data showed that PE were decreased in liver from
AKAP1-HKO mice. To investigate whether PE reduction induced by
AKAP1-HKO affect membrane fluidity, the analysis of the PE-to-
phosphatidylcholine (PC) ratio (a key determinant of membrane
fluidity) and mitochondrial membrane fluidity were conducted across
the samples. As illustrated in Supplementary Fig. 5h, i, no significant
differences were detected between the two groups. Givern that PE is
crucial for the autophagy process, we analyzed key autophagy mar-
kers, LC3B-I and LC3B-l, in liver tissue from AKAP1-HKO mice. Com-
pared to the AKAPI-Flox group, liver tissue from AKAP1-HKO mice
exhibited a reduced LC3B-II/I ratio, indicative of impaired autophagy
(Supplementary Fig. 5j). These data suggest that reduced PE levels and
inhibition of autophagy may contribute to the progression of MASH in
AKAP1-HKO mice.

Hepatocyte-specific AKAP1 deficiency increases LPA and sub-
sequent TG synthesis by enhancing mitochondrial GPAT activity
To elucidate the molecular mechanism by which AKAP1 regulates tri-
glyceride synthesis, we conducted immunoprecipitation and mass
spectrometry analysis (IP-MS) to identify the potential interacting
partners of AKAPL. A distinct band of about 80 kDa and 100 kDa was
observed in the anti-AKAP1 antibody immunoprecipitation product
(Fig. 4a). The target band above 55 kDa was excised and assessed by
LC-MS/MS. As shown in Supplementary Fig. 6a, this analysis identified
aknown AKAP1-binding partner, acyl-CoA synthetase long-chain family
member 1 (ACSL1), and a new AKAPIl-binding protein, glycerol-3-
phosphate acyltransferase (GPAT1). We next confirmed the interaction
between AKAP1 and ACSLI1 in liver tissue (Supplementary Fig. 6b).
Additionally, the interaction between AKAP1 and PKA was also verified
(Fig. 4b). ACSL1 was known to catalyze FA to form acyl-CoAs, and direct
acyl-CoAs toward oxidation or storage via re-esterification. Our pre-
vious study has demonstrated that AKAP1/PKA phosphorylates ACSL1
and inhibits mitochondrial ACS activity®. In this study, we also
observed an increase in mitochondrial ACS activity in AKAP1-deficient
livers, suggesting elevated levels of acyl-CoAs in livers with AKAP1
deficiency (Supplementary Fig. 6c).

Interestingly, the new identified AKAP1-binding protein, GPAT],
has been reported to incorporate acyl-CoAs into TG, diverting them
away from oxidation (Supplementary Fig. 6g)”. The interaction
between GPAT1 and AKAP1 was then validated with co-
immunoprecipitation analyses in liver tissue of mice (Fig. 4b). Con-
sistently, significant overlap of intracellular AKAP1 and GPAT1 immu-
nofluorescence signals was observed in palmitic acid and oleic acid
(PAOA)-treated AML-12 mouse hepatocytes (Fig. 4c). Knocking out
AKAP1 had no effect on the expression levels and subcellular location
of GPAT1 (Fig. 4d). However, AKAP1 deficiency significantly reduced
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Fig. 3 | Hepatocyte-specific AKAP1 deficiency promotes hepatic steatosis by
upregulating TG synthesis. a Relative mRNA expression of lipid metabolism-
related genes in the liver tissues from AKAP1-Flox and AKAP1-HKO mice on FFD.
n=4-6 mice per group. For analyze Srebplc, Accl, Fasn, n=5 AKAP1-Flox mice and
n=6 AKAP1-HKO mice for the FFD group. For analyze Acly, Mgatl, Dgat2, CD36,
Fatpl, Fabpl, n=4 mice per group. For analyze Fatp2, Fatp5, Acsl1, Acsl5, ApoB,
Mttp, Pemt, n=S5 mice per group. For analyze Cptl, Cpt2, Acox1, Acadm, n =6 mice
per group. b Western blotting analysis of proteins involved in de novo lipogenesis
(DNL). n =3 mice per group. ¢ Western blotting analysis of proteins involved in TG
synthesis. n =3 mice per group. B-actin was used as a loading control. d Heat maps

generated using untargeted lipidomics analysis of hepatic lipid classes in the livers
from AKAP1-Flox and AKAP1-HKO mice on FFD. n =5 mice per group. e Volcano plot
of lipid species [-log;o (P-value) vs. log, (fold change)] for the comparison AKAP1-
HKO vs AKAPI-Flox group. The significant difference lipid species were selected by
using the criteria of fold changes (FC) > 2 or <0.5 and P value <0.05. n=5 mice per
group. f Abundance of total TG, DG, CL, PE and SM in the livers from AKAP1-Flox
and AKAP1-HKO mice on FFD. n = 5 mice per group. g Abundance of bis-methyl LPA
16:0 (BisMeLPA 16:0) and BisMeLPA 18:1 in the livers from AKAP1-Flox and AKAP1-
HKO mice on FFD. n =5 mice per group. Data were expressed as mean + SEM. Two-
tailed Student’s ¢ test for all data. Source data are provided as Source Data file.

the mitochondrial localization of PKA, whereas the cytoplasmic and
total levels of PKA remained unchanged (Fig. 4d and Supplementary
Fig. 6d). Additionally, our data revealed a significant decline in mito-
chondrial PKA activity in AKAP1-HKO mice, while the total PKA activity
was unaffected (Fig. 4e and Supplementary Fig. 6e). Given that AKAP1
functions to tether PKA onto mitochondria, it is intriguing to speculate

that AKAP1/PKA may phosphorylate GPAT1 and thus regulate its
activity. To demonstrate whether GPAT1 is a phosphorylation target of
AKAP1/PKA, GPAT1 was immunoprecipitated from liver mitochondria
and its phosphorylation level was analyzed by immunoblotting with
anti-phospho-(Ser/Thr) PKA substrates antibody. As indicated in
Fig. 4f, the phosphorylation level of GPAT1 was markedly decreased in
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Fig. 4 | Hepatocyte-specific AKAP1 deficiency increases LPA and subsequent TG
synthesis by enhancing mitochondrial GPAT activity. a IP assay using AKAP1
antibody or IgG. Samples were run on Bis-Tris Gel and then stained with Fast Silver
Stain Kit. b Co-IP assay showing interaction between AKAP1 and GPATL in liver
tissue of mice. ¢ Representative images of immunofluorescence for Flag-AKAP1
(green), GPATI1 (red) and nuclei (blue) in PAOA treated AML-12 cells infected with
Ad-Flag-AKAP1. Scale bar, 5 pm. d Western blotting analysis of AKAP1, GPAT1 and
PKA Ca protein expression in liver mitochondria and cytoplasm from different
groups. n =3 mice per group. COXIV and f-actin were used as mitochondrial and
cytosolic loading controls. e Mitochondrial PKA activity in liver tissues. n=5 mice
per group. f Immunoprecipitation of mitochondrial fraction with GPATL antibody,
blotted for phospho-(Ser/Thr) PKA substrate. g Relative total and mitochondrial
GPAT activity in liver tissue. n =8 mice per group. h-i Total LPA (16:0 and 18:1)
levels (h) and mitochondrial LPA (16:0 and 18:1) levels (i) in liver tissue. n =5 mice
per group. j Relative mitochondrial GPAT activity in liver tissue from AAV8-TBG-

GFP- and AAV8-TBG-AKAPI-treated mice on FFD. n =8 mice per group.

k Mitochondrial LPA (16:0 and 18:1) levels in liver tissue. n =5 mice per group. I The
in vitro kinase assay was performed using recombinant GPAT1 protein incubated
with or without recombinant PKA Ca protein in the presence of ATP. Phosphor-
ylation was detected using anti-phospho-(Ser/Thr) PKA substrate antibody.

m Immunoprecipitation of mitochondrial fraction from THLE-2 and AML-12 cells
with GPATI antibody, blotted for phospho-(Ser/Thr) PKA substrate. n Relative
mitochondrial GPAT activity in THLE-2 and AML-12 cells following different treat-
ments. Data were from 3 independent experiments in THLE-2 and 4 independent
experiments in AML-12. For GPAT activity assay in (g, j and n), palmitoyl-CoA and
glycerol-3-phosphate were used as substrates and the production of CoA was
monitored using spectrophotometric analysis. All data were expressed as mean +
SEM. One-way ANOVA with Bonferroni post hoc analysis for all data. Source data
are provided as Source Data file.
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liver from AKAP1-HKO mice when compared with that from AKAPI-
Flox controls. The enzyme activities of total GPAT and mitochondrial
GPAT were both increased in liver of AKAP1-HKO mice fed with FFD
(Fig. 4g and Supplementary Fig. 6f). Consistent with these results, our
untargeted lipidomics data also showed that bis-methyl LPA 16:0
(BisMeLPA 16:0, the derivative of LPA 16:0) was significantly elevated in
liver of AKAP1-HKO mice fed with FFD (Fig. 3g). Next, we employed the
targeted UHPLC-MS/MS quantitative method to analyze the levels of
LPA 16:0 and LPA 18:1 in whole cell lysates and mitochondrial fractions.
As shown in Fig. 4h, i, both the total and mitochondrial levels of LPA
16:0, as well as the levels of LPA 18:1, were significantly elevated in liver
of AKAP1-HKO mice fed with FFD. In contrast, AKAP1 overexpression
inhibited mitochondrial GPAT activity and decreased mitochondrial
LPA production (Fig. 4j, k). Furthermore, the results of the in vitro
kinase assay demonstrated that recombinant PKA Ca directly phos-
phorylated GPAT1 (Fig. 41). Meanwhile, GPAT1 phosphorylation and
enzyme activity were significantly regulated by the PKA activator FSK
and inhibitor H89. Aninverse relationship between the enzyme activity
and GPATI1 phosphorylation was observed in both THLE-2 human
hepatocytes and AML-12 mouse hepatocytes (Fig. 4m, n). Taking
together, our findings indicate that AKAP1 acts as a controller to divert
acyl-CoAs away from [-oxidation and toward TG synthesis by phos-
phorylating GPAT1 and inhibiting mitochondrial GPAT activity in liver.
Previous studies have indicated that both AKAP1 and GPAT1 could
be phosphorylated by AMPK?. However, whether AKAP1 influences
AMPK activity and subsequently affects GPATI signaling remains
unclear. We assessed both the expression and phosphorylation levels
of AMPK at Thr172, a critical site for AMPK activation. AKAP1 deficiency
did not alter the phosphorylation or expression of AMPK. Neither the
knockout nor the overexpression of AKAP1 affected the phosphor-
ylation or expression of AMPK. These findings strongly reduce the
likelihood that AKAP1 regulates AMPK (Supplementary Fig. 6h, i).

Phosphorylation of GPATI S110 and S611 by PKA inhibits mito-
chondrial GPAT activity
We then assessed whether GPAT1 is a direct PKA target. Mouse GPAT1
was overexpressed in AML-12 cells incubated with FSK, and then
immunoprecipitation was performed with a well-established antibody
with high specificity for RRXS” motifs or GPAT1 antibody (Fig. 5a).
RRXS motifs are commonly phosphorylated by PKA. Here, in RRXS”
immunoprecipitated cell lysates, both immunoblotting and MS ana-
lysis identified that PKA efficiently phosphorylated GPAT1-RRXS sites
(Fig. 5b, ¢). Sequence analysis of GPATI1 highlighted two potential
phosphorylation sites with the motif R/K-R/K-X-S/T including Ser110
and Ser801, which were conserved in mouse, rat and human (Fig. 5d).
Moreover, in GPAT1 immunoprecipitated cell lysates, MS analysis
identified another phosphopeptide (Fig. 5e) that corresponded to non-
RRXS phosphorylation site Ser611, which is also highly conserved
(Fig. 5d). We next tested the importance of individual phosphorylation
sites on pGPATI levels in FSK-stimulated HEK293 cells. As shown in
Fig. 5f, FSK markedly increased the phosphorylation of the wild-type
GPATL. However, mutation of either Ser110 or Ser611 to alanine greatly
suppressed FSK-stimulated GPAT1 phosphorylation, whereas mutation
of Ser801 to alanine did not alter this signal. When all three mutations
were present, the signal was virtually completely abolished.

To further determine whether phosphorylation at Ser110 and Ser
611 could explain the functional effects of PKA on GPAT activity in
hepatocytes, we generated GPATISU'CA/GPATIS*™ and GPATIS!%P/
GPATIS®™ mutants to mimic phosphorylation-deficient and con-
stitutively phosphorylated residues, respectively. As shown in Fig. 5g,
the S110A/S611A mutations blocked PKA-mediated phosphorylation
whereas the S110D/S611D mutations exhibited the opposite effect.
Furthermore, the SI110A/S611A mutations enhanced mitochondrial
GPAT activity, subsequently increased cellular LPA content and TG
synthesis. On the contrary, the S110D/S611D mutations led to impaired

GPAT activity, decreased cellular LPA content and reduced TG synth-
esis (Fig. 5Sh-k). Taken together, these data indicate that the Ser110 and
Ser611 residues of GPATI are the phosphorylation sites for PKA, and
this phosphorylation can reduce LPA and TG synthesis in hepatocytes.

Elevated LPA in AKAP1-deficient hepatocytes promoted TNFa
production from Kupffer cells

To investigate the role of intracellular LPA in hepatocyte inflammation
and to circumvent the binding of extracellularly added LPA to one of its
receptors on the plasma membrane, two LPA species (LPA 16:0 and LPA
18:1) were directly introduced into AML-12 mouse hepatocytes using
the cationic transfection reagent Lipofectamine 2000 as previously
reported” (Fig. 6a). As depicted in Fig. 6b, treatment with LPA 16:0 or
LPA 18:1 markedly elevated intracellular TG content in AML-12 cells.
Meanwhile, the mRNA and protein expressions of ACCL, FASN, MGAT1
and DGAT2 were significantly upregulated in AML-12 cells treated with
LPA 16:0 or LPA 18:1 (Fig. 6¢c, d). These results are consistent with the
previously observed upregulation of lipogenesis-related genes at the
tissue level following AKAP1 knockout (Fig. 3a-c). Proliferator acti-
vated receptor y (PPARy) has been shown to be involved in regulation
of glucose homeostasis, lipogenesis, and inflammation®. Previous
study has demonstrated that PPARy could be activated by intracellular
LPA®. Therefore, we determined the expression of PPARy in LPA-
treated hepatocytes. The two LPA species markedly induced PPARy
expression in AML-12 cells (Fig. 6c¢, d). Furthermore, RT-qPCR analysis
revealed that treatment with LPA 16:0 or LPA 18:1 significantly upre-
gulated Tnfa and Mcpl mRNA expression but not /l1a, Il1B, Il6 or Il11
mRNA expression (Fig. 6e). Consistently, hepatocyte TNFa contents
and secretions were also increased following treatment with LPA 16:0
or LPA 18:1 (Fig. 6f, g). Meanwhile, hepatocyte injury was induced by
these two LPA species as evidenced by heightened levels of ALT and
AST in the culture medium (Fig. 6h). These findings indicate that
increased endogenous levels of LPAs effectively enhance TG synthesis
and induce an inflammatory response in hepatocytes.

Primary mouse hepatocytes (PMH) were isolated from AKAPI-
HKO mice and flox littermates and subsequently treated with PAOA.
Our data revealed a significant increase in LPA 16:0 in the supernatant
derived from AKAP1-HKO hepatocytes compared to AKAPI-Flox
hepatocytes (Fig. 6i). Subsequently, primary mouse Kupffer cells
(KCs) were incubated with supernatants from AKAP1-HKO and AKAPI-
Flox hepatocytes for 12 h, and the inflammatory response in the KCs
was assessed. As shown in Fig. 6j, KCs treated with supernatant from
AKAPI-HKO hepatocytes exhibited significantly elevated mRNA
expression levels of Tnfa and /1B, with Tnfa showing particularly
pronounced upregulation, compared to those treated with super-
natant from AKAPI-Flox hepatocytes. Furthermore, TNFa secretion
from these KCs was also significantly increased (Fig. 6k). Collectively,
these findings suggest that AKAP1 deficiency-induced elevation of LPA
16:0 enhances the secretion of inflammatory factors by KCs, thereby
triggering a significant inflammatory response.

Repression of hepatic LPA levels by GPAM knockdown amelio-

rates the exacerbated MASH resulting from AKAP1 deficiency

The interaction between AKAP1 and GPATI1 prompted us to investigate
whether AKAP1 deletion-mediated effects were dependent on GPATI-
mediated LPA synthesis. To address this possibility, we knocked down
GPAM and downregulated hepatic LPA levels in the livers of AKAPI-
Flox and AKAPI-HKO mice by intravenous tail injection of adeno-
associated virus 8 (AAV8)-expressing shGPAM (Fig. 7a). Western blot-
ting demonstrated that GPAT1 expression was significantly inhibited in
livers but not in other tissues in mice treated with AAV8-shGPAM
(Fig. 7b, and Supplementary Fig. 7a). AAV8-shGPAM treatment mark-
edly repressed the accumulation of total and mitochodrial LPA in
liver tissue of AKAP1-Flox and AKAP1-HKO mice (Fig. 7c, d). Besides,
AAV8-shGPAM-treated mice gained less body weight and serum TG
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and TC levels when compared with AAV8-shNC-treated mice
(Fig. 7e, g). But no significant differences were observed in blood
glucose and adipose tissue mass among four groups (Fig. 7f, and
Supplementary Fig. 7b). Next, the MASH-like phenotype was evaluated
in AKAPI-Flox and AKAP1-HKO mice following AAV8-shGPAM treat-
ment. Along with the decrease in hepatic LPA levels, GPATI knockdown
markedly alleviated hepatic steatosis and liver injury, as evidenced by
decreased liver weight (Fig. 7h, i), lower NAFLD activity scores (NAS)
and Oil Red O positive areas (Fig. 7j, k), reduced hepatic lipid content
(Fig. 7n, 0), and diminished serum ALT and AST levels (Fig. 7p, q).
Notably, these MASH-like phenotypes were also significantly mitigated

WT S110A S110D WT S611A S611D

in AKAP1-HKO mice by the repression of hepatic LPA through GPAT1
knockdown. Furthermore, the results of fibrosis severity scores and
the infiltration of F4/80-positive inflammatory cells revealed that
GPATI knockdown significantly decreased attenuated liver fibrosis and
inflammation in AKAPI-HKO mice but not in AKAPI-Flox mice
(Fig. 71, m). These results indicate that inhibition of hepatic LPA levels
largely ameliorate the exacerbated MASH resulting from AKAP1 defi-
ciency. Interestingly, although residual GPATI protein levels were
comparable between the two groups, AKAPI-Flox mice with GPATI
knockdown exhibited reduced hepatic steatosis and liver inflamma-
tion relative to AKAP1-HKO mice (Fig. 7j-q). We hypothesize that this
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Fig. 5 | Phosphorylation of GPAT1 S110 and S611 by PKA inhibits mitochondrial
GPAT activity. a Inmunoprecipitated GPATI and PKA substrates in stable over-
expressed GPAT1 AML-12 cells were stained with Coomassie brilliant blue (CBB),
10 puM FSK was added for 30 min before lysis. b The immunoprecipitated GPAT1 in
(a) (black) and immunoprecipitated PKA substrates in (a) (red) were blotted with
GPAT1 antibody. ¢ The major band in (a) (red) was cut and digested. GPAT1 pep-
tides were detected by LC-MS/MS. d Amino acid sequences of GPAT1 from mouse,
human, and rat were aligned. Conserved serine 110 and 801 residues (the motif R/K-
R/K-X-S/T) are predicted to be potential PKA phosphorylation sites. e The major
band in (a) (black) was cut and digested. Phosphor-peptides were detected by LC-
MS/MS. Only the serine 611 was found to be phosphorylated. f HEK293 cells stably
expressing Flag-tagged GPAT1 wild-type (WT), S110A mutant, S611A mutant or
S801A mutant, followed by IP with an anti-Flag antibody. 10 uM FSK was added
30 min before lysis. Proteins were blotted with an anti-phospho-(Ser/Thr) PKA
substrate antibody. This experiment was repeated three times independently.

g AML-12 cells stably expressing Flag-tagged GPAT1 WT, S110A or S110D mutant,
S611A or S611D mutant were treated with 10 uM FSK for 30 min, followed by IP with
an anti-Flag antibody. Proteins were blotted with an anti-phospho-(Ser/Thr) PKA
substrate antibody. This experiment was repeated three times independently.

h Relative mitochondrial GPAT activity in AML-12 cells stably expressing GPATL WT
and GPAT1 mutants. In the assay, palmitoyl-CoA and glycerol-3-phosphate were
used as substrates and the production of CoA was monitored using spectro-
photometric analysis. n = 6 biologically independent cells. i, j Total LPA 16:0 and
LPA 18:1levels in PAOA treated AML-12 cells stably expressing GPAT1 WT and GPAT1
mutants. n =4 biologically independent cells. k Intracellular TG contents in PAOA
treated AML-12 cells stably expressing GPAT1 WT and GPAT1 mutants. n= 6 bio-
logically independent cells. All data were expressed as mean + SEM. One-way
ANOVA with Bonferroni post hoc analysis for (h-k). Source data are provided as
Source Data file.

difference may arise from the inhibition of residual GPATI activity by
AKAP1 in AKAP1-Flox mice, a mechanism absents in AKAP1-HKO mice.
These supplementary findings further support the conclusion that
hepatic AKAP1 deficiency exacerbates diet-induced MASLD by enhan-
cing GPATI function.

Hepatic AKAP1 expression is upregulated under metabolic
challenge during MASLD pathogenesis

To illustrate the clinical significance of AKAP1 in human MASH, we
analyzed the mRNA expression levels of Akapl in liver biopsies
obtained from 51 metabolic dysfunction-associated steatotic liver
(MASL) patients, 155 MASH patients and 10 controls from a large
dataset GSE135251. As shown in Fig. 8a, AkapI mRNA expression in liver
of MASL and MASH patients was significantly upregulated than those
in heathy controls. Next, AKAP1 protein expression was measured in
liver sections from individuals with healthy livers (normal group),
MASL and MASH. Immunohistochemistry analyses showed that AKAP1
protein levels were obviously higher in the liver tissue of patients with
MASL and MASH compared with those in healthy liver tissue
(Fig. 8b, c). Furthermore, AKAP1 protein level was positively correlated
with NAFLD activity scores (NAS) in MASLD (Fig. 8d). Moreover,
hepatic AKAP1 expression was significantly increased in mice after 4
weeks of FFD feeding, which persisted to 16 weeks (Fig. 8e-g). To
ascertain whether the FFD-induced AKAP1 upregulation is derived
from hepatocytes, AKAP1 protein levels were also determined in a
hepatocyte model of fatty acid overload using PMH, AML-12 mouse
hepatocytes and human hepatic THLE-2 cells incubated with PAOA. As
expected, AKAP1 expressions were consistently increased in various
hepatocytes after 24 h PAOA treatment (Fig. 8h). Considering that
MASLD is often associated with hyperinsulinemia and insulin resis-
tance, AML-12 cells were exposed to either physiologic levels (0.1 nM)
or pathologic levels (>1 nM) of insulin. In response to increased dosage
and prolonged induction time, we observed a significant upregulation
of AKAP1 expression (Fig. 8i). Collectively, these results indicate that
AKAP1 expression is significantly increased in livers and hepatocytes
after metabolic stimulation, and it is a shared characteristic of human
and mouse MASLD.

GalNAc-siRNA targeting hepatic GPATI alleviated diet-induced
MASLD in mice

To evaluate the therapeutic potential of targeting GPATI for MASH
treatment, we employed a hepatocyte-targeted siRNA delivery system,
utilizing GalNAc conjugation (This approach involves covalently link-
ing the sense strand of siRNA to GalNAc, which binds specifically to the
asialoglycoprotein receptor (ASGPR) on liver cell membranes and has
been validated in preclinical studies’®”. Subcutaneous injection of
GalNAc-siGPAM resulted in a specific reduction of GPAT1 expression in
the liver (Supplementary Fig. 8a, b). Concurrently, GalINAc-siGPAM
treatment significantly diminished hepatic steatosis (Supplementary

Fig. 8¢, d), reduced liver lipid content (Supplementary Fig. 8g) and
decreased serum ALT and AST levels (Supplementary Fig. 8h) in FFD-
fed mice. However, GPATI knockdown had no significant impact on
liver fibrosis or inflammation (Supplementary Fig. 8e, f), potentially
due to the inherently low baseline levels observed in control mice.
These findings underscore the therapeutic potential of GPAT1 signal-
ing in the prevention of MASLD.

Discussion

In previous study, we demonstrated that global knockout of AKAP1 in
dietary mouse models of obesity resulted in reduced weight, insulin
resistance, and fatty liver'. However, since the increased energy
expenditure in adipose tissue could indirectly reduce liver fat, it was
not feasible to determine whether AKAP1 has direct effects on the liver.
To address this question, we conditionally deleted AKAP1 from hepa-
tocytes by crossing AKAP1-Flox mice with albumin-cre mice. Surpris-
ingly, in the present study, we found that AKAP1-HKO mice exhibited
the increased steatohepatitis upon an FFD. In contrast, restoration of
AKAP1 in the liver rescued the exacerbated MASH phenotype in these
mice. These data provided compelling evidence establishing a causal
role for hepatocyte AKAP1 expression in preventing steatohepatitis in
mice. To explore the underlying mechanism of this unexpected find-
ing, we conducted a series of metabolic studies to assess hepatic lipid
metabolism. Importantly, we observed a marked elevation in de novo
TG synthesis in AKAP1-HKO mice, whereas no significant differences
were detected in fatty acid uptake, FAO or hepatic lipid secretion.
Further experiments revealed that AKAP1 phosphorylates and inacti-
vates GPAT1 in a PKA-dependent manner, thereby suppressing the
conversion of newly synthesized acyl-CoAs into LPA. Notably, AKAP1
deficiency in hepatocytes increased LPA levels, which promoted TG
biosynthesis and stimulated KCs to secrete pro-inflammatory cyto-
kines, thus triggering a significant hepatic inflammatory response.
Suppression of hepatic LPA levels via GPAM knockdown alleviated the
exacerbated MASH resulting from AKAP1 deficiency. Collectively,
these lines of evidence elucidate a novel role of AKAP1 in TG synthesis
and liver inflammation, suggesting that AKAP1/PKA/GPAT1
signalosome-mediated LPA production may be an ideal strategy for
MASLD therapy (Fig. 9).

AKAPI1 serves as a scaffold protein on the OMM, integrating PKA
and other intercellular signal transduction cascades to maintain
mitochondrial hemostasis”. In brown adipocytes, we have previously
reported that AKAP1 inhibits mitochondrial B-oxidation and thermo-
genesis by interacting with ACSL1'. ACSLI catalyzes the conversion of
FA to acyl-CoAs, thereby supplying substrates for the majority of
downstream pathways involved in FA metabolism. In adipocytes,
ACSLI specifically directs acyl-CoAs toward B-oxidation®. However, in
hepatocytes, Li et al. have reported that loss of ACSL1 decreases both
TG synthesis and B-oxidation®. In the current investigation, we vali-
dated that AKAPL interacted with ACSL1 and exerted a negative
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Fig. 6 | LPA enhances TG content in hepatocytes and induces inflammatory
response in Kupffer cells. a AML-12 cells were treated with 10 uM LPA 16:0 or
10 pM LPA 18:1 for 12 h. b Intracellular TG content in AML-12 cells. n = 3 biologically
independent cells. ¢ Relative mRNA expression levels of Ppary, Accl, Fasn, Mgatl,
Dgat2 in AML-12 cells. n =3 biologically independent cells. d Western blotting
analysis of PPARy, ACCI, FASN, MGATL, DGAT2 protein expression in AML-12 cells.
n =3 biologically independent cells. e Relative mRNA expression levels of Tnfa,
Mcpl, llla, 1116, 16 and /11 in AML-12 cells. n =4 biologically independent cells.
fTNFa and MCP1 protein expression in AML-12 cells. nn = 6 biologically independent
cells. g TNFa and MCP1 secretions in cell culture supernatant of AML-12 cells.n=6
biologically independent cells. h ALT and AST contents in cell culture supernatant

Hepatocyte

Mouse Kupffer cell

of AML-12 cells. n =3 biologically independent cells. i Primary mouse hepatocytes
(PMH) isolated from AKAP1-Flox and AKAP1-HKO mice were treated with BSA or
PAOA for 24 h, then LPA 16:0 and LPA 18:1 levels were determined in cell culture
supernatant. n =3 biologically independent cells. j Relative mRNA expression of
Tnfa, Mcpl, Il1a, I1B, 116 and /[11 in mouse KCs treated with conditioned medium
(CM) from PMH for 12 h. n =3 biologically independent cells. k TNFa secretion in
cell culture supernatant of KCs. n = 4 biologically independent cells. I The release of
LPA from PMH activated KCs and increased TNFa secretion. Data were expressed as
mean + SEM. one-way ANOVA with Bonferroni post hoc analysis for all data. Source
data are provided as Source Data file.

regulatory effect on mitochondrial ACS activity in the liver. Never-
theless, there was no significant difference in FAO between AKAP1-
HKO mice and their controls, as well as in terms of fatty acid uptake
and hepatic lipid secretion. Remarkably, de novo TG synthesis was
significantly enhanced in AKAPI-HKO mice. This phenomenon

indicates that there are other more critical factors regulating the fate
of acyl-CoAs and downstream fatty acid metabolism.

Using IP-MS analysis, we identified GPAT1 as a new interacting
partner of AKAP1 in liver tissue. GPATI1, encoded by GPAM and located
in the OMM, is a member of the GPAT family. GPAT catalyzes the rate-
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limiting step in glycerolipid synthesis by combining a fatty acid from
an acyl-CoAs with glycerol-3-phosphate to form LPA. In most cells,
GPATI accounts for approximately 10% of the total GPAT activity,
whereas in the liver, it represents 30-50% of the activity*®. Previous
studies have demonstrated that GPAM null mice exhibits protection
against both diet-induced and genetically driven hepatic steatosis®*'**,
as well as resistance to hepatic carcinogenic insults®. In recent years,

compelling evidence has indicated that mitochondrial GPATI variants
play a significant role in the predisposition to MASLD in human
beings’’. Somatic missense, nonsense, and frameshift mutations of
GPAM have been identified in biopsy specimens of liver from patients
with MASLD and alcohol-related liver disease®. A gain-of-function
mutation in GPAM confers an increased risk of MASLD’, while a fra-
meshift missense loss-of-function mutation in individuals reduces the
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Fig. 7 | Repression of hepatic LPA levels ameliorates the exacerbated MASH
resulting from AKAPI1 deficiency. a AKAP1-Flox mice and AKAP1-HKO mice (8
weeks of age) were fed on FFD for 4 weeks, followed by intravenous tail injection of
AAVS8-TBG-shGPAM to specifically knockdown liver GPATI levels. After an additional
12 weeks of FFD feeding, mice were euthanized and analyzed. b Western blotting
analysis of GPAT1 protein expression from the livers of mice from the indicated
groups. n =3 mice per group. B-actin was used as a loading control. c-d Total LPA
(16:0 and 18:1) levels (c) and mitochondrial LPA (16:0 and 18:1) levels (d) in liver tissue
of mice from the indicated groups. n=4 mice per group. e Body weight. f Blood
glucose levels. g Serum TG and TC levels. h Liver weight. i Representative images of
liver dissected from mice in the indicated groups. Scale bar, 1cm. j Representative

H&E-staining images (left) and NAFLD activity score (NAS) of each group (right). Scale
bar, 50 um. k Representative Oil Red O staining images (left) and quantification of the
Oil Red O positive area (right). Scale bar, 50 um. I Representative Masson’s staining
images (left) and fibrosis score (right). Upper scale bar, 200 um; lower scale bar,

50 um. m Representative immunohistochemical staining images of F4/80 (left) and
quantification of the F4/80 positive area (right). Scale bar, 50 um. n, o Liver TG and TC
levels. p, q Serum ALT and AST levels. For (e-h) and (j-q), n=7 AKAP1-Flox mice
injected with AAV8-shNC, and n =8 AKAPI-Flox injected with AAV8-shGPAM, n=8
AKAP1-HKO mice injected with AAV8-shNC, n=8 AKAP1-HKO mice injected with
AAVS8-shGPAM; Data were expressed as mean + SEM. One-way ANOVA with Bonferroni
post hoc analysis for all data. Source data are provided as Source Data file.

risk of MASLD and correlates with decreased cholesterol levels’. These
findings highlight the potential for hepatocyte protection against
lipotoxicity through modulation of GPATI function. In the present
study, our findings for the first time revealed that AKAP1 directly
interacted with GPAT1 on the OMM and inhibited GPAT activity in
hepatocytes. In FFD-fed AKAP1-HKO mice, mitochondrial GPAT activ-
ity and LPA content were significantly increased, as well as a significant
increase in DNL and TG synthesis. More importantly, the repression of
hepatic LPA levels by GPAM knockdown significantly inhibited hepatic
steatosis in AKAP1-HKO mice. Taking together, these results demon-
strate that hepatic AKAP1 deficiency exacerbates diet-induced stea-
tosis by activating GPAT1-mediated LPA production and subsequent
TG synthesis. Interestingly, a previous study has demonstrated that
endogenous cellular LPA synthesized via GPATI1 can activate PPARy>.
Consistent with this study, we found that elevated intracellular LPA
significantly increased the expression of PPARy and DNL-related genes
in hepatocytes. Given that hepatic PPARY functions as a steatogenic-
inducer gene activating DNL and lipid droplet accumulation®, it is
plausible that the augmented DNL in AKAP1-HKO mice may be partly
attributed to the GPATI/LPA/PPARY pathway. In AKAP1-HKO mice,
hepatic lipid accumulation was more pronounced under FFD than
HFD, potentially due to three key factors. Firstly, AKAP1 deficiency
enhanced DNL via PPARy pathway activation without affecting fatty
acid uptake. The higher carbohydrate content, particularly fructose, in
FFD likely amplified this effect, leading to increased DNL flux and TG
synthesis. Secondly, AKAP1-HKO mice exhibited slightly elevated VLDL
release under HFD conditions compared to AKAP1-Flox mice. Thirdly,
baseline hepatic TG levels in AKAP1-Flox mice were significantly higher
under HFD than FFD, under these conditions, the capacity for further
TG accumulation due to AKAP1 knockout may have already approa-
ched its limit.

LPA has long been known as an important bioactive lipid and an
inflammatory mediator’®®, In vertebrates, significant amounts of LPA
can be detected in various biological fluids. Extracellular LPA can
induce cell inflammation via G-protein coupled receptors (LPAR1-6),
which are widely distributed across various tissues®. A recent study
has shown that exogenous LPA promotes the inflammatory response
in KCs, and an i.p. injection of LPA also has significant effects on
inflammation in mice*’. In addition, LPA can be converted into phos-
phatidic acid by 1-acyl-sn-glycerol-3-phosphate-acyltransferase-2
(AGPAT2). Another study has demonstrated that knockdown of
AGPAT2 in the liver and white adipose tissue (WAT), using an antisense
oligonucleotide, led to accumulation of LPA in the liver and WAT,
which is associated with lipodystrophy and inflammation in these
tissues*’. These findings suggest that intracellular LPA may be an early
metabolic trigger for tissue inflammation. In this study, we observed a
significant increase in both LPA 16:0 and LPA 18:1 levels in AKAP1-HKO
mice following an FFD. Then LPA 16:0 and LPA 18:1 were directly
introduced into hepatocytes. Consistent with previous studies, both
LPA 16:0 and LPA 18:1 treatment significantly increased intracellular TG
content and inflammation response in hepatocytes. Moreover, LPA
specifically augmented the TNFa content and secretion in hepato-
cytes, leading to increased hepatocyte injury. Notably, AKAP1

deficiency-driven upregulation of LPA production enhances the
secretion of pro-inflammatory factors by KCs, consequently initiating a
pronounced inflammatory response. Furthermore, liver fibrosis and
inflammation, as well as the levels of serum biomarkers of liver injury,
were significantly rescued in FFD-fed AKAP1-HKO mice by intravenous
tail injection of AAV8-shGPAM. These results indicate that GPAT-
derived LPA induces hepatocyte inflammation and contributes to the
pathogenesis of MASH.

PE is a key component of cell membranes. The PE-to-PC ratio is
widely regarded as a key determinant of membrane fluidity***’, which,
in turn, significantly influences various membrane-associated pro-
cesses, including signal transduction, membrane protein function,
vesicular transport, and others. In addition, PE covalently conjugates
with LC3 in a process known as LC3-PE lipidation, leading to the for-
mation of lipidated LC3 (LC3-ll), a key marker of autophagosome
formation*. In the present study, we found that AKAP1 deficiency did
not affect mitochondrial membrane fluidity, but exhibited a reduced
LC3B-Il/I ratio, indicating impaired autophagy in the liver. These data
suggest that reduced PE levels may contribute to the progression of
MASH in AKAP1-HKO mice, however, further studies are needed to
fully elucidate these mechanisms.

The AKAP family primarily functions by anchoring PKA to
specific subcellular locations through its interaction with the reg-
ulatory (R) subunit of PKA, with AKAP1 being the only member
specifically localized to mitochondria. Our data demonstrated that
knockout of AKAP1 did not regulate the global expression or activity
of PKA but significantly diminished the expression and activity of
mitochondrial PKA. Furthermore, knockout of AKAP1 had no effect
on the mitochondrial localization of GPATIL, however, it significantly
decreased the phosphorylation level of GPAT1 and enhanced both
mitochondrial and total GPAT activity in a PKA-dependent manner
in hepatocytes. Previous studies have shown that the activity of
GPAT1 is post-transcriptionally regulated through a phosphoryla-
tion mechanism**¢, Using rat liver mitochondria, Onorato et al.
have found that the activity of GPAT1 in cell-free systems is affected
by casein kinase-2, but the site and significance of the modification
is unknown*®. In primary rat hepatocytes, AMP-activated protein
kinase (AMPK) phosphorylates and inhibits GPAT1", however,
chronic AMPK activation does not decrease GPATI1 activity in rats*s.
Hence, the regulatory mechanism of GPAT1 in hepatocytes remains
elusive. In the present study, we found that GPAT1 was a down-
stream target of PKA. The Ser110 and Ser611 residues of GPAT1 were
identified as the primary phosphorylation sites for PKA, and this
post-translational modification was found to attenuate the synth-
esis of LPA and TG in hepatocytes. Given that AKAP1 serves as the
scaffold protein anchoring PKA to mitochondria, we propose that
AKAP1 may act as a platform for assembling PKA and GPAT1 into a
“signalosome”, which finely modulates GPATI activity and governs
mitochondrial LPA production. Considering the broad substrate
spectrum of PKA and its complex roles in metabolic regulation and
cell fate determination**°, targeting mitochondrial PKA, as
opposed to globally modulating total hepatic PKA, may provide a
more precise intervention strategy with fewer side effects.
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In this study, AKAP1 expression was significantly upregulated in
human liver tissues under MASL and MASH. It is well known that
MASLD is often associated with hyperlipidemia, hyperinsulinemia and
insulin resistance. Our data showed that both high concentrations of
PAOA and insulin markedly upregulated AKAP1 protein expression in
hepatocytes, indicating an increase of AKAPI levels in hepatocytes
following metabolic stimuli. We propose the increase of AKAP1 with
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MASLD as a compensatory mechanism, which may restrict the pro-
gress of MASLD through compensating for TG synthesis and hepatic
inflammation. In FFD-fed AKAP1-Flox mice, we observed that over-
expression of hepatic AKAP1 significantly alleviated hepatic steatosis
and hepatocellular injury, indicating that enhancing hepatic AKAP1
expression could serve as a protective measure against MASLD. Con-
sistently, treatment with GalNAc-siGPAM effectively reduced hepatic
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Fig. 8 | Hepatic AKAP1 expression is increased in MASLD pathogenesis.

a Comparison of liver AkapI mRNA expression between normal controls (n=10)
and patients with MASL (n = 51) and MASH (n =155) in the GEO database GSE135251.
b Representative images of H&E (upper) and AKAP1 immunohistochemical staining
(lower) in liver sections from individuals with MASL (n =31), MASH (n=16) and
normal controls (n=19). Scale bar, 50 um. ¢ NAFLD activity score (NAS) and AKAP1
positive area analysis of liver section of normal controls (n=19), MASL (n=31) and
MASH (n =16) human subjects. d Correlation of AKAP1 protein levels and NAFLD
activity score (NAS) in patients with MASLD and healthy controls determined by
Pearson correlation analysis (R =0.5356, P<0.0001). e Representative H&E-stain-
ing images in liver sections from mice fed an NCD or FFD for 4 weeks, 10 weeks and
16 weeks. n =4 mice per group. Scale bar, 50 um. f NAFLD activity score (NAS) of

each group. n =4 mice per group. g Western blotting analysis of AKAP1 protein
expression in liver extracts from mice fed an NCD or FFD for 4 weeks, 10 weeks and
16 weeks. n =3 mice per group. h Western blotting analysis of AKAP1 protein
expression in PMH, AML-12 and THLE-2 cells treated with PAOA or BSA for 24 h,
data were from three independent experiments. i Western blotting analysis of
AKAPI protein expression in AML-12 cells stimulated with insulin at indicated
concentrations for 24 h (left) or at 10 nM for indicated times (right), data were from
three independent experiments. 3-actin was used as a loading control. All data were
expressed as mean + SEM. One-way ANOVA with Bonferroni post hoc analysis for
(a, c and f); Spearman’s rank correlation coefficient analysis for (d). Source data are
provided as Source Data file.
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Fig. 9 | Hepatocyte-specific AKAP1 deficiency exacerbated hepatic steatosis
and steatohepatitis in mice. Mechanistically, AKAP1 phosphorylates and inacti-
vates glycerol-3-phosphate acyltransferase 1 (GPATI1) in a PKA-dependent manner.
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AKAP1 deficiency enhances GPAT1 activty incresed lysophosphatidic acid (LPA)
production and decreases subsequent TG synthesis and hepatic inflammation by
enhancing GPAT1-mediated Lysophosphatidic Acid Synthesis.

GPATI levels, resulting in decreased hepatic lipid accumulation and
liver injury in FFD mice. Collectively, these findings underscore the
therapeutic potential of AKAP1/GPAT1 signaling in the treatment and
prevention of MASLD.

In conclusion, our study showed that AKAP1 protected
against MASLD progression. Hepatocyte-specific knockout of
AKAPI1 significantly enhanced GPATI1-dervied LPA contents, increased
subsequent TG synthesis and liver inflammation in response to meta-
bolic stress. Mechanistically, AKAP1/PKA directly interacted with
GPAT]1, phosphorylated and inhibited GPAT1 activity, and eventually
reduced intracellular LPA. Repression of intracellular LPA levels by
GPAM knockdown alleviated the MASH phenotype resulting from
AKAP1 deficiency. Our study highlights the precise regulation of
mitochondrial AKAP1 over newly formed acyl-CoAs, indicating that
AKAP1/GPAT1 signalosome-mediated LPA production may represent
an optimal strategy for MASLD therapy.

Methods

Ethics statement

The experiments using human samples were approved by the research
ethics committee of Xijing Hospital, Fourth Military Medical Uni-
versity, Xi‘an, P.R. China and all donors provided written informed
consent (Permission Number: KY20213448-1). All animal experiments
were conducted according to the guidelines of the Institutional Animal

Care and Use Committee of the Fourth Military Medical University
(Permission Number: IACUC-20220351).

Human liver samples

Human liver samples were obtained from 66 patients undergoing
hepatic surgery due to hepatic hemangioma or cyst at the Xijing
Hospital (Xi'an, China). Two blinded experienced pathologists inde-
pendently used the Nonalcoholic Steatohepatitis Clinical Research
Network (NASH-CRN) scoring system to evaluate the NAFLD activity
score (NAS). The normal samples possessed an NAS of 0. The MASH
samples possessed an NAS >4, or NAS at 3-4 but exhibiting fibrosis.
The clinical characteristics of these subjects are provided in Supple-
mentary Table 1. Exclusion criteria of the study included excessive
alcohol consumption (>140 g for men or >70 g for women, per week),
drug abuse, autoimmune hepatitis, or viral infection (for example,
infection with hepatitis B virus or hepatitis C virus).

Diet-induced MASLD and MASH model

In this study, only male mice were used since MASLD is a sex dimorphic
disease and estrogen has been shown to be a key factor in MASLD®".
Male C57BL/6) mice (8 weeks of age) were housed under a 12 h light-
dark cycle with aroom temperature (22 + 0.5 °C) in a specific pathogen
free animal center at Fourth Military University. Mice had free access to
water and food unless otherwise stated. To establish a MASLD model,
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mice were fed a high-fat diet (HFD; 20 kcal% protein, 60 kcal% fat, and
20 kcal% carbohydrate; D12492; Research Diets) for 24 weeks. To
establish a MASH model, mice were fed a fast-food diet (FFD; 17 kcal%
protein, 40kcal% fat, 43 kcal% carbohydrate and 0.2% cholesterol
(D12079B; Research Diets) together with a total of 42 g/L of carbohy-
drate mixed in drinking water at a ratio of 45% glucose and 55% fruc-
tose by weight) for 16 weeks as previously reported®™*. The
corresponding control group mice were fed a normal chow diet (NCD,
Jiangsu-Xietong, Inc., Nanjing, China).

Construction of hepatocyte-specific AKAPI knockout mice
AKAPI-Flox (AKAP1"™) mice on the C57BL/6 background were
generated by inserting loxP sequences encompassing the exon 2 of the
AKAP1 gene using homogenous recombination by Shanghai Model
Organisms (Shanghai, China). Mice with hepatocyte-specific knockout
of AKAP1 (AKAP1-HKO) were created by crossing AKAP1-Flox mice with
Alb-Cre transgenic mice. The genotyping PCR was performed using
genomic DNA extracted from the tail by One Step Mouse Genotyping
Kit (PD101-01; Vazyme). The primers 5- AGACGCTGGAGATCC
TGCTTGAAT -3’ and 5- CAGACCAAAGCTGCTGATCACA -3’ for AKAP1
loxP1; 5- TGCTGCCCATCCCTGTGTTATCC -3’ and 5- CTGCGGCTGT
CCTGGGTGAA -3 for AKAP1 IloxP2; and 5- AGACGCTG
GAGATCCTGCTTGAAT -3’ and 5- CTGCGGCTGTCCTGGGTGAA -3’ for
Cre recombinase were used as suggested by Shanghai Model
Organisms.

Adeno-associated virus injection

AAVS8-TBG-Flag-AKAP1 virus carrying mouse AKAP1 with a liver specific
promoter TBG was generated by Hanbio Biotechnology Co., Ltd.
(Shanghai, China), and AAV8-TBG-GFP was used as a negative control.
To restore hepatocyte-specific AKAP1 expression in AKAP1-HKO mice,
the male 8-week-old mice were placed on FFD for 4 weeks and then
injected with 200 pL AAV8-TBG-Flag-AKAP1 (5 x 10" vector genomes
(Vg) /mouse) via the tail vein. After another 12 weeks of FFD feeding,
the mice were sacrificed for analysis. To knockdown GPATI in the liver,
mice were injected with AAVS-TBG-shGPAM (5 x10" Vg /mouse, Gen-
omeditech (Shanghai) Co., Ltd). The target sequence of shRNA for
GPAM was 5 CCGAATGATGTTGCTGATGAA-3'.

GalNAc-conjugated siRNA delivery

GalNAc-conjugated siRNA delivery in vivo was conducted as previously
reported®”. SiGPAM and siNC conjugated to N-acetylglucosamine
(GalNAc) were purchased from GenePharma Co., Ltd (Shanghai,
China) and subsequently diluted with PBS. To achieve hepatocyte-
targeted siRNA delivery, 8-week-old male C57BL/6) mice were fed FFD
for 8 weeks. Subsequently, the animals were divided into two groups
and subcutaneously injected with 10 mg/kg of GalNAc-siGPAM or
GalNAc-siNC every two weeks for additional 8 weeks, while continuing
the same diet. A total of five injections were administrated. Mice were
euthanized and analyzed three days after the final injection. The target
sequence of siRNA for GPAM was 5 CCGAATGATGTTGCTGATGAA-3".

Cell lines culture and treatment

The AML-12 (mouse liver cell line), HEK293T and HEK293 were pur-
chased from the Cell Bank of the Type Culture Collection of the Chi-
nese Academy of Sciences (Shanghai, China). THLE-2 (human liver cell
line) were purchased from Xuanya Biotechnology Co., Ltd. (Shanghai,
China). AML-12 cells were cultured in AML-12 cell-specific culture
medium (Hycyte™, TCM-G709, DMEM/F12 medium supplemented
with 10% FBS, 1% ITS, 40 ng/mL dexamethasone and 1% penicillin/
streptomycin). HEK293T, HEK293, and THLE-2 were cultured in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were
cultured in a humidified atmosphere of 5% CO, at 37 °C. No commonly
misidentified cell line was used in this study. All the cell lines were

routinely tested negative for mycoplasma contamination. To establish
a MASLD model in vitro, AML-12 cells and THLE-2 cells were treated
with 0.5 mM palmitic acid (PA; PO500; Sigma-Aldrich) and 1.0 mM oleic
acid (OA; 0-1008; Sigma-Aldrich) for 24 h.

LPA treatment

AML-12 cells were treated with LPA as previously described*. 5 x10*
AML-12 cells were seeded per well of a 6-well plate. After 24 h, the
medium was changed to serum-free medium, and cells were trans-
fected with 10 uM LPA 16:0 or 10 uM LPA 18:1 in total volume of 2 mL
medium with 10 pL Lipofectamine 2000 (Thermo Scientific), following
manufacturer’s protocol.

Adenovirus infection

Adenoviruses containing the sequences of mouse AKAP1 (Ad-Flag-
AKAP1) and ad-green fluorescent protein (Ad-GFP) were produced by
Hanbio Biotechnology Co., Ltd. (Shanghai, China). The titer of ade-
novirus was 1x10° plaque forming units (PFU)/mL. For AKAP1
overexpression, AML-12 cells were infected with Ad-Flag-AKAP1
(MOI=100) for 48 h. After adenovirus infection, the AML-12 cells
were subjected to PAOA for 24 h.

Isolation, culture, and treatment of primary hepatocytes and
Kupffer cells from mouse livers
Primary mouse hepatocytes (PMH) were isolated from 6- to 8-week-old
male AKAP1-Flox and AKAP1-HKO mice. Liver perfusion was performed
following a standard two-step perfusion method. Briefly, mice were
anesthetized and then perfused through the portal vein with perfusion
medium consisting of Ca**-free Hank’s balanced saline solution (HBSS),
0.5mM EDTA and 25 mM HEPES, followed by liver digest medium
containing HBSS with Ca?*-Mg?" containing 0.05% Collagenase Type IV
(Gibco) and 25 mM HEPES. Next, the liver was removed and gently
teased apart in ice-cold DMEM and filtered through a 70 um cell
strainer. The cell suspension was centrifuged at 50 g for 5 min at 4 °C to
separate hepatocytes and nonparenchymal cells (NPCs). For hepato-
cyte isolation, the precipitate was washed three times with ice-cold
DMEM at 50 g for 5 min at 4 °C. and were cultured in DMEM with 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin at 37°C in a
humidified atmosphere with 5% CO, on collagen-I-coated plates.
Primary Kupffer cells (KCs) were isolated from 6-8-week-old male
C57BL/6 mice. The isolation procedure was adapted from a previously
published method with modifications® %, After the two-step perfusion,
NPCs were separated through density gradient isolation with OptiPrep
(Sigma Aldrich, #D1556) as follows: (1) NPCs were centrifuged at
650 x g for 10 min at 4 °C; (2) The pellet of NPCs was resuspended in
5mL of 17.6% OptiPrep solution. Then, 5 mL of 8.2% OptiPrep solution
and 2 mL of B-PBS (PBS + 0.1% BSA) were carefully layered on top of the
cell suspension; (3) The OptiPrep gradient was centrifuged at 1400 x g
for 30 min without braking at room temperature (RT). This step allows
the isolation of a mixed suspension (cell fraction between the interface
of 8.2% and 17.6% OptiPrep) of liver sinusoidal endothelial cells (LSECs)
and KCs. KCs adhere rapidly to cell culture dishes, whereas LSECs do
not. This adherence property was used to separate KCs from LSECs.
Thus, KCs/LSECs were resuspended in DMEM medium and incubated
at 37 °C for 30 min. The supernatant containing LSECs was aspirated,
and the dish was washed with DPBS. The adherent KCs were digested
with trypsin, counted, and plated in collagen-coated 24-well plates at a
concentration of 5-6 x 10° cells/mL in complete DMEM medium.
PMH from AKAP1-Flox and AKAP1-HKO were treated with BSA or
PAOA for 24 h. After this incubation period, the conditioned medium
(CM) was collected and filtered through a 0.22 um filter. Subsequently,
KCs were treated with the CM obtained from BSA- or PAOA-treated
PMH for an additional 12 h. After this treatment, both the KCs and the
cell medium supernatant were collected for further analysis.
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Lentivirus production and infection

For the GPATI1 overexpression plasmid (pLVX-CMV-Flag-GPATI), the
coding sequence (CDS) of GPATI1 from mouse cDNA was amplified by
PCR and cloned into a pLVX-CMV plasmid (Clontech, 632164). A Fast
Site-Directed Mutagenesis kit (TIANGEN, KM101) was used to generate
mutant versions of GPAT1 using wild-type GPAT1 (pLVX-CMV-Flag-
GPAT1) as the template. All plasmids were verified by Sanger sequen-
cing. The primers used to generate these plasmids are listed in Sup-
plementary Table 2. To generate lentivirus, the pLVX-GPAT1 and pLVX-
GPAT1 mutants were co-transfected with psPAX2 and pMD2.G into
HEK293T cells using polyethylenimine linear (PEI) (Yeasen, Shanghai,
China). The cells were incubated at 37 °C, 5% CO, for 48 and 72 h, then
the medium containing lentiviral particles were harvested, passed
through a 0.45 pm filter and infected target cells. For lentiviral infec-
tion, HEK293 cells and AML-12 cells were cultured in basal medium
until 70% confluence and then infected with indicated lentivirus-
containing medium for overnight in the presence of 5pg/mL poly-
brene. Expression levels of GPATI in these puromycin-selected cells
were analyzed using Western blotting.

Mouse metabolic and liver function assays

Body weight was assessed in mice every two weeks. For glucose tol-
erance tests (GTT) and insulin tolerance tests (ITT), mice were fasted
for 6h (08:00-14:00) and then intraperitoneally injected with a
D-glucose solution in saline (1 g/kg body weight) and insulin solution in
saline (0.75 U/kg body weight), respectively. Blood was taken from the
tail vein to measure the glucose concentration at 0, 15, 30, 60, 90, and
120 min after injection using blood glucose test strips and a gluc-
ometer (Roche, USA). The areas under the curve (AUC) were calculated
using the conventional trapezoid rule. Blood samples were obtained
after 6 h fast, the fasting blood glucose levels were measured using a
glucometer (Roche, USA). Serum triglyceride (TG), total cholesterol
(TC), alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) concentrations were measured with an automatic biochemical
analyzer (7170, Hitachi, Tokyo, Japan).

Hepatic triglyceride and cholesterol assay

Commerecial kits were used to measure the contents of total TG and TC
in the liver according to the manufacturer’s instructions (290-63701
for TG, 94-65801 for TC, Wako, Tokyo, Japan). The final level of TG and
TC were normalized with liver tissue weight.

Histological analyses

Liver sections were embedded in paraffin and then stained with
hematoxylin-eosin (H&E). OCT-embedded liver sections were used for
Oil Red O (00625; Sigma-Aldrich; St. Louis, MO, USA) staining. Mas-
son’s Trichrome staining (G1006, Servicebio, Wuhan, China) was used
to assess fibrosis severity. The histological features of the tissues were
captured using a slide scanner (Olympus research slide scanner
VS200). The severity of liver steatosis, inflammation and fibrosis was
assessed by peers blindly. The NAS (0-8) consists of liver steatosis
(scale of 0-3), lobular inflammation (scale of 0-3), hepatocellular
ballooning (scale of 0-2). Fibrosis score was defined by Kleiner
et al.>**°, based on positive staining across the whole liver section.
Fibrosis was staged (0-4): 0=no fibrosis; 1a=mild zone 3 perisinu-
soidal fibrosis; 1b=moderate zone 3 perisinusoidal fibrosis; 1c=
portal/periportal fibrosis only; 2 =zone 3 and portal/periportal fibro-
sis; 3 =bridging fibrosis; 4 = cirrhosis.

Immunohistochemistry (IHC)

Paraffin embedded tissue slides were deparaffinized and subjected to
antigen retrieval in citric acid buffer. Slides were incubated with 3%
hydrogen peroxide and blocking buffer for 5min and 30 min respec-
tively then primary antibody [anti-AKAP1 (1:200, NOVUS); anti-F4/80
(1:1000, Servicebio), a-SMA (1:500, Servicebio)] overnight at 4 °C.

Following wash with PBS, biotin conjugated secondary antibody and
streptavidin conjugated tertiary antibody was added. Finally, positive
signals were detected with 3,3’-diaminobenzidine (DAB) solution.
Images were captured using a slide scanner (Olympus research slide
scanner VS200).

Immunofluorescence

Frozen liver sections were incubated with anti-F4/80 antibody (1:200,
Servicebio Technology, China) at 4°C overnight, followed by 1h
incubation with a fluorophore-conjugated secondary antibody (Alex
Flour 568 goat anti-Rabbit IgG (H +L); A11036; Invitrogen; Carlsbad,
CA, USA) at room temperature. For coverslip staining, AML-12 cells
infected with Ad-Flag-AKAP1 were incubated with mouse anti-Flag
(1:1000, Sigma-Aldrich, China) and rabbit anti-GPAT1 (1:100, Abclonal
Technology, China) at 4 °C overnight and then labeled with the cor-
responding secondary antibody for 1h at room temperature. Finally,
samples were stained with DAPI at room temperature for 20 min.
Images were obtained using Olympus FV3000 laser-scanning confocal
microscope (Tokyo, Japan).

Cellular TG, ALT and AST assay

Intracellular TG levels were measured using a commercial kit (E1013-
105, Applygen Technologies Inc., Beijing, China). The levels of ALT and
AST in cell culture medium were measured using the ALT and AST
(C009-2-1for ALT, C0O10-2-1 for AST; NjjcBio) assay kits.

Inflammatory cytokines assay

The concentrations of mice inflammatory cytokines, TNFa and MCP1
in cells and from cell culture supernatant were quantified by TNFx
ELISA Kit (CSB-EO4741m, Cusbio) and Mouse MCP1/MCAF ELISA Kit
(CSB-E07430m, Cusbio) following the manufacture’s protocol.

RNA isolation and Quantitative RT-PCR

Total RNA from tissues or cells was extracted using Total RNA Kit |
(Omega). 1000 ng total RNA was reverse transcribed to generate
cDNA using PrimeScipt™ RT Reagent Kit with gDNA Eraser (Takara,
Japan). Standards were used to create a standard curve. Quantitative
real-time PCR (qRT-PCR) was performed on CFX 96™ Real-Time
System (Bio-Rad, USA) using TB Green® Premix Ex Taq™ Kit (Takara,
Japan) with specific primers as listed in Supplementary Data 1. Rela-
tive gene expression was calculated using the 2724 method from at
least three independent experiments after being normalized to
B-actin.

Isolation of Mitochondria and plasma membrane

Mitochondria were isolated from fresh livers using Tissue Mitochon-
dria Isolation Kit (Beyotime, C3606) and from cells using Cell Mito-
chondria Isolation Kit (Beyotime, C3601). The plasma membrane was
extracted using Membrane and Cytosol Protein Extraction Kit (Beyo-
time, PO033) according to the manufacturer’s protocol.

Western blotting

Cells and tissues were homogenized in RIPA lysis buffer (PO013B,
Beyotime, Shanghai, China) supplemented with PMSF, complete pro-
tease inhibitors (Roche) and phosphorylase inhibitor (Roche). For
Western blotting analysis of liver AKAP1, fresh liver tissue was har-
vested and homogenized immediately to avoid protein degradation.
Protein concentration was determined using the BCA Assay Kit (POO11,
Beyotime, Shanghai, China). Then, equal quantities of the indicated
protein were separated by 10% SDS-PAGE gels and transferred to
polyvinylidene difluoride PVDF membranes (Millipore). The mem-
brane was blocked with 5% skim milk in Tris-buffered saline (TBST) and
then incubated with the indicated primary antibodies at 4 °C over-
night. After 1 h incubation with HRP-conjugated secondary antibodies,
proteins bands were visualized by a chemiluminescence system
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(ChemiScope 6100) and quantified by ImageJ software (NIH, Bethesda,
MD). All antibodies used were listed Supplementary Data 2.

Co-immunoprecipitation (Co-IP) and mass spectrometric (MS)
analysis

Pierce™ Classic Magnetic IP/Co-IP Kit (Thermo Fisher Scientific, USA)
was used for immunoprecipitation (IP). Fresh liver tissue, cells or iso-
lated liver mitochondria were lysed with IP lysis buffer. 1 mg of protein
was immunoprecipitated with indicated primary antibody overnight at
4 °C. Subsequently, 20-40 pL of fully suspended protein A/G magnetic
beads were added and incubated at room temperature for 2 h. Then,
the beads were washed three times with Wash Buffer and resuspended
and boiled in loading buffer. The supernatant was further electro-
phoresed through SDS-PAGE and stained with silver or Coomassie
brilliant blue (CBB). Stained protein bands were dispatched to Applied
Protein Technology Co., Ltd. (Shanghai, China) for LC-MS/MS analysis.
The analysis was conducted on a Q Exactive mass spectrometer cou-
pled to Easy nLC (Thermo Fisher Scientific) using a routine method. MS
data were acquired using a data-dependent top10 method dynamically
choosing the most abundant precursor ions from the survey scan
(300-1800/mz) for higher energy collisional dissociation (HCD) frag-
mentation. The data of MS were analyzed by MaxQuant software.
Spectra data were searched against a UniProt mouse database (www.
uniprot.org).

In vitro kinase assay

The in vitro kinase assay was conducted as previously described®.
Recombinant GPAT1 (Cat No. Ag3120) and PKA Ca (Cat No. Ag21478)
proteins were purchased form Proteintech company and dissolved in
50% glycerol-PBS. Then 1 pg GPAT1 and 1 pg PKA-Ca were incubated in
the kinase assay buffer (20 mM Tris-HCI pH 7.5, 5 mM KCI, 5mM DTT,
250 uM ATP) at 30 °C for 1h. The reaction was terminated by adding
SDS loading buffer, and the samples were loaded on SDS-PAGE gel and
analyzed by Western blotting with indicated antibodies.

GPAT activity assay

GPAT activities were measured using spectrophotometric analysis, in
accordance with previous studies®**>. Palmitoyl-CoA and glycerol-3-
phosphate were used as substrates and the generation of CoA was
monitored. Briefly, GPAT activity in whole-cell lysates or isolated liver
mitochondria were assayed in a reaction mixture containing glycine
(100mM, pH 8.5), 0.5mM EDTA, 1mM DTT, 1mM glycerol-3-
phosphate (94124, Sigma-Aldrich), 0.1mM palmitoyl-CoA (P9716,
Sigma-Aldrich), and 0.1mM 5, 5-dithio-bis (2-nitrobenzoic acid)
(DTNB). The reaction was started with the addition of 1mM NADH
and the formed DTNB-CoA complex was measured spectro-
photometrically at 412nm. In addition to the spectrophotometric
assay, GPAT activity was also measured using UHPLC-MS/MS analysis.
Briefly, GPAT activity in whole-cell lysates or isolated liver mitochon-
dria was assayed in a reaction mixture containing 100 mM glycine (pH
8.5),0.5mMEDTA,1mM DTT, 1 mM glycerol-3-phosphate and 0.1 mM
palmitoyl-CoA. The reaction was initiated by the addition of 1mM
NADH, and the resulting palmitoyl-LPA was quantified using
UHPLC-MS/MS analysis.

PKA activity assay

Total cellular and mitochondrial PKA activities were measured by PKA
Colorimetric Activity Kit (EIAPKA, Thermo Fisher) following manu-
facturers’ instructions.

ACS activity assay

Acyl-CoA synthetase (ACS) was measured by a continuous coupled
enzymatic assay as our previously described™. The reaction mixture
included 100 mM Tris-HCI buffer (pH 8.0), 10mM ATP, 15mM
MgCl,, 5mM dithiothreitol, 150mM KCI, 1mM potassium

phosphoenolpyruvate (P7127, Sigma-Aldrich), 0.3mM NADH in
100 mM triethanolamine (pH 8.2), and 500 uM sodium palmitate.
4.5 ug adenylate kinase (M3003, Sigma-Aldrich), 3 ug pyruvate kinase
(P1506, Sigma-Aldrich), 3 ug lactate dehydrogenase (L8080, Solarbio),
and 3 ug mitochondrial protein sample were added to a total reaction
volume of 100 uL. After incubation at 37 °C for 1 min, the reaction was
started by adding CoA (final concentration 600 uM) (C4282, Sigma-
Aldrich). The absorbance changes at 334 nm were measured every 10 s
for 15min with a recording spectrophotometer. The reaction rate
was determined using the slope and intercept from a NADH
standard curve.

Measurement of mitochondrial membrane fluidity
Mitochondrial membrane fluidity was analyzed by fluorescence ani-
sotropy of TMA-DPH probe (BB-48119, BestBio) according to the
manufacturer’s instructions. Isolated mitochondria (0.5 mg/mL) were
labeled with TMA-DPH at a final concentration of 5 uM and incubated
at 37°C for 30 min. Fluorescence polarization value was measured
using a fluorescence spectrometer (Jovin Yvon Horiba, Edison, NJ,
USA), at an excitation wavelength of 355 nm and emission wavelength
of 430 nm. Fluorescence anisotropy values calculated using the fol-
lowing equation: P = (I~ G x Iy)/(lyy + G % Iy); Direction calibration
factor G = Iyv/lyy. Iwy, Iy, Iyy and Iy represented the excitation and
emission fluorescence intensity polarization in vertical (v) and hor-
izontal (h), respectively. P value and membrane fluidity are negative
correlation.

Hepatic VLDL-TG secretion analysis

Mice were fasted for 6 h and injected intraperitoneally with the lipase
inhibitor Poloxamer-407 (P-407; 1g/kg; Sigma-Aldrich). Blood was
collected at baseline and at 1, 2 and 4 h after P-407 injection and plasma
TG were quantified using a commercially available kit (290-63701 for
TG, Wako; Tokyo, Japan).

Serum ketone bodies assay

Following the manufacturer’s instructions, ketone bodies (acetoacetic
acid and B-hydroxybutyric) were assessed using a readily accessible
assay kit (EKBD-100, BioAssay Systems, USA).

Untargeted lipidomic analysis

Frozen liver (100 mg) was extracted by chloroform methanol (vol/vol,
2:1) method and dry in vacuum. Samples were dissolved in isopropanol
for LC-MS (Suzhou Bionovogene). Chromatographic separation was
accomplished in a Thermo Vanquish system equipped with an
ACQUITY UPLC BEH C18 (100 x 2.1 mm, 1.7 pum, Waters) column. The
ESI-MSn experiments were executed on the Thermo Q Exactive Focus
mass spectrometer with the spray voltage of 3.5kV and 2.5kV in
positive and negative modes, respectively. Analyzed and identified
using LipidSearch software.

LC-MS/MS analysis of palmitoyl-carnitine

Quantitative analysis of palmitoyl-carnitine was performed using LC-
MS/MS following our previously established methodology™. Liver tis-
sues storaged at -80 °C after flash frozen in liquid nitrogen were
submitted to Metware Biotechnology Co., Ltd. (Wuhan, China) for
comprehensive analysis. The analytical platform consisted of a liquid
chromatography electrospray ionization tandem mass spectrometry
(LC-ESI-MS/MS) system, incorporating ultra-performance liquid chro-
matography (UPLC, Shim-pack), ultrafast liquid chromatography
(UFLC, SHIMADZU CBM30A), and a triple quadrupole mass spectro-
meter (Applied Biosystems 6500 QTRAP). The quantification of
palmitoyl-carnitine was achieved through scheduled multiple reaction
monitoring (MRM) mode, ensuring high sensitivity and specificity in
the detection process. Palmitoyl-carnitine standard was purchased
from Sigma-Aldrich.
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Ultra-high performance liquid chromatography/tandem mass
spectrometry (UHPLC-MS/MS) for targeted analysis of LPA 16:0
and LPA 18:1

UHPLC-MS/MS analysis was performed by Beijing Scale Co., Ltd.
(Beijing, China). LPA 16:0 (Cat. No. 857123) and LPA 18:1 (Cat. No.
857130) were purchased from Avanti Polar Lipids and used as the
internal standard compound. Lipids were extracted from liver tissues,
cells, isolated mitochondria and cell culture supernatant using 500 pL
methanol/chloroform (1:1, vol/vol). The supernatant was precipitated
in 300 uL of methanol-acetonitrile mixture. 50 ng/mL propranolol for
positive ion mode. The extracts were filtered and separated (5pL
injection volume) on Acquity BEH C18 column (50 x 2.1 mm, 1.7 um) at
a flow rate of 0.25mL/min at 40 °C. Analysis of LPA was performed
using a Dionex UltiMate HPLC 3000 system equipped with a Thermo
Q-Exactive mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany). The mobile phase was composed of 60% phase A (5mM
ammonium formiate and 0.1% formic acid in 50% water / 50% metha-
nol) and 40% Phase B (100% acetonitrile), with a flow rate of 0.25 mL/
min. The retention times of the analytes were between 4 to 5 min. After
ionization by electrospray (ESI) in the mass spectrometer, the analytes
were then separated according to known mass/charge ratios. Instru-
ment control, data acquisition and analysis were performed using the
Analyst 1.6.1 software. The LPA concentrations were calculated using
standard curves derived from a mixture of purified LPA 16:0 and LPA
18:1. The following MS transitions for LPA 16:0: 411.25063/155.01044;
LPA 18:1: 437.26627/155.01033; propranolol: 260.16451/116.10709 were
recorded.

Public dataset collection

Public microarray dataset was collected from the NCBI GEO under
accession number GSE135251 for analysis of mRNA expression levels of
Akapl. Dataset inclusion criteria were 1) gene expression profiling was
available; 2) the samples were largest.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0 (Graph-
Pad Software Inc., LaJolla, CA). Results were expressed as mean + SEM.
Differences between two groups were analyzed using Student’s ¢ test.
For comparisons among multiple groups, one-way and two-way
ANOVA followed by Bonferroni post-tests were applied. All data were
performed for statistical analysis. The correlation analysis was calcu-
lated with Pearson correlation coefficients.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available within the
article and supplementary information. Lipidomics data have been
deposited in the Metabolights under the accession number
MTBLS12350. Proteomics data have been deposited in the Proteo-
meXchange under the accession number PXD062388. Source data are
provided with this paper.
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