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Abstract
Background
Anlotinib has demonstrated encouraging clinical outcomes in the treatment of lung cancer, soft tissue sarcoma and thyroid carcinoma. Several clinical studies have shown a relationship between anlotinib treatment and the occurrence of hyperlipidemia. The fundamental mechanisms, however, are still largely unclear. Here, the effect of anlotinib on lipid metabolism in an animal model and human cancer cells was evaluated and the role of lipid metabolism in the antitumor efficacy of anlotinib was investigated.

Methods
The C57BL/6 J mouse model as well as A549 and H460 human lung cancer cell lines were used to examine the impact of anlotinib on lipid metabolism both in vivo and in vitro. Levels of triglycerides, high-density lipoprotein, low-density lipoprotein (LDL), and total cholesterol in serum or cell samples were determined using assay kits. The expression levels of crucial genes and proteins involved in lipid metabolism were measured by quantitative RT-PCR and Western blotting. Furthermore, exogenous LDL and knockdown of low-density lipoprotein receptor (LDLR) were used in H460 cells to investigate the relevance of lipid metabolism in the anticancer efficacy of anlotinib.

Results
Anlotinib caused hyperlipidemia in C57BL/6 J mice, possibly by downregulating hepatic LDLR-mediated uptake of LDL cholesterol. AMP-activated protein kinase and mammalian target of rapamycin inhibition may also be involved. Additionally, anlotinib enhanced sterol response element binding protein 1/2 nuclear accumulation as well as upregulated LDLR expression in A549 and H460 cells, which may be attributable to intracellular lipid accumulation. Knockdown of LDLR reduced intracellular cholesterol content, but interestingly, anlotinib significantly improved intracellular cholesterol accumulation in LDLR-knockdown cells. Both exogenous LDL and LDLR knockdown decreased the sensitivity of cells to anlotinib.

Conclusions
Anlotinib modulates host lipid metabolism through multiple pathways. Anlotinib also exerts a significant impact on lipid metabolism in cancer cells by regulating key transcription factors and metabolic enzymes. In addition, these findings suggest lipid metabolism is implicated in anlotinib sensitivity.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12944-023-01907-y.
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Introduction
Hyperlipidemia is characterized by abnormally high blood lipid and/or lipoprotein levels. It is well acknowledged as a significant risk factor related to cancer, diabetes, and cardiovascular disease [1–4].
Anlotinib is an innovative multitargeted tyrosine kinase inhibitor (TKI) that effectively targets various receptor tyrosine kinases implicated in tumor angiogenesis as well as growth. Results from the ALTER 0303 trial demonstrated that anlotinib exhibited notable clinical efficacy and good tolerability, even in patients with advanced non-small cell lung cancer who have had at least two lines of systemic treatment and have suffered disease progression or recurrence [5]. Interestingly, the incidence of hyperlipidemia was found to be significantly greater in anlotinib-treated patients compared to placebo-treated patients. In the anlotinib group, 44.6% of patients experienced hypertriglyceridemia, whereas in the placebo group, the incidence was 23.8%. Similarly, the incidence of hypercholesterolemia was also higher in the anlotinib group (41.8%) than in the placebo group (14.0%). Furthermore, anlotinib treatment was associated with low-density lipoprotein (LDL) elevation in 21.1% of patients, whereas the incidence in the placebo group was 7.7%. Wang et al. [6] reported that hypertriglyceridemia and hypercholesterolemia occurring during treatment were correlated with longer progression-free survival (PFS) and overall survival (OS). Additionally, hypertriglyceridemia was identified as an independent predictor for both PFS and OS. The incidence of increased triglyceride and hypercholesterolemia in the anlotinib group was 21.4% in a recent study on metastatic renal cell cancer (mRCC) (NCT02072044) [7]. Another study (NCT02072031) suggested that anlotinib had a tendency to have a greater prevalence of hypercholesterolemia in comparison to sunitinib [8]. However, the precise molecular mechanisms underlying anlotinib-induced hyperlipidemia remain largely unknown.
Anticancer drugs that inhibit phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) signaling has been discovered to induce hyperlipidemia [9–12]. Additionally, increasing evidence has demonstrated that metabolic effects such as hyperlipidemia and hypothyroidism are common adverse events associated with TKIs, such as famitinib, pazopanib, sorafenib and sunitinib [13–16]. Preliminary data have showed that synergistic interactions between platelet-derived growth factor (PDGF) and LDL-related protein (LRP) indicates a potential impact on lipid metabolism [17, 18]. Since PDGF receptor is one of the main targets of sunitinib, some studies have supposed that sunitinib induces hyperlipidemia through PDGF and LRP signaling. In addition, hypothyroidism can lead to hyperlipidemia by downregulating LDL receptor (LDLR) in the liver, thereby reducing LDL clearance. Thyroid function may be one of the factors influencing lipid metabolism.
The purpose of this study was to examine how anlotinib affects lipid metabolism in a mouse model and cancer cell lines, and to explore the fundamental mechanisms through which anlotinib impacts on lipid metabolism. These findings shed light on the higher prevalence of hyperlipidemia in anlotinib-treated patients and the involvement of lipid metabolism in the antitumor efficacy of anlotinib.

Methods
Reagents
Anlotinib was kindly provided by Chia Tai Tian Qing Pharmaceutical Group Co., Ltd (Nanjing, China). Low-density lipoprotein (LDL) and HPLC grade rapamycin were obtained from Merck (Darmstadt, Germany). The COD-PAP kit for total cholesterol (TC) concentration, the GPO-PAP kit for triglyceride (TG) concentration, the high-density lipoprotein cholesterol (HDL-c) colorimetric assay kit, and the low-density lipoprotein cholesterol (LDL-c) colorimetric assay kit were purchased from Jiancheng Bioengineering Institute (Nanjing, China). The Oil Red O staining kit was purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). Antibodies against AMP-activated protein kinase (AMPK) (#5832), phospho-AMPK (Thr172) (#2535), mTOR (#2983), phospho-mTOR (Ser2448) (#5536) were obtained from Cell Signaling Technology (Danvers, MA, USA). Antibodies against 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) (ab242315), LDLR (ab52818) were purchased from Abcam (Cambridge, MA, USA). Antibodies against sterol response element binding protein 1 (SREBP1) (sc-13551), sterol response element binding protein 2 (SREBP-2) (sc-13552) and GAPDH (sc-32233) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). IRDye-conjugated anti-rabbit or anti-mouse IgG secondary antibodies were obtained from LI-COR Biosciences (Lincoln, NE, USA). PVDF membranes were purchased by Millipore Corporation (Bedford, MA, USA) and the bicinchoninic acid (BCA) assay was obtained by Pierce Biotechnology, Inc., (Rockford, IL, USA). TRIzol reagent was purchased from Invitrogen Inc., (Carlsbad, CA, USA). The RevertAid First Strand cDNA Synthesis Kit was purchased from Fermentas (Thermo Fisher Scientific, Inc.) and the SYBR® Green Real-time PCR Master Mix was purchased from Toyobo Co., Ltd., (Tokyo, Japan). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), trypsin, and penicillin/streptomycin were purchased from Invitrogen (Carlsbad, CA, United States). 3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), phosphate-buffered saline (PBS), bovine serum albumin (BSA), TBST buffer, paraformaldehyde and hematoxylin–eosin (H&E) staining were purchased from Solarbio Bioscience & Technology Co. Ltd (Beijing, China).

Animals / mice
Female C57BL/6 J mice aged four weeks were purchased from HFK Bioscience Co., Ltd (Beijing, China). The mice were kept in a controlled environment with a temperature range of 22–28 °C, a relative humidity range of 60–70%, and a 12-h cycle of darkness and light. Following a 3-day adaption period, the mice were randomly allocated to three groups: control group (treated with vehicle, 0.2% carboxymethylcellulose), anlotinib group (3 mg/kg) and rapamycin group (2 mg/kg). Anlotinib and rapamycin were administered intragastrically once daily. Each mouse's body weight was recorded once a week. Following 21 days of treatment, the mice had a 12-h fast before having blood drawn from the eyes. Centrifugation at 3500 rpm for 5 min at 4 °C yielded serum, which was kept at -80 °C. By cervical dislocation, the mice were euthanized and liver tissue was collected. For sectioning and H&E staining, a part of the liver tissue was preserved in 4% paraformaldehyde. The remainder of the liver was frozen in liquid nitrogen promptly. The Laboratory Animal Ethics Committee of Tianjin Medical University Cancer Institute and Hospital examined and approved the animal study protocol.

Cell culture
A549 and H460 cells were obtained from the American Type Culture Collection (Manassas, VA, USA) and validated by DNA sequencing on an ABI 3730xl genetic analyzer. HEK 293 T cells were acquired from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cells were grown in DMEM containing 10% FBS, 100 units/ml penicillin, and 100 μg/ml streptomycin. All the cells were cultured in a humidified atmosphere with 5% CO2 at 37 °C.

MTT cell viability assay
In 96-well plates, cells were planted at a density of 4 × 103 per well. Various concentrations of anlotinib (0.625–20 μM) or PBS (vehicle) were administered to the cells after 24 h. Following a 72-h incubation, each well added 20 μl of 5 mg/mL MTT solution and was incubated for 4 h. After carefully aspirating the supernatant, 150 μl of DMSO was used to dissolve the formazan crystals. With the use of a microplate reader (Epoch2, Biotek), the absorbance was measured at 490 nm.

Lentivirus preparation and cell infection
Short hairpin RNAs (shRNAs) targeting LDLR gene were synthesized by GENEWIZ, Inc. (Suzhou, China). The following were the precise sequences used: LDLR sequence 1 (GATGAAGTTGGCTGCGTTAATCTCGAGATTAACGCAGCCAACTTCATC, #1), LDLR sequence 2 (ATGGAAGAACTGGCGGCTTAACTCGAGTTAAGCCGCCAGTTCTTCCAT, #2) and a scramble non-specific control sequence (CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG). The shRNAs were then cloned into the PLKO.1 vector using AgeI/EcoRI restriction sites, resulting in recombinant lentiviral shRNA expression vectors. HEK 293 T cells were co-transfected with VSV-G, △8.91 and the shRNA expression plasmids using the transfection agent polyethylenimine. After 48 h, the lentiviral particle-containing supernatants were collected and used to infect H460 cells while containing 10 g/mL polybrene. In the presence of 2 μg/mL puromycin, stable cell clones with scramble or LDLR knockdown were selected.

Wound-healing assay
At a density of 2 × 104 cells per well, cells were planted in a 6-well plate and cultured until reaching confluence. A sterile 200 µL pipette tip was used to make a straight-line scratch wound. The cells were then gently rinsed with PBS buffer to eliminate cellular debris. Following that, the cells were cultured for 48 h at 37 °C with either vehicle or anlotinib. After 0 h, 24 h, and 48 h, phase contrast pictures of the wounds were obtained and the indicated time points were used to assess the wound's width. Using Image J software (National Institutes of Health, NIH), the wound area was measured at 0 h, as well as the healing areas at 24 and 48 h. The following formula was used to determine the migration rate: migration rate % = 100% - (area time n hours/area time 0 h × 100%).

RNA extraction and qRT-PCR analysis
The TRIzol reagent was used to extract total RNA from tumor cells or liver tissues. Following the manufacturer's instructions, 1 g of total RNA was reverse transcribed into cDNA using the RevertAid first strand cDNA synthesis kit. On a CFX96 Real-Time PCR Detection System (Bio-Rad), real-time qPCR was performed using SYBR® Green Realtime PCR Master Mix. GAPDH was used as the internal control gene and the expression data were normalized to 18S rRNA expression. The primer sequences utilized in this investigation were produced by Aoke Dingsheng Biotechnology Co., Ltd (Beijing, China) (Tables S1 and S2).

Western blot analysis
The cells were lysed using SDS lysis buffer after being rinsed with ice-cold PBS. A mortar and pestle were used to crush frozen liver tissues, which were subsequently incubated in lysis buffer overnight at 4 °C. The lysates were collected by centrifugation at 4 ℃, 10,000 g for 10 min. The BCA assay was used to determine the total protein content. SDS–polyacrylamide gels were used to separate the proteins, which were then wet electrotransferred onto PVDF membranes. After blocking the membranes for an hour at room temperature with 5% BSA in TBST buffer, the primary antibodies were incubated on the membranes overnight at 4 °C. The membranes were then incubated for an hour at room temperature with IRDye-conjugated anti-rabbit or anti-mouse secondary antibodies after being rinsed three times with TBST buffer for 10 min each. The membranes were visualized using an Odyssey infrared imaging system after three further TBST washing processes.

Determination of serum lipids
According to the instructions provided by the manufacturer (Jiancheng Bioengineering Institute), the levels of TC, TG, LDL-c, and HDL-c in serum or cell samples were determined using assay kits.

Oil Red O staining
According to the manufacturer's instructions, Oil Red O staining was performed utilizing an assay kit. In brief, the cells were gently rinsed three times in PBS buffer before being fixated for 15 min in ORO fixative solution. The cells were then rinsed three times for 5 min each with 60% isopropyl alcohol. After 20 min of staining with a filtered Oil Red O working solution, the cells were washed five times with ddH2O. Following that, the cells were stained with Mayer hematoxylin staining solution for 2 min, washed with ddH2O five times, and soaked in ORO buffer for 5 min. Finally, the cells were observed and photographed using an EVOS imaging system.

Statistical analysis
All data from three different experiments are expressed as mean ± SD and were analyzed with GraphPad Prism 8. The unpaired Student's t-test was used to compare the mean values. The Shapiro–Wilk test was used to determine the normality distribution. A P value of 0.05 was used to define statistical significance. P < 0.05 is represented by the symbol *, and P < 0.01 by the symbol **.


Results
Anlotinib treatment causes hyperlipidemia in C57BL/6 J mice
The body weight variations between the anlotinib group and the control group failed to approach statistical significance. On the other hand, a substantial reduction in body weights was seen after three weeks of rapamycin treatment (Fig. 1A). Furthermore, both anlotinib-treated and rapamycin-treated mice showed a notable increase in relative liver weight (Fig. 1B). H&E staining revealed histopathological changes such as hepatocellular ballooning degeneration in the groups treated with anlotinib and rapamycin (Fig. 1C). Moreover, anlotinib or rapamycin-treated mice had significantly higher blood fasting TC and LDL levels than control mice, although neither group's TG levels changed. Additionally, in the anlotinib group, HDL levels declined considerably (Fig. 1D). These results revealed that anlotinib treatment significantly affected host lipid homeostasis, notably impacting cholesterol metabolism.[image: ]
Fig. 1Anlotinib treatment induces hyperlipidemia in C57BL/6 J mice. According to the Materials & Methods, C57BL/6 J mice were randomly assigned to one of three groups and given three different treatments for 21 consecutive days: vehicle (circles), anlotinib (squares), and rapamycin (triangles). Variations in body weights (A) and relative liver weights (liver/body weight ratio) (B) over the course of treatment. C Staining of liver sections with H&E. Scale bar = 100 μm. D The amounts of TC, TG, LDL, and HDL in the serum. *P < 0.05; **P < 0.01 by Student’s t test



Anlotinib treatment results in various effects on crucial regulators of cholesterol pathway in the liver
Several important upstream transcriptional factors and their downstream enzymes are involved in the regulation of lipid metabolism. To gain a better understanding of how anlotinib administration leads to hypercholesterolemia and LDL elevation, the mRNA and protein levels of these transcriptional factors and enzymes were examined. HMGCR, a critical downstream gene involved in cholesterol biosynthesis, showed a considerable increase in its mRNA level following treatment with anlotinib or rapamycin. Conversely, the mRNA level of LDLR, responsible for LDL-c uptake, was greatly reduced. However, the mRNA levels of SREBP1 and SREBP2, the main upstream regulators of cholesterol, remained unaffected. Additionally, acetyl CoA carboxylase 1 (ACC1), fatty acid synthase (FASN), and stearoyl-CoA desaturase 1 (SCD1), genes involved in fatty acid synthesis, as well as mTOR, a key metabolic regulator, were not affected by anlotinib treatment. Interestingly, both the anlotinib and rapamycin groups showed a considerable reduction in the mRNA level of AMPK, a well-known regulator of lipid metabolism (Fig. 2A). Furthermore, anlotinib treatment resulted in a marked rise in SREBP1 protein expression and a decrease in phospho-AMPK, phospho-mTOR, and LDLR protein expression. However, the expression of HMGCR proteins remained unaffected by anlotinib treatment (Fig. 2B and C). These findings suggest that anlotinib treatment likely influences cholesterol metabolism through LDLR-mediated uptake and AMPK/mTOR pathway in the liver.[image: ]
Fig. 2Anlotinib treatment regulates key genes and enzymes required for cholesterol synthesis and uptake in the liver. A LDLR, SREBP1, SREBP2, HMGCR, AMPK, mTOR, ACC, SCD1 and FASN mRNA expression levels in the liver. B LDLR, HMGCR, p-AMPK, AMPK, p-mTOR and mTOR protein expression levels in the liver. C Corresponding histograms for protein expression levels. *P < 0.05; **P < 0.01 by Student’s t test



Anlotinib induces lipid accumulation in human lung cancer cells
Given that anlotinib is a promising small-molecule anticancer drug, verifying whether anlotinib controls lipid metabolism in cancer cells is crucial. In vitro experiments were carried out to examine the effects of anlotinib treatment on the lipid metabolism in cancer cells. Consistent with the findings from the mouse model, the intracellular concentrations of TC, TG, and LDL in A549 cells increased significantly as a result of anlotinib treatment. Moreover, H460 cells also exhibited a significant enhancement in intracellular TG and LDL levels, while the intracellular TC level showed a trend of increase (Fig. 3A). Additionally, Oil Red O staining revealed that cells treated with anlotinib exhibited significantly higher lipid accumulation in comparison to the control cells (Fig. 3B). These findings suggest that anlotinib influences lipid homeostasis in human lung cancer cells in addition to its anti-cancer effect.[image: ]
Fig. 3Anlotinib induces lipid accumulation in human lung cancer cells. A A549 and H460 cells were treated with various concentrations of anlotinib. Intracellular TC, TG, LDL-c and HDL-c levels were determined. B Oil Red O staining cells were photographed. Scale bar = 100 μm. *P < 0.05; **P < 0.01 by Student’s t test



Anlotinib mediates key regulators and enzymes linked to lipid metabolism in cancer cells
The mRNA and protein levels of a number of transcriptional factors and enzymes involved in lipid synthesis and metabolism in human lung cancer cells were examined to further understand the impact of anlotinib treatment on these processes. As seen in Fig. 4A, after anlotinib treatment, there was a noticeable increase in the mRNA levels of LDLR, HMGCR, SCD1, and FASN in both A549 and H460 cells. SREBP1 mRNA levels, on the other hand, were markedly reduced in both cell types. The protein levels of LDLR consistently presented a considerable, dose-dependent rise. Moreover, there were obvious upward trends in the protein levels of nuclear SREBP1, nuclear SREBP2, and HMGCR (Fig. 4B). These findings suggest that anlotinib treatment modulates lipid synthesis and uptake processes in cancer cells.[image: ]
Fig. 4Anlotinib mediates key genes and enzymes required for cholesterol synthesis and uptake in human lung cancer cells. A A549 and H460 cells were treated with various concentrations of anlotinib. LDLR, SREBP1, SREBP2, HMGCR, AMPK, mTOR, ACC, SCD1 and FASN mRNA expression levels were determined. B LDLR, SREBP1, nuclear SREBP1 (nSREBP1), SREBP2, nuclear SREBP2 (nSREBP2) and HMGCR protein expression levels along with their respective quantitative histograms. *P < 0.05; **P < 0.01 by Student’s t test



Anlotinib increases intracellular cholesterol levels in LDLR knockdown cells
Anlotinib treatment largely upregulated both mRNA and protein levels of LDLR. Then, the impact of LDLR knockdown on cholesterol homeostasis and the anticancer effect of anlotinib were investigated in human lung cancer cells. H460 cells expressing shRNA to knockdown LDLR was established. Both mRNA and protein levels of the knockdown efficiency were validated (Fig. 5A and B). Intracellular cholesterol levels were significantly decreased as a result of LDLR silencing (#1). However, the intracellular cholesterol content was noticeably raised following anlotinib treatment, even in LDLR-silenced cells. This suggests that LDLR knockdown promotes the activation of cholesterol synthesis as a compensatory mechanism to counteract the inefficient cholesterol uptake in the presence of anlotinib (Fig. 5C). Interestingly, LDLR silencing increased the proliferation rate of H460 cells (Fig. 5D). These findings suggest that LDLR may not be the primary regulator involved in anlotinib-induced elevated cholesterol levels. Additionally, LDLR knockdown decreased cell sensitivity to anlotinib, which was owing in part to an increase in intracellular cholesterol.[image: ]
Fig. 5LDLR knockdown attenuates cancer cells sensitivity to anlotinib. A Quantitative PCR measurement of LDLR mRNA expression levels in H460 cells transfected with scramble or two separate pLKO.1-puro shRNA targeting LDLR sequences (#1 and #2). B LDLR protein expression levels were examined in scramble, #1 and #2 cells. C Intracellular TC level in scramble and #1 cells treated with different concentrations of anlotinib. D Different doses of anlotinib were administered to scramble and #1 cells during the course of 72 h. Viability was evaluated using metabolic MTT assay. *P < 0.05; **P < 0.01 by Student’s t test



LDL attenuates the efficacy of anlotinib in human lung cancer cells
Furthermore, the impact of LDL addition on cell proliferation in anlotinib-treated A549 and H460 cells was investigated. The proliferation rate of cells treated with anlotinib was dramatically increased by the addition of LDL, as seen in Fig. 6A. Anlotinib alone and in combination with LDL had half-maximal inhibitory concentrations (IC50) in A549 cells of 5.6 μM and 7.2 μM, respectively. The IC50 values for anlotinib alone in H460 cells were 6.8 μM, while for the combination, they were 14.5 μM. Additionally, when anlotinib and LDL were used together, the effect of anlotinib on cell migration decreased in comparison to anlotinib alone (Fig. 6B). The levels of intracellular cholesterol were raised by anlotinib and LDL alone in both cell lines, but the combination had the strongest effect (Fig. 6C). These results indicate that elevated exogenous LDL reduces the cytotoxic effect of anlotinib.[image: ]
Fig. 6LDL dampens the efficacy of anlotinib. A Anlotinib alone or in combination with LDL (50 g/ml) was applied to A549 and H460 cells for 72 h. Viability was evaluated using metabolic MTT assay. B Wound-healing assay of H460 cells treated with anlotinib, LDL or both and their respective quantitative histograms. C Intracellular TC level in anlotinib treated cells. *P < 0.05; **P < 0.01 by Student’s t test




Discussion
Emerging evidence highlights the significance of lipid metabolism reprogramming as a hallmark of malignancy. To fulfill the increasing demand for macromolecular production and adapt to changing environment, cancer cells upregulate lipogenesis [19, 20]. However, the relationship between host lipid levels and tumorigenesis remains controversial. Reduced plasma levels of TC and LDL-c have been linked in some studies to poor survival in patients with various type of cancer [21, 22]. Conversely, other studies have suggested that hyperlipidemia can promote tumor growth and progression [3, 23, 24]. The underlying mechanisms governing this bidirectional interaction are still poorly understood and require further investigation. Over the last two decades, much emphasis has been paid to the metabolic consequences induced by targeted anti-cancer agents [25–28]. Hyperlipidemia is frequently observed in patients treated with VEGFR (vascular endothelial growth factor receptor)–TKIs [13], as well as mTOR inhibitors (such as rapamycin, temsirolimus and everolimus) [12]. It's interesting to note that hyperlipidemia has been suggested as a potential predictor of the efficacy of temsirolimus [29] and VEGFR-TKIs treatment [13] for mRCC. Similarly, hyperlipidemia has been found to be an independent predictor of the efficacy of anlotinib [6], suggesting that it may be a mechanism-based toxicity [30].
Lipid metabolism is a complex process regulated by multiple pathways. One key regulator of cellular metabolism and energy homeostasis is AMPK. AMPK functions as a direct upstream kinase of SREBPs. The transcriptional activity of SREBPs is suppressed by phosphorylated AMPK, which prevents lipogenesis in hepatocytes [31].
PI3K/Akt/mTOR signaling pathway [32] also plays a role in the regulation of SREBP-1 activation [32]. Previous studies have indicated that mTOR inhibitors can lead to a significant increase in plasma LDL-c levels by reducing hepatic LDLR expression [33, 34]. By facilitating the uptake and clearance of LDL particles, hepatic LDLR is a key factor in controlling plasma LDL-c levels. The intracellular cholesterol pool negatively regulates the transcriptional expression of LDLR, which is crucial for preserving cholesterol homeostasis. Studies by Huang JF et al. [24] have shown that reduced hepatic LDLR protein levels are associated with elevated levels of LDL-c in the blood and hyperlipidemia. Anlotinib significantly altered the lipid metabolism in C57BL/6 J mice in this study. Anlotinib treatment resulted in the downregulation of hepatic LDLR expression, which likely contributed to reduced LDL-c uptake and the development of hyperlipidemia. The upregulation of SREBP1 expression induced by anlotinib may be a result of decreased AMPK phosphorylation. Furthermore, both anlotinib and rapamycin exhibited significant inhibition of mTOR phosphorylation, implying that anlotinib partially affects lipid metabolism through the mTOR pathway. Therefore, anlotinib administration appears to influence cholesterol metabolism in the liver through LDLR-mediated uptake, as well as AMPK/mTOR pathways.
According to our findings, anlotinib regulates TC levels and key factors (such as SREBPs, LDLR, and HMGCR) of cholesterol metabolism in cancer cells. LDLR, which is highly expressed in various types of tumors, has been implicated in tumorigenesis [3, 35–37]. Studies have demonstrated that LDLR downregulation can reduce the growth of pancreatic cancer cells by preventing ERK1/2 signaling and improve the efficacy of chemotherapy [35]. Strikingly, anlotinib significantly increased intracellular TC even in LDLR knockdown cells, suggesting that downregulation of LDLR may promote intracellular cholesterol synthesis [38]. Furthermore, LDLR knockdown reduced the sensitivity of cells to anlotinib, showing that the cytotoxic effect of anlotinib is, at least in part, mediated by upregulation of LDLR, although the exact molecular mechanism remains unclear.
Moreover, exogenous LDL-c reduced cell sensitivity to anlotinib, indicating a possible function for cholesterol metabolism in controlling cancer cell sensitivity to anlotinib. Lipid metabolism alterations are known to be involved in resistance to conventional and targeted chemotherapies [39–41]. Previous studies have shown that exogenous LDL-c can attenuate the antitumor efficacy of TKIs in renal carcinoma cells, consistent with our findings [42]. Although some animal studies have reported worse efficacy of TKIs in hypercholesterolemic mice compared to those with normal cholesterol levels, these studies did not investigate changes in key regulators of the cholesterol pathway before and after TKIs treatment, nor their relationship with drug sensitivity. These results seemly contradict with the findings from clinical trials, which showed that anlotinib-associated hyperlipidemia was closely correlated with the favorable prognosis. It's possible that the conflicting findings are the result of intricate interactions among host lipids, lipid metabolism in the tumor microenvironment, and drug efficacy. Systemic lipid levels may not accurately reflect the lipid profile in cancer cells, and host lipids can impact drug efficacy by directly influencing tumor cells or modulating immune system functions [43, 44], which play a role in drug response. Understanding the intricate interplay between host lipids, tumor lipid metabolism, and drug efficacy will require further investigation. Future studies should clarify the meaning of lipid metabolism in the context of anlotinib treatment and investigate the particular molecular processes underlying the modulation of drug sensitivity by cholesterol metabolism.
Strengths and limitations
The mechanisms of anltinib-induced lipid disorders are being examined for the first time in the present study. The results demonstrated that anotinib affected hepatic lipid metabolism, leading to the increased host lipid levels. Importantly, anlotinib significantly modulated the lipid homeostasis in cancer cells. Enhanced intracellular cholesterol attenuated the efficacy of anlotinib, suggesting that lipid metabolism has an impact in cancer cell sensitivity to anlotinib. Nevertheless, this study has still a few limitations. First, the mechanism by which anlotinib regulates lipid metabolism in the liver has not been validated in hepatocytes. Second, the C57BL/6 J mouse model was applied in in vivo experiments. Further studies will be designed to reveal the detailed mechanisms using mouse xenograft models. Then, a TKI control group was not included in in vitro experiments. At last, the impact of lipid-lowering medications on anlotinib efficacy was not investigated in this study.


Conclusions
In summary, this study provides evidence that anlotinib modulates host lipid metabolism by multiple pathways. These effects could be attributed to hepatic LDLR downregulation as well as suppression of AMPK/mTOR signaling pathways. Furthermore, anlotinib exerts a significant impact on lipid metabolism in cancer cells by regulating key transcription factors and metabolic enzymes. These findings suggest a close association between anlotinib sensitivity and lipid metabolism in cancer cells, which sheds light on the relevance of lipid accumulation in anlotinib resistance and further motivation for improving clinical efficacy in patients treated with anlotinib-base therapy.
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