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SUMMARY
The pituitary is the central endocrine gland with effects on metabolic dysfunction-associated steatotic liver
disease (MASLD). However, it is not clear whether the pituitary responds to free fatty acid (FFA) toxicity, thus
dysregulating hepatic lipid metabolism. Here, we demonstrate that decreased prolactin (PRL) levels are
involved in the association between FFA and MASLD based on a liver biospecimen-based cohort. Moreover,
overloaded FFAs decrease serum PRL levels, thus promoting liver steatosis in mice with both dynamic diet
intervention and stereotactic pituitary FFA injection. Mechanistic studies show that excessive FFA sensing in
pituitary lactotrophs inhibits the synthesis and secretion of PRL in a cell-autonomousmanner. Notably, inhib-
iting excessive lipid uptake using pituitary stereotaxic virus injection or a specific drug delivery system effec-
tively ameliorates hepatic lipid accumulation by improving PRL levels. Targeted inhibition of pituitary FFA
sensing may be a potential therapeutic target for liver steatosis.
INTRODUCTION

Recently, the nomenclature of metabolic dysfunction-associ-

ated steatotic liver disease (MASLD) has been chosen to replace

non-alcoholic fatty liver disease after four rounds of Delphi sur-

veys.1 MASLD is defined as the presence of hepatic steatosis

with at least one of five cardiometabolic risk factors.2 Over the

recent decades, MASLD has emerged as the most common

chronic liver disorder, with a prevalence of 32.4% worldwide,3

and causes significant burdens to patients and society.4,5

Currently, effective therapies for MASLD are limited.

The hallmark of MASLD is the accumulation of hepatic triglyc-

erides (TGs),mainly driven by obesogenic environmental factors.

The excessive levels of free fatty acids (FFAs) associated with

overnutrition have deleterious effects on hepatic lipid meta-

bolism. Clinical studies indicate that chronic elevation of serum

FFA levels is closely associated with steatotic liver disease.6

Higher plasma FFA levels are associated with a 0.38- to 2.60-

fold increase in the risk of steatotic liver disease.7,8 Mechanistic

studies indicate that elevated FFA levels increase the uptake of

hepatic fatty acids and de novo lipogenesis while impairing fatty

acid oxidation and lipid export and driving the accumulation of

TGs in the liver. Moreover, excess levels of circulating FFAs

caused by accelerated lipolysis trigger proinflammatory pro-

cesses in adipose tissue, leading to peripheral insulin resistance
Cell Reports 43, 114465,
This is an open access article under the CC BY-
and ectopic fat accumulation.9 FFA-derived toxic lipids drive

inflammation and impair insulin signaling in skeletal muscle.

This impedes insulin-stimulated glucose uptake in skeletal mus-

cle and increases glucose delivery to the liver, further driving he-

patic lipid synthesis.10

The central nervous system has critical roles in the mainte-

nance of lipid homeostasis via neural and hormonal routes.

Compared with rapid neural regulation, hormonal regulation is

relatively stable and more sensitive to fatty acid toxicity, espe-

cially in chronic pathological conditions. The pituitary, themaster

endocrine gland of the central nervous system, releases adeno-

hypophyseal hormones, which are required for growth and

development. Notably, recent studies have emphasized the

role of hormonal cross-talk between the pituitary gland and the

liver in maintaining lipid homeostasis, as the thyroid-stimulating

hormone increases hepatic TG content, whereas prolactin (PRL)

and growth hormone (GH) improve liver steatosis.11–14 However,

it is not clear whether the pituitary gland responds to FFA

toxicity, thus dysregulating hepatic lipid metabolism.

Here, we reported that excessive FFA sensing in pituitary lac-

totrophs elicited hepatic steatosis by decreasing PRL levels via

inhibition of the synthesis and secretion of PRL in a cell-autono-

mous manner. Notably, inhibiting excessive lipid uptake using

pituitary stereotaxic virus injection or a specific drug delivery

system effectively ameliorated hepatic lipid accumulation by
July 23, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).

mailto:zhang_pengzi@163.com
mailto:biyan@nju.edu.cn
https://doi.org/10.1016/j.celrep.2024.114465
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2024.114465&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/


Article
ll

OPEN ACCESS
improving PRL levels. These results advance our knowledge of

mechanisms linking FFAs and MASLD, provide insights into

the role of metabolite sensing in the pituitary gland, and highlight

potential therapeutic targets for MASLD treatment.

RESULTS

Decreased PRL levels were involved in the association
between FFAs and MASLD
A total of 328 subjects (64 controls and 264 with MASLD; mean

age: 31.22 ± 8.12 years; mean BMI: 35.22 ± 3.78 kg/m2) were re-

cruited into the study based on liver biopsy results (Figure 1A).

Compared with the controls, subjects with MASLD had higher

levels of waist circumference, hemoglobin A1c (HbA1c), fasting

blood glucose, fasting insulin, homeostatic model assessment

of insulin resistance (HOMA-IR), alanine aminotransferase,

aspartate aminotransferase, TG, and total cholesterol (all

p < 0.05, Table 1). Serum FFA levels were significantly higher

in the patients with MASLD than in the controls (Figure 1B).

The individuals were further divided into four groups according

to the quartiles of FFA levels (range from Q1 to Q4: <0.44,

0.44–0.52, 0.53–0.65, and >0.65 mmol/L, Table S1). We found

that the serum FFA concentration was positively associated

with the prevalence of MASLD as well as the degree of liver stea-

tosis (p for trend < 0.001, Figure 1C). Moreover, after adjustment

for age, sex, BMI, blood glucose levels, HOMA-IR, liver en-

zymes, and lipid profiles, logistic analysis revealed that higher

FFA levels were associated with a higher risk of MASLD (odds ra-

tio [OR]: 1.645, p < 0.05, Figure 1D). Similarly, subgroup analysis

of individuals with normal glucose tolerance showed that

patients with MASLD exhibited higher FFA levels compared

with the controls (Table S2), and multivariate analyses showed

that increasing FFAs was a risk factor for MASLD (OR: 1.973,

p < 0.05, Table S3).

Next, to address the role of pituitary hormones in FFA-associ-

atedMASLD, serum levels of PRL, adrenocorticotropic hormone

(ACTH), thyrotropin-stimulating hormone (TSH), luteinizing hor-

mone (LH), follicle-stimulating hormone (FSH), and GH were

analyzed across FFA quartiles. We observed amarked decrease

in the levels of PRL and GH across FFA quartiles (Table S1; Fig-

ure 1E). Partial correlation analyses revealed a negative correla-

tion between FFAs and PRL (r =�0.174, p < 0.05, Figure 1F) and

GH (r = �0.198, p < 0.05) after adjustment of age, sex, BMI,

HbA1c, HOMA-IR, and liver enzymes, whereas no correlation

was observed between FFAs and TSH, ACTH, FSH, or LH.More-

over, PRL levels correlated negatively with the degree of liver

steatosis (r =�0.221, p < 0.05), but no correlation was found be-

tween steatosis and TSH, ACTH, FSH, LH, or GH (Figure 1G). Lo-

gistic regression analyses indicated that decreased PRL levels,

but not other pituitary hormones, were the only independent pre-

dictor of MASLD (OR: 0.853, p < 0.05, Table S4). Importantly,

mediation analysis revealed that decreased PRL levels caused

the correlation between FFAs and MASLD, with a mediation ef-

fect of 29.1% after adjustment for age, sex, BMI, HbA1c,

HOMA-IR, and liver enzymes (95% confidence interval: 0.049–

0.315, p < 0.05, Figure 1H). These data indicated that decreased

PRL levels mediated the positive correlation between FFAs and

MASLD.
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Elevated FFAs induced liver steatosis by suppressing
PRL levels
To further investigate the changes among the levels of FFAs, pi-

tuitary hormones, and the occurrence of liver steatosis, mice

were dynamically fed with chow diet or high-fat diet (HFD; the re-

sults of body weight, glucose tolerance tests, and biochemical

measurements for diet-induced mice are shown in Figures

S1A–S1F). Profiles of hepatic lipid deposition, serum FFAs,

and pituitary hormone levels were evaluated biweekly (Fig-

ure 2A). Importantly, when dynamically compared with chow-

fed mice, HFD-fed mice exhibited higher serum FFA levels after

4 weeks (Figure 2B), lower serum PRL levels after 8 weeks (Fig-

ure 2C), and higher hepatic TG levels and liver steatosis after

10 weeks (Figures 2D and 2E) on the diets. In addition, the levels

of other pituitary hormones, including GH, ACTH, FSH, LH, and

TSH, did not differ significantly between chow-fed and HFD-

fed mice (Figure S1G).

Furthermore, DMSO (vehicle) and C16-Bodipy (5 and 10 mM,

respectively) were stereotactically injected into the pituitary of

chow-fed mice to explore the effect of FFAs on pituitary PRL in

the occurrence of liver steatosis (Figures 2F and 2G). Compared

with the chow-fed mice, the HFD-fed mice showed higher levels

of FFAs (Figure 2H) and lower levels of PRL in the pituitary (Fig-

ure 2I). Interestingly, the mice stereotactically injected with

10 mM C16-Bodipy exhibited significantly decreased circulating

PRL levels compared with DMSO-treated mice after 24 h of in-

jection (Figure 2J). Additionally, C16-Bodipy-treated mice ex-

hibited higher levels of hepatic TG and hepatic lipid droplets

than DMSO-treated mice (Figures 2K and 2L).

Moreover, FFA-treated HepG2 cells were cocultured with

MMQ cells to evaluate the effect of PRL on hepatocytic steatosis

in vitro (Figure 2M). TG quantification assays and oil red O stain-

ing revealed that increased PRL levels could markedly alleviate

FFA-induced lipid accumulation in HepG2 cells in a dose-depen-

dent manner (Figures 2N and 2O). Taken together, these results

indicate that elevated levels of FFAs significantly suppressed the

levels of circulating PRL, thus promoting liver steatosis.

Excessive FFAs inhibited the synthesis and secretion of
PRL in a cell-autonomous manner
Serum FFA components include saturated and unsaturated

fatty acids. To further identify the pathogenic fatty acids in

the occurrence of steatotic liver disease, we identified the lipi-

domic profiles of serum FFAs in humans and diet-induced mice

using gas chromatography-mass spectrometry (Figures 3A and

3B; Tables S5 and S6). When compared with those in controls,

8 fatty acids were up-regulated in individuals with biopsy-

proven MASLD, and 15 fatty acids were up-regulated in

HFD-fed mice (Figure 3C). Among the up-regulated fatty acids,

palmitic acid (PA; C16:0), oleic acid (OA; C18:1n9), a-linolenic

acid (a-LA; C18:3n3), and arachidic acid (AA; C20:0) were

elevated in both humans and mice (Figure 3D). To determine

whether these fatty acids dysregulated PRL levels, we treated

MMQ cells with PA, OA, AA, a-LA, or their respective solvents.

The PRL levels in cell culture supernatant were significantly

reduced in PA-, OA-, and AA-treated lactotrophs when

compared with the controls (Figure 3E) without affecting cell

viability (Figure 3F).



Figure 1. The association between FFAs and MASLD was mediated by decreased PRL levels

(A) Clinical scheme of 328 subjects with liver biopsy.

(B) Serum levels of free fatty acids (FFAs) in controls and patients with metabolic dysfunction-associated steatotic liver disease (MASLD).

(C) The percentage of MASLD across FFA quartiles (left) and associations between FFA quartiles and liver steatosis score (right). The quartile ranges of Q1, Q2,

Q3, and Q4 of serum FFA levels were <0.44, 0.44–0.52, 0.53–0.65, and >0.65 mmol/L, respectively.

(D) Logistic regression analyses producing Odds ratio (OR) with 95% confidence intervals (95% CI) for MASLD. Model 1: unadjusted; model 2: adjusted for age,

sex, BMI, blood pressure, and presence of diabetes; model 3: adjusted for model 2 and HbA1c, fasting blood glucose (FBG), HOMA-IR, alanine aminotransferase

(ALT), and aspartate aminotransferase (AST); model 4: adjusted for model 3 and triglyceride (TG), total cholesterol (TC), high-density lipoprotein-cholesterol

(HDL-c), and low-density lipoprotein-cholesterol (LDL-c).

(E) Serum levels of prolactin (PRL) across FFA quartiles in the cohort.

(F) Correlation analysis between FFA and PRL levels.

(G) Heatmap with a partial correlation coefficient between pituitary hormones and FFAs as well as steatosis severity after adjustment for sex, age, BMI, HbA1c,

HOMA-IR, ALT, and AST.

(H) Associations of FFAs, themediator of decreased levels of PRL, and steatosis score in themediationmodel adjusted for sex, age, BMI, HbA1c, HOMA-IR, ALT,

and AST.

*p < 0.05, **p < 0.01, and ***p < 0.001.
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Table 1. Characteristics of the study individuals

Characteristics Total population (n = 328) Control (n = 64) MASLD (n = 264) Control vs. MASLD

Demographic factors

Age (years) 31.22 ± 8.12 29.75 ± 8.93 31.58 ± 7.89 0.095

Female (n, %) 236, 72.0 51, 79.7 185, 70.1 0.125

BMI (kg/m2) 35.22 ± 3.78 34.99 ± 5.01 35.28 ± 3.43 0.138

SBP (mmHg) 137.85 ± 18.20 133.86 ± 20.42 138.81 ± 17.54 0.023

DBP (mmHg) 88.49 ± 13.26 84.35 ± 13.80 89.47 ± 12.96 0.003

WC (cm) 112.04 ± 11.08 109.20 ± 13.45 112.65 ± 10.42 0.020

IGR (n, %) 119, 36.3 20, 31.3 99, 37.5 0.351

Diabetes (n, %) 57, 17.4 3, 4.7 54, 20.5 0.003

Metabolic factors

HbA1c (%) 6.10 ± 1.45 5.52 ± 0.97 6.24 ± 1.51 <0.001

FBG (mmol/L) 5.82 ± 2.00 4.97 ± 1.25 6.03 ± 2.10 <0.001

FINS (mIU/mL) 21.75 (14.83, 31.20) 15.30 (9.90, 20.17) 23.90 (16.35, 33.49) <0.001

HOMA-IR 5.22 (3.42, 8.63) 3.13 (2.18, 4.36) 5.77 (4.07, 9.58) <0.001

ALT (U/L) 34.60 (21.43, 63.18) 20.45 (14.90, 30.18) 41.00 (26.63, 74.85) <0.001

AST (U/L) 23.75 (16.65, 37.98) 16.50 (14.28, 22.95) 26.90 (18.43, 41.50) <0.001

TG (mmol/L) 1.95 ± 1.76 1.41 ± 0.72 2.08 ± 1.91 <0.001

TC (mmol/L) 4.90 ± 0.94 4.84 ± 1.10 4.91 ± 0.90 0.174

HDL-c (mmol/L) 1.06 ± 0.24 1.17 ± 0.27 1.03 ± 0.23 <0.001

LDL-c (mmol/L) 3.00 ± 0.79 3.02 ± 0.98 2.99 ± 0.74 0.493

FFAs (mmol/L) 0.54 ± 0.19 0.46 ± 0.18 0.56 ± 0.19 <0.001

Pituitary hormones

PRL (mg/L) 9.79 (7.71, 12.47) 11.47 (8.66, 16.61) 9.47 (7.52, 12.00) <0.001

GH (mg/L) 0.08 (0.05, 0.23) 0.14 (0.06, 0.37) 0.07 (0.05, 0.19) 0.001

ACTH (pmol/L) 4.31 (2.89, 6.48) 4.35 (2.93, 6.19) 4.31 (2.87, 6.60) 0.988

FSH (mIU/mL) 5.54 (3.91, 7.37) 5.69 (3.13, 8.38) 5.54 (4.02, 7.05) 0.821

LH (mIU/mL) 4.63 (2.89, 6.92) 4.57 (2.82, 7.63) 4.69 (2.91, 6.8) 0.880

TSH (mIU/L) 2.13 (1.54, 2.81) 1.82 (1.26, 2.81) 2.15 (1.6, 2.81) 0.060

Liver histopathologic characteristics

Steatosis 1 (1, 2) 0 (0, 0) 2 (1, 2) <0.001

Ballooning 1 (1, 1) 1 (1, 1) 1 (1, 1) 0.343

Lobular inflammation 1 (0, 1) 0 (0, 1) 1 (1, 1) <0.001

Fibrosis 0 (0, 1) 0 (0, 0) 0 (0, 1) 0.341

Data are expressed asmean ± standard deviation ormedian (interquartile range). Statistical significancewas defined as p< 0.05. p values are based on

independent-sample t test and Mann-Whitney U test for continuous data. BMI, body mass index; DBP, diastolic blood pressure; WC, waist circum-

ference; IGR, impaired glucose regulation; FBG, fasting blood glucose; FINS, fasting insulin; FFAs, free fatty acids; HbA1c, hemoglobin A1c; HDL,

high-density lipoprotein; HOMA-IR, the homeostatic model assessment of insulin resistance; ALT, alanine aminotransferase; AST, aspartate amino-

transferase; LDL, low-density lipoprotein; MASLD, metabolic dysfunction-associated steatotic liver disease; SBP, systolic blood pressure; TC, total

cholesterol; TG, triglyceride; PRL, prolactin; GH, growth hormone; TSH, thyrotropin-stimulating hormone; ACTH, adrenocorticotropic hormone; LH,

luteinizing hormone; FSH, follicle-stimulating hormone.
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Given that PA and OA were the main constituents of the

circulating FFA pool, a mixture of PA and OA (PAOA) or BSA

(control) was used in subsequent experiments. Consistently,

PAOA (%75 mM) caused a significant dose-dependent reduc-

tion in the levels of PRL in cell culture supernatant when

compared with the BSA group and did not induce apoptosis

or impair cell viability (Figures 4A–4D). What’s more, PAOA

markedly inhibited the mRNA and protein expressions of

PRL (Figures 4E–4G), indicating that PAOA could directly sup-

press the synthesis of PRL in lactotrophs. It is well established
4 Cell Reports 43, 114465, July 23, 2024
that Pit-1 controls the lineage fate of lactotrophs and regu-

lates the transcription of Prl-encoding hormone products.15

We, therefore, investigated the expression of Pit-1 in PAOA-

treated lactotrophs. Importantly, the mRNA and protein

expressions of Pit-1 were significantly decreased in PAOA-

treated lactotrophs compared with the controls (Figures 4H

and 4I). Moreover, transcriptional activity of the rat Prl pro-

moter regulated by Pit-1 was significantly decreased in

PAOA-treated lactotrophs compared with the BSA group (Fig-

ure 4J). These results suggested that lipotoxicity inhibited the



(legend on next page)
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synthesis of PRL by decreasing the transcription activity of

Pit-1 on the Prl promoter in lactotrophs.

In addition to synthesis, the mobilization of intracellular cal-

cium ions and granule exocytosis plays an important role in the

exocytosis process of PRL secretion.16 Here, we found that

intracellular calcium mobilization did not differ significantly be-

tween PAOA-treated lactotrophs and the control group (Fig-

ure 4K), whereas the gene expressions of Snap25, which is the

factor involved in granule exocytosis of PRL, was significantly

decreased in PAOA-treated lactotrophs when compared with

the control group (Figure 4L). Moreover, dopamine (DA) that

releases from tuberoinfundibular DA (TIDA) neurons in the hypo-

thalamus serves as the major physiological inhibitor of PRL.17,18

We thus investigated the effects of lipotoxicity on TIDA neurons

in hypothalamus by measuring DA levels as well as dopami-

nergic neuronal activity. The results showed that there were no

significant differences in the levels of hypothalamus DA between

chow- and HFD-fed mice (Figure 4M), and immunofluorescent

staining revealed that the HFD had no obvious effects on

c-Fos colocalization with tyrosine hydroxylase-positive DA neu-

rons in mice hypothalamus (Figure 4N).

Taken together, these data suggest that excessive FFAs

directly inhibited the synthesis and secretion of PRL in a cell-

autonomous manner rather than through activation of inhibitory

neural circuits.

CD36-mediated excessive FFA sensing caused PRL
inhibition in lactotrophs
Further, we assessed the PAOA-mediated lipid metabolism in

MMQ cells in vitro. Bodipy 493/503 staining, oil red O staining,

and TG quantification assays revealed more lipid accumulation

in PAOA-treated lactotrophs than in the control group (Figure 5A).

Flow cytometry-based fatty acid uptake assays revealed a signif-

icant increase in fatty acid uptake in PAOA-treated lactotrophs

(Figure 5B). Thereafter, we detected the mRNA expressions of

genes related to fatty acid uptake and found that only the gene

expression of Cd36, but not Gprs or Fatps, was significantly

elevated in PAOA-treated lactotrophs compared with the control

group (Figure 5C). Additionally, the protein expression levels of

CD36 were significantly up-regulated by lipotoxicity in both

PAOA-treated lactotrophs and the pituitary of HFD-fed mice

whencomparedwith their respectivecontrols (Figure 5D). Further-

more, inhibition of CD36 via sulfo-N-succinimidyl oleate (SSO)

significantly reduced excessive fatty acid uptake and TG contents

(Figures 5E and 5F) and increased the mRNA and protein expres-
Figure 2. Elevated FFAs induced liver steatosis by suppressing PRL le

(A) Experimental scheme of temporal diet-induced mice (n = 7 per group).

(B–E) Dynamic assays of serum levels of FFAs (B), serum PRL (C), liver TGs (D),

O staining (scale bars, 50 mm), and electron microscopy assays (scale bars, 10 m

(F) Experimental scheme of pituitary stereotaxic C16-Bodipy-injected mice (n = 6

(G) Fluorescence assays of C16-Bodipy in mice pituitary. Scale bars, 200 mm.

(H and I) Pituitary FFA content assays (H) and pituitary PRL content assays (I) in

(J–L) Assays of serum levels of PRL (J), liver TGs (K), and H&E and oil red O stain

(M) Experimental scheme of coculture system of MMQ cells and PAOA-induced

(N and O) Intracellular TG content assays (N) and oil red O staining assays (O) in He

250 mM PAOA for 24 h. Scale bars, 50 mm.

The data are presented asmean ±SEM. *p < 0.05, **p < 0.01, and ***p < 0.001, n.s

t test and one-way ANOVA were used for statistical analysis.

6 Cell Reports 43, 114465, July 23, 2024
sions of PRL in PAOA-treated cells (Figures 5G and 5H). Besides,

CD36 inhibition significantly up-regulated themRNAexpressionof

Pit-1 in PAOA-treated lactotrophs (Figure 5I) and resulted in a

marked increase in the transcriptional activityofPrlpromoteractiv-

ity in the presence of Pit-1 (Figure 5J). A lentivirus for CD36 knock-

down (Lv-shCD36) or a negative control vector (Lv-NC) was trans-

fected into the lactotrophs. The knockdown efficiency is shown in

Figures 5K and 5L. Similarly, Lv-mediated CD36 knockdown

decreased intracellular TG contents and increased PRL levels in

PAOA-treated lactotrophs (Figures 5M and N). These results indi-

cated that CD36 mediated excessive FFA sensing that inhibited

PRL expression in lactotrophs.

Inhibition of CD36 in the pituitary alleviates liver
steatosis by elevating PRL levels
To further evaluate whether inhibiting CD36 in the pituitary helps

improve circulating PRL levels and alleviate liver steatosis in vivo,

adeno-associated viruses (AAVs) expressing short hairpin RNA

against CD36 (AAV-shCD36) or NC (AAV-NC) were stereotacti-

cally injected into the pituitary of diet-induced mice (Figure 6A).

The knockdown efficiency is shown in Figures S2A and S2B.

CD36 knockdown in mice pituitary had no effect on body weight

and did not impair glucose tolerance or insulin sensitivity of mice

fed a chow diet or HFD (Figures S2C–S2E). Noticeably, HFD-fed

AAV-shCD36mice exhibited higher circulating levels of PRL (Fig-

ure 6B) and significantly decreased liver weights and liver/

body weight ratios compared with the HFD-fed AAV-NC mice

(Figures 6C and 6D). Furthermore, the hepatic TG contents

were significantly lower in HFD-fed AAV-shCD36 mice than

those in theHFD-fed AAV-NCmice (Figure 6E). Histological anal-

ysis of liver sections revealed decreased severity of steatosis in

HFD-fed AAV-shCD36mice compared with those in the AAV-NC

mice fed with the HFD (Figure 6F).

Next, we explored therapeutic potential of CD36 antagonist

SSO targeting to the pituitary through a non-invasive approach.

To this end, 8-week-old mice were intravenously injected with

thyrotropin-releasing hormone (TRH)-polyethylene glycol-modi-

fied liposome (PEG-LP)-SSO (5 mg/kg), PEG-LP-SSO (5 mg/kg),

or its control (PEG-LP-saline) once a week. The mice were then

maintained on the chowdiet or HFDdiet for 10weeks (Figure 6G).

The schematic illustration, particle size, morphology, and

entrapment efficiency of the TRH-PEG-LP delivery system are

shown in Figures S3A–S3D. The fluorescent intensity in the

pituitary of the TRH-PEG-LP-SSO mice was markedly higher

than that in the PEG-LP-SSO group (Figure 6H). Consistently,
vels

and liver anatomy (scale bars, 1 cm), H&E staining (scale bars, 50 mm), oil red

m) (E) in temporal diet-induced mice.

per group). C16-Bodipy, a fluorescently labeled palmitic acid.

10-week chow- and HFD-fed mice (n = 5–7 per group).

ing assays (L) in mice injected with C16-Bodipy in pituitary. Scale bars, 50 mm.

HepG2 cells. n = 4 for independent experiments.

pG2 cells cocultured with or without MMQ cells. HepG2 cells were treated with

., not significant difference, vs. HFD-fedmice or DMSO-treatedmice. Student’s



Figure 3. Identification of pathogenic FFAs in steatotic liver disease that suppressed PRL levels

(A) Gas chromatography-mass spectrometry (GCMS) analysis of serum fatty acids frompatients with (n= 24) or without (n= 24)MASLD diagnosed by liver biopsy.

(B) GCMS analysis of serum fatty acids in 10-week chow- and HFD-fed mice (n = 10 per group).

(C) Screening map of up-regulated fatty acids in both patients with MASLD and HFD-fed mice.

(D) Quantifications of up-regulated fatty acids.

(E) Supernatant PRL content assays in MMQ cells treated with palmitic, oleic, arachidic, and alpha-linolenic acids.

(F) Cell viability assays.

The data are presented as mean ± SEM. *p < 0.05, n.s., not significant difference, vs. control vehicle group (n = 3 for independent experiments). One-way ANOVA

was used for statistical analysis.
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TRH-PEG-LP-SSO HFD-fed mice showed higher circulating

PRL levels, fewer hepatic TG contents, and ameliorated liver

steatosis compared with the control HFD-fed group and the

PEG-LP-SSO HFD-fed group (Figures 6I–6K). Collectively, these

results indicated that inhibition of CD36 targeted tomice pituitary

could alleviate liver steatosis by improving PRL levels.

DISCUSSION

In the present study, we uncovered a mechanism of MASLD, in

which pituitary lactotrophs sensed excessive FFA signals and

decreased PRL levels, thereby eliciting hepatic steatosis. What’s

more, inhibiting excessive FFA uptake in the pituitary through

stereotactic injection or a specific drug delivery system effec-

tively increased circulating PRL levels and ameliorated hepatic

steatosis (Figure 6L).

Chronic elevation of serum FFA levels contributes to steatotic

liver disease.6 Elevated circulating FFA levels, especially satu-

rated long-chain fatty acids, increased MASLD risk by 0.38- to

2.06-fold.7,8 Moreover, elevated FFAs associated with overnutri-

tion are observed in subjects with obesity and type 2 diabetes.19

Once elevated, FFAs will inhibit insulin’s antilipolytic action,

which further increases FFA release into the circulation.20

Here, our findings are consistent with previous studies showing

that serum FFAs, especially PA and OA, are elevated in individ-

uals with biopsy-confirmed steatotic liver disease. Based on liver

pathology, we found that elevated FFA levels are associated with

a 64.5% rise in the risk of MASLD. To date, the mechanisms by

which FFAs contribute to steatotic liver disease mainly focus on

insulin resistance and chronic inflammation in peripheral tissues,

particularly in adipose tissue.21 Adipose dysfunction further con-

tributes to overloaded FFAs from lipolysis and disturbs adipo-

kines release, aggravating insulin resistance and promoting liver

steatosis.9,10 In addition, new evidence exists for the important

relationships between MASLD and endocrine dysfunction

beyond insulin resistance, including pituitary hormones, sex hor-

mones, and steroid hormones, over the past decade.14,22

The pituitary as the central nervous system is the master

endocrine gland and has been shown to influence the regulation

of lipid and glucose metabolism. For example, higher TSH

levels are correlated with worsening MASLD and stimulate

hepatic lipogenesis,11,23 while GH ameliorates liver steatosis by

enhancing fatty acidoxidation.24PRL, beyond its traditional func-
Figure 4. Excessive FFAs inhibited the synthesis and secretion of PRL

(A–E) Cell apoptosis assays (A and B) and cell viability assays (C) in MMQ cells tre

(E), and western blot analysis of PRL expression (F) in MMQ cells treated with B

(G) Immunofluorescence of PRL in MMQ cells treated with BSA or 75 mM PAOA

(H and I) Real-time PCR of Pit-1 (H) and western blot analysis of Pit-1 expression

(J) PRL luciferase activity of MMQ cells treated with BSA or 75 mMPAOA, with the

into a pGL3-basic vector. Luciferase activity was determined by dual-luciferase

(K) Representative traces showing the effects of BSA and PAOA (25–100 mM) on

(L) Real-time PCR analysis of gene expression associated with granule exocytos

(M) Quantification of dopamine (DA) levels in hypothalamus of mice fed for 8 we

(N) Representative confocal images depicting tyrosine hydroxylase (TH) and c-Fos

or HFD (n = 4 per group). TH is the rate-limiting enzyme for DA synthesis, and c-

(right).

Data are presented asmean ±SEM. *p< 0.05, **p< 0.01, and ***p < 0.001, n.s., not

way ANOVA was used for statistical analysis.
tion in lactation and reproduction, has recently been reported to

serve as a metabolic hormone to maintain and promote meta-

bolic homeostasis. Numerous large cohort clinical studies have

recently shown that lower circulating PRL levels are associated

with higher risk of metabolic disease, including type 2 diabetes,

MASLD, and obesity.13,25–28 Recent studies, including ours,

have found that PRL improves hepatic steatosis by suppressing

the uptake of fatty acids andde novo lipogenesis,13,29 supporting

the multifaceted roles of PRL in the regulation of metabolism.

The pituitary gland locates outside the blood-brain barrier and

is freely accessible to circulating fatty acids; nonetheless, few

studies have assessed whether the pituitary responds to circu-

lating fatty acids levels. In the present study, we reported that

the pituitary gland, especially pituitary lactotrophs, sensed circu-

lating FFA signals and participated in the regulation of hepatic

lipid metabolism. Correlation analysis among levels of FFAs

and pituitary hormones showed that FFA levels were negatively

associated with PRL and GH but not TSH, ACTH, FSH, or LH

levels. Logistic regression analyses showed that decreased

PRL levels, but not those of other pituitary hormones, were a

risk factor for MASLD independent of sex, age, BMI, HbA1c,

HOMA-IR, and lipid levels. In addition, our analysis of dynamic

HFD-induced mice and pituitary FFA-injected mice indicated

that elevation of FFAs suppressed the levels of circulating PRL,

thus promoting hepatic TG accumulation. Serum levels of other

pituitary hormones, including GH, TSH, ACTH, FSH, and LH, did

not differ significantly between 10-week diet-induced mice,

possibly due to the short duration of diets intervention or nega-

tive feedback regulation. As a hormone that lacks a target endo-

crine gland, PRL is more likely to respond to exteroceptive stim-

uli, such as light and stress. Nevertheless, little research has

focused on the role of PRL in response to fasting, cold, or adren-

ergic stimulation that affected adipose lipolysis on liver homeo-

stasis by regulating circulating fatty acids.30,31 There needs to

be more research in the future to elucidate the role of PRL in

response to environmental changes that regulate lipid meta-

bolism. In vivo, PRL is synthesized in and secreted from the lac-

totrophs of the anterior pituitary gland.32 Our mechanic studies

revealed that FFA exposure significantly inhibited the mRNA

and protein expressions of PRL in lactotrophs. Moreover,

FFA exposure significantly decreased the gene expression of

Snap25, the factor involved in granule exocytosis of PRL,

whereas the intracellular calcium mobilization was not affected.
in a cell-autonomous manner

ated with PAOA (1:1). Supernatant PRL content assays (D), real-time PCR of Prl

SA or PAOA (1:1) for 24 h.

. Scale bars, 50 mm.

(I) in MMQ cells treated with BSA or PAOA (1:1) for 24 h.

levels in the blank group arbitrarily set to 1. The Prl promoter region was cloned

reporter assays and normalized with internal control.

intracellular calcium mobilization in MMQ cells.

is of PRL in MMQ cells.

eks with chow or HFD (n = 7 per group).

in dorsomedial hypothalamic arcuate nucleus of mice fed for 8 weekwith chow

Fos is a reliable marker for neural activity. Scale bars, 100 mm (left) and 50 mm

significant difference, vs. BSA group (n= 3 for independent experiments). One-
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Besides the cell-autonomous response to FFA signals in lacto-

trophs, extracellular regulation mediated by dopaminergic neu-

rons was also assessed. It is well reported that DA released

from TIDA neurons in hypothalamus is the predominant inhibitor

of PRL in the pituitary.17 A previous study found that mice

exposed to a chronic HFD for 5 months exhibited markedly

increased DA levels.33 In our study, the short duration of 8 weeks

HFD had no effect on hypothalamusDA levels or DA neuronal ac-

tivity. These results suggest that FFA toxicity directly inhibited

the expression of PRL in an early cell-autonomousmanner rather

than through activation of inhibitory neural circuits.

CD36 iswidely expressed in various cell types, including endo-

thelial cells, hepatocytes, myocytes, and adipocytes. Increased

CD36 levels in peripheral tissues facilitate FFA uptake and con-

tributes to seriousmetabolic disorders, such asMASLD, diabetic

cardiomyopathy, and atherosclerosis.34–37 In this study, we

demonstrated that CD36 in the pituitary, especially in lacto-

trophs, mediated excessive FFA sensing and promoted ectopic

lipid deposition in lactotrophs. Importantly, pituitary CD36

silencing via stereotactic AAV-shCD36 injection significantly

enhanced PRL levels and alleviated liver steatosis in HFD-fed

mice. Nevertheless, the operation of stereotactic pituitary injec-

tion is complicated andmay damagebrain nerves and blood ves-

sels. Therefore, how to increase the accumulation of drugs in the

pituitary safely and effectively through a non-invasive basis is the

key to treat pituitary and related diseases. Targeting ligands that

bind specifically to the receptors on the targeted cells is a prom-

ising strategy that mediates targeted delivery.38 In our study,

SSO, a selective inhibitor of CD36,39 was loaded into a TRH-

guided LP (TRH-PEG-LP-SSO) to reduce the side effects and

frequency of systemic administration. TRH is a tripeptide with

high affinity to its receptor expressed in the pituitary, aiming to

improve pituitary targetability.40 Indeed, we found that TRH-

PEG-LP-SSO can better specifically target pituitary in vivo

than PEG-LP-SSO. Moreover, TRH-PEG-LP-SSO treatment

can significantly elevate PRL levels and alleviate liver steatosis.

Targeted delivery of SSO to antagonize CD36 in the pituitary by

TRH-PEG-LP may be a promising treatment to manage MASLD

and improve the serum levels of PRL. It also provides a potential

delivery strategy for targeted therapy of other pituitary diseases.

In this study,we reported the role of fatty acid sensingmediated

by CD36 in the pituitary, providing insights into metabolic regula-
Figure 5. CD36-mediated FFA sensing inhibited the expression of PRL

(A) Fatty acid accumulation, oil red O staining, and intracellular TG content assay

20 mm (right).

(B) Flow cytometry-based fatty acid uptake assays in MMQ cells treated with BS

(C) Real-time PCR of genes related to lipid uptake pathway in MMQ cells treated

(D) Western blot analysis of CD36 expression in 75 mM PAOA-treated MMQ cells

(E) Flow cytometry-based fatty acid uptake assays in PAOA-induced MMQ cells

(F and G) Cellular TG content assays (F) and supernatant PRL content assays (G

(H and I) Real-time PCR analysis of mRNA levels of Prl (H) and Pit-1 (I) in MMQ c

(J) PRL luciferase activity of the groups indicated, with the levels in the blank gro

(K) Real-time PCR analysis of Cd36 expression.

(L) Western blot analysis of CD36 expression.

(M and N) Cellular TG content assays (M) and supernatant PRL content assay

(Lv-shCD36) or scramble (Lv-NC). MOI = 75. SSO, sulfo-N-succinimidyl oleate.

*p < 0.05, **p < 0.01, and ***p < 0.001, n.s., not significant difference, vs. BSA gr

replicates). Student’s t test and one-way ANOVA were used for statistical analys
tion of the pituitary. Next, we identified a mechanism of MASLD in

which the pituitary lactotrophs sensed excessive FFA signals and

inhibited the synthesis and secretion of PRL, thus decreasing PRL

levels and eliciting hepatic steatosis, broadening a cell-autono-

mous mechanism in PRL regulation affected by FFA toxicity.

Moreover, we explored the drug delivery system of TRH-PEG-

LP-SSO,which showed a better targeting property to the pituitary.

Blocking of CD36-dependent FFA sensing in the pituitary signifi-

cantly elevated PRL levels and alleviated liver steatosis, providing

a potential therapeutic target in MASLD treatment.

Collectively, we presented evidence that the pituitary lacto-

trophs sensed excessive FFA signals and decreased PRL levels,

thus eliciting hepatic steatosis. Inhibiting excessive lipid uptake

in the pituitary can effectively elevate PRL levels and ameliorate

HFD-induced steatotic liver disease.

Limitations of the study
This study has some limitations. First, pregnant females were

excluded in our clinical cohort due to concerns about the great

impactofpregnancyonPRL levels.SincePRL isacentral hormone

closely related to pregnancy, there needs to be more research to

elucidate the cellular response to lipid signals in pituitary lacto-

trophs during pregnancy. Second, our pharmacological interven-

tion to elevate PRL levels was unable to target specific types of pi-

tuitary cells (i.e., lactotrophs). Further research about a more

precisedeliverysystemselectively targeted topituitary lactotrophs

is needed to determine the therapeutic potential of elevating PRL

levels in the treatment of MASLD.
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(I–K) Serum PRL content assays (I), liver TG content (J), and liver anatomy (scale b
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(L) The proposed mechanism that the pituitary lactotrophs sensed excessive FFA
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Antibodies

Prolactin antibody Abcam Cat# ab188229; RRID:AB_2921370

Pit-1 antibody Abcam Cat# ab273048

b-actin antibody Proteintech Cat# 60008-1-Ig; RRID:AB_2289225

CD36 antibody Santa Cruz Cat# sc-7309; RRID:AB_627044

TH antibody Abcam Cat# ab137869; RRID:AB_2801410

cFos antibody Cell Signaling Technology Cat# 2250; RRID:AB_2247211

Bacterial and virus strains

pAAV2/9-U6-shCD36-CMV-EGFP-WPRE Obio N/A

pAAV2/9-U6-CMV-EGFP-WPRE Obio N/A

pRRLSIN-cPPT-U6-shRNA-SFFV-

EGFP-SV40-puromycin

GeneChem N/A

pRRLSIN-cPPT-U6-CON560-SFFV-

EGFP-SV40-puromycin

GeneChem N/A

Biological samples

Blood samples from 24 MASLD

subjects and 24 controls

This paper N/A

Chemicals, peptides, and recombinant proteins

C16-Bodipy Thermo Fisher Scientific Cat# D3821

Bodipy 493/503 Thermo Fisher Scientific Cat# D3922

Sulfo-N-succinimidyl oleate MedChemExpress Cat# HY-112847

Thyrotropin-releasing hormone MedChemExpress Cat# HY-P1529

Palmitic acid Sigma Cat# P0500

Oleic acid Sigma Cat# O1008

Bovine serum albumin Sigma Cat# SRE0096

Critical commercial assays

Mouse prolactin ELISA kit FcMACS Cat# FMS-ELM117

Mouse growth hormone ELISA kit Cusabio Cat# CSB-E07343m

Mouse thyroid-stimulating hormone ELISA kit Cusabio Cat# CSB-E05116m

Mouse follicle-stimulating hormone ELISA kit Cusabio Cat# CSB-E06871m

Mouse adrenocorticotropic hormone ELISA kit Cusabio Cat# CSB-E06874m

Mouse luteinizing hormone ELISA kit Cusabio Cat# CSB-E12770m

Mouse dopamine ELISA kit Cusabio Cat# CSB-E08661m

Rat prolactin ELISA kit Raybiotech Cat# ELR-PRL-1

Free fatty acids quantification kit Sigma Cat# MAK044

Dual Luciferase Reporter Assay Kit Vazyme Cat# DL101

Experimental models: Cell lines

MMQ cells Cell Culture Center of Xiehe

Medical University (Beijing, China)

N/A

HepG2 cells Cell Bank of the Shanghai Institute

of Cell Biology (Chinese Academy

of Sciences)

N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J NBRI Cat# N000013
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Lead contact
Further information and requests should be directed to and will be fulfilled by the lead contact, Yan Bi (biyan@nju.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects
Eligible subjects aged between 18 and 70 years, who underwent liver biopsy to confirm hepatic steatosis and met the criteria for

MASLD, were recruited from Nanjing Drum Tower Hospital between January 2018 and August 2022, including 64 control individuals

and 264 MASLD subjects. Characteristics of the enrolled 328 subjects were summarized in Table 1. The cohort of individuals with

normal glucose tolerance included 41 controls and 111 MASLD patients, and the characteristics of these subjects were shown in

Table S2. Lipidomic profiles of serum FFAs in humans were identified by gas chromatography-mass spectrometry. This cohort con-

sisted of 48 subjects, including 24 MASLD patients and 24 age- and sex-matched controls. The demographics and metabolic char-

acteristics of these subjects were summarized in Table S7. Venous blood samples were collected after overnight fasting from each

subject in a comparatively calm state to minimize the impact of external stimuli on PRL levels.

MASLD was diagnosed by having steatotic liver disease with any of a cardiometabolic risk factor (CMRF) in the absence of other

causes of hepatic steatosis or excessive alcohol consumption (R140/210 g weekly, males/females). Cardiometabolic risk factors

were defined as: a) body mass index (BMI) R 25 kg/m2 (23 kg/m2 for Asia) or waist circumference (WC) R 94 cm (males)/80 cm

(females); b) fasting blood glucose (FBG) R 5.6 mmol/L or 2-h post-load glucose R7.8 mmol/L or Hemoglobin A1c (HbA1c) R

5.7% or type 2 diabetes or treatment for type 2 diabetes; c) blood pressure R130/85 mmHg or specific antihypertensive drug

treatment; d) plasma triglycerides R1.7 mmol/L or lipid lowering treatment; e) plasma high-density lipoprotein-cholesterol

(HDL-c) < 1.0 mmol/L (males) and <1.3 mmol/L (females) or lipid lowering treatment.1 Liver steatosis score (S) was defined as the

proportion of hepatocytes containing lipid droplets, with S0, S1, S2, and S3 indicating <5%, 5%–33%, 33%–66%, and >66%,

respectively. Cases involving diseases or use of medications that may influence PRL levels (pituitary adenoma, corticosteroids,

and antipsychotic drugs), viral hepatitis, hyperthyroidism or hypothyroidism, pregnancy, and type 1 diabetes were excluded.

Ethical approval of the study was granted by the Nanjing Drum Tower Hospital Ethics Committee (Approval Numbers: 201701701

and 201703008). All patients and control individuals meeting the inclusion criteria gave consent at the time of enrollment. The study

adhered to the declaration of Helsinki guidelines.

Animal models
All experimental animals were handled humanely. Animal experiment protocols were approved by the Institutional Animal Care

Guidelines of Nanjing University. Healthy 6- to 8-week-old female C57BL/6J mice were fed a high-fat diet (HFD) containing 60%

fat (Research Diets, USA) for 10 weeks. As controls, age-matched mice were fed a standard normal diet (chow). Bilateral stereotaxic

injections were conducted by injecting the pituitary gland with DMSO (vehicle) at 500 nL/side or with 5 mM or 10 mM C16-Bodipy, a

fluorescently labeled palmitic acid, at 500 nL/side (Invitrogen) for 24, 48, or 72 h. To inhibit CD36 expression in the pituitary, 1 mL of

adeno-associated viruses (AAV-ShCD36, 1.2 3 109 viral genomes (vg); sequence: GCCATAATTGAGTCCTATAAA; OBiO, China) or

control (AAV-NC; 1.6 3 109 vg; sequence: CCTAAGGTTAAGTCGCCCTCG; OBiO, China) was bilaterally injected into the pituitary
16 Cell Reports 43, 114465, July 23, 2024
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glands of HFD-fed mice. The stereotaxic coordinates of pituitary relative to the bregma were as follows: anteroposterior: �2.5 mm,

mediolateral: ±0.15 to 0.25 mm, and dorsoventral: �6.35 to 6.45 mm. All mice were sacrificed after overnight fasting.

Polyethylene glycol-modified liposomes loaded with sulfo-N-succinimidyl oleate (SSO, CD36 antagonist) were prepared via lipid

film hydration and ultrasonic dispersion (PEG-LP-SSO). TRH-PEG-DSPE was conducted by combining thiolated thyrotropin-

releasing hormone (TRH) with Mal-PEG2000-DSPE and then incubated with PEG-LP-SSO to obtain TRH-PEG-LP-SSO. The particle

size distribution and zeta potential of prepared drug loaded liposomes and blank liposomes were determined by laser particle size

analyzer (Brookhaven, USA). Pituitary targeting by TRH-PEG-LP-SSO was assessed using small animal imaging instruments. PEG-

LP-Saline (as control), PEG-LP-SSO (5 mg/kg) and TRH-PEG-LP-SSO (5 mg/kg) were administered once weekly to 8-week-old mice

through tail vein injection. The mice were maintained on the HFD or chow diet for 10 weeks. Blood and liver samples were collected

for further analysis at indicated time points.

Cell experiments
MMQ cells, deriving from rat prolactinoma that exclusively secrete PRL and behave like normal lactotrophs, were obtained from the

Cell Culture Center of Xiehe Medical University (Beijing, China). The MMQ cells were fasted in Ham’s F12 medium for 2 h and then

incubated with 10% fatty acid-free bovine serum albumin (BSA) or mixtures of palmitic acid and oleic acid (PAOA) at a 1:1 ratio, each

at concentrations of 25, 50, 75 and 100 mM (Sigma) for 24 h.

METHOD DETAILS

Clinical measurements
Individuals without previously diagnosed type 2 diabetesmellitus (T2DM) were subjected to a 75 g oral glucose tolerance test (OGTT)

after an overnight fast of at least 8 h. Impaired glucose regulation (IGR): 5.6 mmol/L% fasting blood glucose (FBG) < 7.0 mmol/L and

2 h blood glucose (BG) < 7.8 mmol/L; or FBG <5.6 mmol/L and 7.8 mmol/L% 2 h BG < 11.1 mmol/L. T2DM was defined as patients

having at least one of the following: history or current use of antidiabetic medication, or FBGR7.0 mmol/L or 2 h BGR 11.1 mmol/L,

or HbA1cR 6.5%. FBGwasmeasured using a hexokinasemethod (TBA-200FR, Japan). Fasting insulin (FINS) was determined by an

electro chemiluminescent immunoassay (Roche, USA). Homeostasis model assessment of insulin resistance (HOMA-IR) was calcu-

lated by FBG (mmol/L) 3 FINS (uIU/L)/22.5. HbA1c was measured by HPLC (HLC-73G8, Japan). Free fatty acids (FFAs) were

measured by enzymatic methods (DiaSys Diagnostic Systems, Germany). Serum aspartate aminotransferase (AST), alanine amino-

transferase (ALT), total cholesterol (TC), triglyceride (TG), low-density lipoprotein (LDL) cholesterol andHDL-cwere detected using an

autoanalyzer (Abbott Laboratories, USA). Serum prolactin (PRL), adrenocorticotropic hormone (ACTH), thyrotropin-stimulating hor-

mone (TSH), luteinizing hormone (LH), follicle-stimulating hormone (FSH) and growth hormone (GH) were detected using an auto-

mated chemiluminescent immunoassay (Siemens Immulite 2000, Germany).

Fatty acids measurement by GC-MS
A targetedmetabolic analysis approach using gas chromatography-mass spectrometry (GC-MS) determinates 35medium and long-

chain fatty acids in the serum of human and mice. The derivatized samples were analyzed by a Thermo GC-MS system (Thermo Sci-

entific, USA). The capillary column Thermo TG-FAME (50 m 3 0.25 mm ID 3 0.20 mm) was used to separate and determine metab-

olites. The injection volume was 1.0 mL. The temperatures of the injection and the ion source were adjusted to 250�C and 300�C,
respectively. The initial oven temperature was set at 80�C for 1 min, and then increased with a rate of 20�C per minute to 160�C
for 1.5 min, then raised with a rate of 3�C per minute to 196�C for 8.5 min, and then raised with a rate of 20�C per minute to

250�C for 3 min. The carrier gas was high-purity helium and the flow rate was set to 0.63 mL/min. Electron ionization voltage was

set as 70 eV. The concentrations of target fatty acids were calculated by dividing the analyte peak are of the target metabolite by

that of the respective internal standard and then multiplying by the slope of the external calibration curve.

Glucose tolerance test and insulin tolerance test
For glucose tolerance tests (GTT), fasting blood glucose levels were measured after a 16-h fast. Mice were intraperitoneal injected

with glucose (2 g/kg body weight). Blood glucose levels were recorded after 15-, 30-, 60-, 90- and 120-min using blood obtained via

tail vein. For insulin tolerance tests (ITT), mice were fasted for 4 h and the intraperitoneal injected with insulin (0.5 units/kg body

weight). Blood glucose levels were recorded after 15-, 30-, 60-, 90- and 120-min using blood from tail vein.

Histological procedures
For Hematoxylin & Eosin staining (H&E staining), fresh liver samples were fixed in 4% paraformaldehyde (PFA) for at least 24 h, and

then dehydrated by using 70%, 80% and 90% alcohol and embedded in paraffin. 4 mm sections were stained with a standard He-

matoxylin and Eosin alcoholic procedure according to the manufacturer’s instructions (GP1031, Servicebio, Wuhan).

For Oil red O staining, frozen liver samples were cut in sections of 8 mmwith a cryostat (CM1950, Leica Biosystems, Germany) and

stained in filtered Oil red O working solution for 10 min. After being washed in distilled water, sections were counterstained with

Mayer’s hematoxylin for 5 min and mounted in aqueous mounting (glycerin jelly). A similar procedure of Oil red O staining was per-

formed for MMQ cells.
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Lipid drops ultrastructure in mice hepatocytes were evaluated by transmission electron microscopy (TEM). Mice liver was

dissected and fixed in 2.5% glutaraldehyde for 2 h and 1%osmium tetroxide for 1 h at 4�C, then dehydrated and embedded in epoxy

resin. Liver tissue was sliced by an ultramicrotome (RMC/MTX, Elexience). Ultrathin sections (60–80 nm thickness) were observed

with transmission electron microscope (HT7800, HITACHI, Beijing).

Biochemical measurements
The levels of free fatty acids (Sigma, USA), prolactin (FcMACS, China; Raybiotech, USA) were measured using enzyme linked immu-

nosorbent assay (ELISA) kits according to the manufacturers’ instructions. Serum GH, TSH, ACTH, FSH and LH levels, dopamine

levels in hypothalamic arcuate nucleus were measured using mice ELISA kits (Cusabio, China). Serum ALT, AST, TG, TC levels

were determined using an automatic biochemical analyzer (Chemray 800, Rayto, China).

RNA extraction and qRT-PCR assays
The mRNA levels were determined using quantitative real-time PCR (qRT-PCR). Briefly, total RNA was extracted using Trizol (Invi-

trogen, USA). Reverse transcription was done using a Prime Script RT reagent kit (Takara, Japan). qRT-PCR was done using an

SYBR RT-PCR mix on a Light Cycler 480 system (Roche, Switzerland).

Western blot analysis
For western blot analyses, protein was extracted from tissues and cells by RIPA lysis buffer and quantified by BCA protein assay kit

(Thermo Scientific, USA). Forty micrograms of protein lysates were loaded into 10% SDS-PAGE gels and then transferred onto poly-

vinylidene difluoride (PVDF) membranes (Millipore, USA). The membranes were incubated with primary antibodies, followed by in-

cubation with secondary antibodies.

Immunofluorescent staining
Mice brains were collected after intracardially perfusion with phosphate-buffered saline (PBS) and 4% paraformaldehyde (PFA)

sequentially, and then were fixed in 4% PFA for 24 h, followed by soaking in 15% and 30% sucrose solution for dehydration. Brains

were sliced into 20 mm coronal sections using a freezing microtome (Leica CM 1950) and incubated overnight with antibody to tyro-

sine hydroxylase (TH) (1:100, Abcam) and cFos (1:1000, CST), followed by incubation with appropriate fluorescent secondary anti-

bodies for 1 h at room temperature. Slices were stained with DAPI before photographed using a Leica TCS SP8-MaiTai MP confocal

microscope, followed by blind intensity analysis using ImageJ software.

In vitro co-culture experiments
For co-culture experiment, MMQ cells were cultured in a trans-well system placed above the HepG2 cells at different cell counts,

ranging from 30-, 60- and 90 3 104 cells. The HepG2 cells were incubated with 250 mM PAOA or equal volume of BSA for 24 h

and then Oil red O staining and triglyceride quantification assays were performed.

Preparation of FFAs solutions
50 mmol/L (mM) palmitic acid (PA) solution was prepared by adding 0.128 g PA to 10 mL of 0.1 mol/L NAOH solution and placed in a

water bath at 75�C for 30 min. It was then added to 10% fatty acid-free bovine serum albumin (BSA) solution and diluted to 5 mM

working solution. 50 mM oleic acid (OA) solution was prepared by adding 0.141 g OA to 10 mL of 0.1 mol/L NAOH solution and

then diluted to 5 mM working solution by 10% BSA solution.

Fatty acid uptake assays
The fatty acid uptake assay was done by incubating MMQ cells with 1 mMC16-Bodipy (Invitrogen, USA) for 30 min at indicated con-

centrations followed by uptake assessment using flow cytometry.

Cell viability assays
Cell viability was detected by Cell Counting Kit 8 (CCK-8, Vazyme, China) assay kit according to the manufacturer’s instructions.

MMQ cells were seeded into a 96-well plate at 20,000 cells per well with 90 mL Ham’s F12 without fetal bovine serum and fasted

for 2 h. After starvation, cells were treated with various concentrations of FFAs for 24 h. 10 mL CCK-8 solution was then added

into each well and incubated in the dark for 2 h at 37�C. Absorbance was detected at 450 nm wavelength by Vector 5 (Bio-Tech In-

struments, USA).

Promoter luciferase reporter assay
A ratPrl fragment flanking�2000 bp to 0 bpwas cloned into the pGL3-basic vector. TheMMQcells were pre-treated with 25 mMSSO

or equal volume of DMSO for 24 h before PAOA exposure. After incubated with PAOA for additional 24 h, the cells were co-trans-

fected with promoter constructs and Pit-1 expression plasmids (GenePharma, China) for another 48 h. The luciferase activity was

measured with the dual-luciferase reporter assay kit (Promega). Renilla luciferase activity was used as an internal control.
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Intracellular calcium concentration measurement
The intracellular Ca2+ concentration ofMMQcells wasmeasured using FLIPRTetra system (Molecular Devices, Sunnyvale, CA, USA).

After 2-h fast, MMQ cells were incubation with the calcium indicator Fluo-4/AM (4 mM) for 1 h and were then gently rinsed with pre-

warmed Locke’s buffer (inmM: HEPES 8.6, KCl 5.6, NaCl 154, D-glucose 5.6,MgCl2 1.0, CaCl2 2.3 and glycine 0.1, pH 7.4) four times

with a final volume of 150 mL per well. The plate was then loaded onto the imaging chamber of fluorescent imaging plate reader

(FLIPRTetra system, Molecular Devices). After an equilibration period of 2 min, mobilization of intracellular calcium was recorded

for 5 min followed by the addition of vehicle (10% bovine serum albumin) or different concentrations of free fatty acids working so-

lution (25 mL, 73 final concentration) by an automated and programmable pipetting system. The fluorescent signals (F) were detected

at a sampling rate of 1 Hz. Data were presented as F/F0, where F0 was the minimal arbitrary fluorescence unit before treatment. The

curves of F/F0 were plotted by Prism GraphPad software (version 9). One-way analysis of variance (ANOVA) followed by post hoc

Bonferroni comparison were used to compare the statistical significance among different groups.

Inhibition of CD36 in vitro

To inhibit CD36, MMQ cells were pre-treated with SSO, at 10, 25, 50 mM, respectively, for 24 h or transfected with 33109 TU/mL of

lentivirus expressing short hairpin RNA (Lv-shCD36; sequence: CACAGATTTGTTCTTCCAGCCAA; GeneChem, China) for 72 h

before exposure to PAOA. SSO vehicle or 33109 TU/mL of Lv-NC (sequence: TTCTCCGAACGTGTCACGT; GeneChem, China)

were used as controls. PRL levels were determined using mouse (Fc MACS, China) and rat (Raybiotech, USA) prolactin ELISA

kits. Oil red O staining and triglyceride kits (Applygen, China) were used to determine the TG content in MMQ cells.

Preparation and characterization of TRH-PEG-LP-SSO and TRH-PEG-LP-DiR
TRH-PEG-LP-SSO was prepared by the thin-film hydration method as described.41 To prepare liposomes (PEG-LP), HSPC, choles-

terol, and mPEG2000-DSPE (molar ratio = 62.5:37.5:0.4) were dissolved in chloroform.42 SSO-loaded liposomes were prepared by

adding SSO to the lipid organic solution before the solvent evaporation. Likewise, an appropriate amount of DiR was added to the

solution before the solvent evaporation to prepare DiR-loaded in liposomes. Then the organic solvent was removed by rotary evap-

oration, and the filmwas hydrated in physiological saline. Themixture was ultrasonicated for 3 min to obtain Lip/SSO or Lip/DiR. TRH

reacted with Traut’s reagent to obtain thiolated TRH, which reacted with Mal-PEG2000-DSPE to obtain TRH-PEG-DSPE. Then the

TRH-PEG-DSPE solution was added to the preformed Lip/SSO or Lip/DiR solution at TRH-PEG-DSPE: phospholipid molar ratios

(1:1000) and incubated at 60�C for 1 h to obtain TRH-PEG-LP-SSO or TRH-PEG-LP-DiR. The particle size distribution and zeta po-

tential of prepared drug loaded liposomes and blank liposomes were determined by laser particle size analyzer (Brookhaven, USA).

The concentration of SSOwas determined by measuring the fluorescence intensity of Bodipy labeled SSO. The excitation and emis-

sion wavelengths are 493nm and 503nm, respectively (SpectraMax iD3, USA). The unencapsulated SSO was collected through ul-

trafiltration centrifuge tubes (3000 Da, Millipore, Billerica, MA) to calculate the encapsulation efficiency of SSO. All results were the

mean of three tests, and all data are shown as mean ± standard deviation (SD).

Evaluation of pituitary-targeted TRH-PEG-LP
TRH-PEG-LP-DiR or PEG-LP-DiR was injected into mice tail vein for 2 h, where the final concentration of DiR in the delivery system is

15 mg/mL. Using the small animal live imaging device, the fluorescence intensity of dissected pituitary tissuewas observed at an exci-

tation wavelength of 750 nm and an emission wavelength of 780 nm, to evaluate the pituitary-targeted TRH-PEG-LP.43

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analyses were done on SPSS Version 26.0 (IBM Inc., USA). Continuous variables were presented as mean ± standard deviation

or median with interquartile range (IQR). Categorical variables were presented as counts (%). TheMann–Whitney U test and Kruskal-

Wallis analysis were used to compare two groups or multiple groups, respectively. Logistic regression models were used to estimate

odds ratios (OR) with 95% confidence intervals (95% CI). Mediation analyses were performed using the PROCESS to example the

mediating effect of decreased PRL levels involved in the association between FFAs and MASLD. For cell experiments, data were

summarized as mean ± SEM. Statistical comparisons were made using unpaired t test or one-way ANOVA on GraphPad Prism,

version 9.0. p < 0.05 indicates statistically significant differences.
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