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Background

Type 2 diabetes (T2D) is a metabolic dysfunction disease that causes several complications. Liver injury is one of these that severely affects patients with diabetes. Fibroblast growth factor 1 (FGF1) has glucose-lowering activity and plays a role in modulation of several liver injuries. Nevertheless, the effects and potential mechanisms of FGF1 against diabetes-induced liver injury are unknown.



Methods

To further investigate the effect of FGF1 on diabetic liver injury, we divided db/db mice into two groups and intraperitoneally (i.p.) injected either with FGF1 at 0.5 mg/kg body weight or saline every other day for 4 weeks. Then body weights were measured. Serum and liver tissues were collected for biochemical and molecular analyses.



Results

FGF1 significantly reduced blood glucose and ameliorated diabetes-induced liver steatosis, fibrosis, and apoptosis. FGF1 also restored defective hepatic autophagy in db/db mice. Mechanistic investigations showed that diabetes markedly induced oxidative stress and endoplasmic reticulum stress and that FGF1 treatment significantly attenuated these effects.



Conclusions

FGF1-associated glucose level reduction and amelioration of cellular stress are potential protective effects of FGF1 against diabetes-induced liver injury.
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Introduction

Type 2 diabetes (T2D) is a complex metabolic disease characterized by insulin resistance and pancreatic cell failure (Kasuga, 2006). Hyperglycemia resulting in glucotoxicity is the primary pathophysiological trigger of diabetes-induced complications (Wu et al., 2015a; Wu et al., 2016). Liver injury occurs commonly in patients with diabetes (Gezginci-Oktayoglu et al., 2009). Liver damage caused by diabetes is characterized by abnormal liver enzyme levels, steatosis, fibrosis, and cirrhosis. Diabetes-induced liver damage produces several pathological changes in the morphology and microstructure of hepatic tissues and functions, including vacuolization and lipid accumulation, resulting in significant damage (Wu et al., 2015a). There are many mechanisms mediating liver damage caused by diabetes, including hyperglycemia, oxidative stress, endoplasmic reticulum stress, and advanced glycation end-products (JaeMyoung et al., 2014). Therefore, it is important to detail these pathophysiological mechanisms and to explore effective therapeutic strategies to meliorate diabetes-induced liver injury.

Fibroblast growth factor 1 (FGF1) releases from cells through a nonclassical secretory pathway, acting on cells in various tissues, including liver and vasculature, where it exerts classic mitogenic activity (Jiang et al., 2016). FGF1 has an unique ability to lower blood glucose, and pharmacologically-relevant FGF1 (0.5 mg/kg) leads to impressive changes in several measurements, including blood glucose, nearly normalizing after 35 days in T2D mice models with impaired insulin sensitivity (JaeMyoung et al., 2014). Administration of exogenous FGF1 stimulates glucose uptake in an insulin-dependent fashion and suppressed the hepatic production of glucose to achieve whole-body insulin sensitization in a mouse model of T2D (JaeMyoung et al., 2014). As an insulin sensitizer, FGF1 mediates homeostatic control of glycemia by acting on several pathways (Li, 2019). The glucose-lowering activity of FGF1 is dissociated from its mitogenic activity and is mediated predominantly via FGF receptor 1 signaling (JaeMyoung et al., 2014).

FGF1 also reverses hepatic lipid steatosis by improving lipid catabolism (Liu W. et al., 2016). Chronic treatment with rFGF1 led to reduced hepatic steatosis and augmented liver glycogen content (JaeMyoung et al., 2014). A recent study showed that FGF1 meliorated acetaminophen (APAP)-induced hepatotoxicity in mice through suppression of inflammation, apoptosis, and oxidative and endoplasmic reticulum stress (Wang et al., 2019). These findings suggest that FGF1 may have hepato-protective properties beyond its anti-steatotic and anti-inflammatory properties. Based on these studies, we aimed to investigate the effects and molecular mechanisms of FGF1 in diabetic-induced liver injury.



Materials and Methods


Animal Experiments

Twelve-week-old male db/db mice and their nondiabetic db/m littermates were purchased from the Model Animal Research Center of Nanjing University (Nanjing, China). Animals were maintained under 12:12 h light:dark cycle conditions. The db/db mice were divided into two groups and were intraperitoneally (i.p.) injected either with FGF1 (Guang et al., 2018) (0.5 mg/kg body weight, n = 8) or physiologic saline (n = 8) every other day for 4 weeks (Wu et al., 2018). After 4 weeks, body weights were measured. Then serum and liver tissues samples of these mice were collected for biochemical and molecular analyses.



Biochemical Analysis

Blood glucose levels were monitored from tail blood samples using a blood glucose meter (Glucometer, SANNUO, China). Serum levels of alanine aminotransferase (ALT), triglyceride (TG), liver glutathione peroxidase (GSH-PX), and liver 4-hydroxynonenal (4-HNE) protein adducts were measured according to the manufacturer's instructions (Jian Cheng Biotechnology Co., Ltd. of Nanjing, China). Total antioxidant capacity (T-AOC), malondialdehyde (MDA), and superoxide dismutase (SOD) activity were also measured with various assay kits (Beyotime Biotechnology Corporation, Shanghai, China). Plasma glycosylated hemoglobin (GHbA1c) levels were measured using the Mouse Glycated Hemoglobin A1c (GHbA1c) ELISA Kit (Enzyme-linked Biotechnology Co., Ltd. Shanghai, China).



Liver Triglyceride Assay

Hepatic triglyceride (TG) levels were determined as described previously (Liu Y. et al., 2016), using the TG reagent (Thermo Fisher Scientific, Middletown, VA).



Pathology and Immunohistochemical Staining on Liver Tissue

Hematoxylin and eosin (H&E) staining and Masson's trichrome (MT) staining (Solarbio Science & Technology, Beijing, China G1340) were employed to evaluate the characteristics of liver tissues in histological changes and fibrosis. Immunohistochemical staining was used to further verify the deposition of collagen I (collagen I, 1:500; Abcam, Cambridge, UK) in fibrotic liver. The procedure was performed as described previously (Hao et al., 2009).



Terminal Deoxynucleotidyl Transferase Deoxyuridine Triphosphate Nick End Labeling Assay

Liver sections of 5 μm were stained for terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end labeling (TUNEL) according to the manufacturer's instruction using the ApopTag Peroxidase In Situ Apoptosis Detection Kit (Chemicon, CA, USA).



Western Blotting Analysis

Liver tissues were homogenized and determined as described previously (Wang et al., 2019). The blots were incubated with primary antibodies: cleaved caspase-3, Bax, Bcl-2, ATF6, GRP78, Nrf2, SOD2, collagen IA1, ATG5, p62 and LC3 (Abcam, USA), HO-1 (Santa Cruz Biotechnology, CA, USA), CHOP, P-IRE1α, P-eIF2α, P-PERK, PERK, FGFR1, P-AMPK and AMPK (Cell Signaling Technology, Danvers, MA, US), and α-SMA, TGF-β, and GAPDH (Proteintech, China) followed by incubation with their corresponding secondary antibodies: anti-rabbit and anti-mouse (Proteintech, China).



Statistical Analysis

All data were expressed as mean ± standard error of the mean (SEM). Statistical differences were determined using one-way ANOVA (for comparison of two experimental conditions). Statistical significance was considered at P values < 0.05. Statistical calculations were done using GraphPad Prism 6 (GraphPad Software, Inc., San Diego, USA).




Results


FGF1 Treatment Reduced Blood Glucose and Ameliorated Hepatic Steatosis

A previous study showed that a single injection of FGF1 was sufficient to restore blood glucose levels to the normal range for more than 2 days in both db/db and DIO mouse models (JaeMyoung et al., 2014). In agreement with that study, our results showed that FGF1 treatment markedly reduced blood glucose levels in db/db mice (Figure 1B). HbA1c levels in db/db mice were markedly higher than those of db/m mice. No significant differences were found between db/db mice with FGF1 treatment and db/db mice with respect to HbA1c levels (Figure 1C). In addition, db/db mice had distinctly elevated plasma alanine aminotransaminase (ALT) levels, a liver injury marker, at 16 weeks of age compared with the db/m mice, an effect that was distinctly reduced by FGF1 treatment (Figure 1D). Body weights of db/db mice were significantly greater than those of db/m mice, an effect that was markedly decreased with FGF1 treatment (Figure 1E). Compared with db/m mice, liver weights of db/db mice were markedly higher, an effect reversed by FGF1 treatment (Figure 1F). Although no significant difference was found between db/m mice and db/db mice with respect to the ratio of liver/body weight, the liver/body weight ratio in db/db mice was reduced by FGF1 treatment (Figure 1G). Pathological hepatic lipid accumulation is a characteristic of diabetes liver injury. As previously reported, accumulated fat interferes with insulin signaling pathways and consequently reduces the glucose content taken up from the bloodstream, an effect that is tightly connected to hepatic injury and steatosis in T2DM (Marchesini et al., 2001). In the present study, db/db mice had elevated plasma TG levels, a common feature of dyslipidemia accompanying with type 2 diabetes; this effect was diminished by FGF1 treatment (Figure 1H). Histological analyses revealed significant lipid accumulation in liver cells from db/db mice as shown by H&E staining. This effect was significantly attenuated by FGF1 treatment (Figure 1A). The db/db mice had elevated liver TG levels, and FGF1 treatment ameliorated these increases (Figure 1I). Taken together, our results suggest that db/db mice had fatty livers, and FGF1 treatment reduced blood glucose and attenuated diabetes-induced hepatic steatosis.




Figure 1 | FGF1 ameliorated blood glucose and hepatic steatosis. (A) Hematoxylin and eosin (H&E) staining of livers from db/m, db/db, and db/db + FGF1 mice (10 x:scale bars = 100 μm 20 x:scale bars = 50 μm). (B) Plasma glucose levels. (C) Plasma HbA1C levels. (D) Plasma alanine aminotransaminase (ALT) levels. (E) Body weights. (F) Liver weights. (G) Liver weight/body weight ratios. (H) Plasma triglyceride (TG) levels. (I) Liver TG levels. All data are presented as mean ± SEM, n = 8. *P < 0.05 **P < 0.01 ***P < 0.001 vs. the db/m group and db/db + FGF1 group.





FGF1 Treatment Ameliorated Diabetes-Induced Liver Fibrosis by Reducing Deposition of Collagen

The expression of collagen is used as an index of liver injury. We graded the degree of hepatic fibrosis using Masson staining and collagen I immunohistochemical staining (Figures 2A, B). The areas of collagen fibers deposition were more significantly expressed in the central vein and surrounding sinus gaps in db/db mice than those in db/m control mice (Figures 2C). Consistent with the immunohistochemical results, western blotting results showed that protein levels of collagen IA1 in livers from db/db mice were significantly greater, but that were much lower in the FGF1 treatment group (Figures 2D, E). Furthermore, protein levels of α‐SMA and TGF-β were substantially greater in db/db mice livers (Figures 2D, F, G). All these changes in db/db mice were reversed by FGF1 treatment, suggesting that FGF1 inhibited diabetes-induced liver fibrosis by abolishing collagen accumulation in the liver.




Figure 2 | FGF1 treatment ameliorated diabetes-induced liver fibrosis by reducing deposition of collagen. (A) Masson staining of liver from db/m, db/db, and db/db + FGF1 mice (10 x:scale bars = 100 μm). (B, C) Immunohistochemical staining of collagen I and collagen I positive area of liver from db/m, db/db and db/db + FGF1 mice (20 x:scale bars = 50 μm 40 x:scale bars = 25 μm). (D) Protein expression of collagen I, α-SMA, and TGF-β in livers from db/m, db/db, and db/db + FGF1 mice. (E–G) Intensities of collagen I, α-SMA, and TGF-β normalized to GAPDH. All data are presented as mean ± SEM, n = 8. *P < 0.05 **P < 0.01 ***P < 0.001 vs. the db/m group and db/db + FGF1 group.





FGF1 Treatment Ameliorated Diabetes-Induced Hepatic Apoptosis

To determine the mechanisms by which FGF1 protects against diabetes-induced liver damage, we examined apoptosis pathways. Compared with liver cells in db/m mice, we found that liver cells of db/db mice were severely damaged, characterized by irregular shapes and chaotic arrangement of cells. Numbers of TUNEL-positive staining cells were substantially greater in liver cells from db/db mice than those in db/m liver cells, an effect that was inhibited by FGF1 treatment (Figures 3A, B). Apoptosis indicators were also measured (Figures 3C–F). Expression levels of cleaved caspase-3 and Bax were much higher in db/db mice than those in db/m mice (Figures 3C, E, F). By contrast, compared with the db/m mice, Bcl2, an anti-apoptotic protein (Yu et al., 2019), was expressed at lower level in db/db mice livers (Figures 3C, D). All these changes were reversed by FGF1 treatment. Taken together, these observations suggest that FGF1 ameliorated diabetes-induced hepatic apoptosis in db/db mice.




Figure 3 | FGF1 ameliorated diabetes-induced hepatic apoptosis in liver. (A, B) TUNEL-positive nuclear staining of liver from db/m, db/db and db/db + FGF1 mice (scale bars = 100 μm). (C) Protein expression of cleaved caspase-3, Bax, and Bcl2 of liver from db/m, db/db, and db/db + FGF1 mice. (D–F) Intensities of cleaved caspase-3, Bax, and Bcl2 normalized to GAPDH. All data are presented as mean ± SEM, n = 8. *P < 0.05 **P < 0.01 ***P < 0.001 vs. the db/m group and db/db + FGF1 group.





FGF1 Treatment Restored Defective Hepatic Autophagy in Diabetic Mice

Previous studies showed that diabetes impaired hepatic autophagy and that obesity caused markedly decreased autophagy in livers of both genetic and dietary mice models; this effect was demonstrated by decreased expression levels of LC3 and Atg5 (Yang et al., 2010). By contrast, p62 is involved in aggresome formation and is degraded through autophagy (Iwadate et al., 2014), with higher levels in ob/ob mice livers than in lean controls (Yang et al., 2010). To study the regulation of autophagy in the present diabetes model, we first examined expression patterns of molecular indicators of autophagy. In line with previous studies, we found that diabetes was characterized by lower expression of autophagy indicators in db/db mice livers, demonstrated by lower expression levels of LC3 and ATG5 proteins (Figures 4A, C, D). Levels of p62 protein level were substantially higher in db/db mice livers than that in db/m mice (Figures 4A, B). As expected, these changes were reversed by FGF1 treatment, suggesting that FGF1 treatment restored defective hepatic autophagy in db/db mice.




Figure 4 | FGF1 restored hepatic autophagy in db/db mice. (A) Protein expression of p62, ATG5 and LC3 in livers from db/m, db/db and db/db + FGF1 mice. (B, C) Intensities of p62 and ATG5 normalized to GAPDH. (D) LC3II/LC3I. All data are presented as mean ± SEM, n = 8. *P < 0.05 **P < 0.01 ***P < 0.001 vs. the db/m group and db/db + FGF1 group.





FGF1 Treatment Blocked Diabetes-Induced Oxidative Stress in Liver

Oxidative stress is a molecular mechanism that characterizes diabetes complications (Yang et al., 2015). Fatty acids in the liver induce free radical formation, causing lipid peroxidation and inducing release of proinflammatory cytokines. The release of malondialdehyde and 4-hydroxynonenal correspondingly causes cell death, protein cross-linkage, and stellate cells activation, leading to collagen synthesis and fibrosis (Xiao et al., 2017). Oxidative stress is also a critical factor in the progression of nonalcoholic fatty liver disease associated with diabetes (Mohamed et al., 2016). In the present study, we determined whether FGF1 treatment reversed diabetes-induced oxidative stress by measuring glutathione levels and oxidative stress markers (Figure 5). Plasma malondialdehyde (MDA) levels were significantly greater in db/db mice livers than those in of db/m mice livers (Figure 5A), an effect that was reduced by FGF1 treatment. As expected, liver glutathione peroxidase (GSH-PX) levels were lower in db/db mice livers than those in db/m mice livers, an effect that was increased by FGF1 treatment (Figure 5B). There were no significant differences in plasma MDA levels and liver GSH-PX levels between db/db mice and db/db + FGF1 mice. 4-hydroxynonenal (4-HNE)-protein adducts and protein carbonyl content were measured to assess lipid peroxidation and protein oxidation levels, respectively (Valle et al., 2012). Consistently higher levels of carbonyl and 4-HNE adducts were observed in db/db mice, an effect that was decreased by FGF1 treatment (Figure 5C). Although no significant differences were found between db/m mice and db/db mice with respect to liver 4-HNE levels and plasma T-AOC levels, FGF1 treatment significantly increased liver 4-HNE levels and plasma T-AOC levels in db/db mice (Figures 5C, D). HO-1 is the rate limiting enzyme in heme degradation, being the first step, catalyzing degradation of pro-oxidant heme to carbon monoxide, biliverdin, and ferrous iron (Abraham and Kappas, 2008). HO-1 gene expression is regulated by the transcriptional activator Nrf2 (Jiying et al., 2004; Igarashi and Sun, 2006). In the present study, FGF1 treatment caused significant increases in expression levels of Nrf2 in db/db mice, which ameliorated diabetes-induced oxidative stress in liver tissue (Figures 5E, F). Furthermore, expression levels of HO-1 in db/db mice liver were also lower than those of db/m mice, an effect that was diminished by FGF1 treatment (Figures 5E, G). SOD2 protein expression levels in liver were also significantly lower in db/db mice than those in db/m mice, an effect that was markedly ameliorated in FGF1-treated db/db mice (Figures 5E, H). Taken together, these data suggest that FGF1 treatment markedly reversed diabetes-induced hepatic oxidative stress in db/db mice.




Figure 5 | FGF1 blocked diabetes-induced liver oxidative stress. (A) Plasma malondialdehyde (MDA) levels. (B) Liver glutathione peroxidase (GSH-PX) levels. (C) liver 4-hydroxynonenal (4-HNE) levels. (D) Plasma total antioxidant capacity (T-AOC) levels. (E) Protein expression of Nrf2, HO-1, and SOD2 in livers from db/m, db/db, and db/db + FGF1 mice. (F–H) Intensities of Nrf2, HO-1, and SOD2 normalized to GAPDH. All data are presented as mean ± SEM, n = 8. *P < 0.05 **P < 0.01 ***P < 0.001 vs. the db/m group and db/db + FGF1 group.



In addition, we also examined FGFR1-AMP-activated protein kinase (AMPK) signaling pathway. Western blotting results show that FGFR1 expression level in db/db + FGF1 liver was markedly higher than that in db/db liver, indicating that FGFR1 signaling was activated by FGF1 treatment (Supplement Figures 1A, B). AMPK, a serine kinase, has been reported to enhance cellular antioxidant capacity through inducing activation of Nrf2 and HO-1 (Lee et al., 2019). In the present study, as shown in Supplement Figures 1A, C, hepatic P-AMPK levels were significantly lower in db/db mice compared with the db/m mice. As expected, these changes were reversed by FGF1 treatment. Taken together, these data suggest that FGF1 treatment markedly reversed diabetes-induced hepatic oxidative stress by regulating FGFR1-AMPK pathway.



FGF1 Treatment Suppressed Diabetes-Induced Endoplasmic Reticulum Stress in Liver

Diabetes-induced liver injury causes changes in microstructure and morphology of liver tissues, leading to changes of hydrophilic and hydrophobic domains in endoplasmic reticulum, an effect that was closely associated with changes of cellular endoplasmic reticulum (ER) polarity. These data suggest that differences in ER polarity can suggest degree of diabetes-induced liver injury (Xiao et al., 2017). Proteins enter the ER as unfolded polypeptide chains, also called the unfolded protein response (UPR) (Ron and Walter, 2007). Elevation in the phosphorylation of eIF2α and PERK (P-eIF2α and P-PERK) is indicative marker of ER stress in diabetes mice. Furthermore, P-IRE1α, an early and crucial indicator of ER stress, plays an important role in mediating the UPR response under ER stress (Wang et al., 2013). To measure FGF1 treatment mediated inhibition of diabetes-induced ER stress in liver, we measured expression levels of ER stress protein markers. Hepatic protein levels of glucose-regulated protein 78 (GRP78), activating transcription factor 6 (ATF6), and C/EBP‐homologous protein (CHOP) were significantly greater in db/db mice and these changes were reversed by FGF1 treatment (Figures 6A–D). Notably, we identified dramatically higher P-IRE1α, P-eIF2α, and P-PERK protein expression levels in livers of db/db mice than in those of db/m mice, an effect that was inhibited by FGF1 treatment (Figures 6A, E–G). Taken together, these data suggest that FGF1 treatment significantly suppressed diabetes-induced ER stress.




Figure 6 | FGF1 suppressed diabetes-induced liver endoplasmic reticulum stress. (A) Protein expression of GRP78, ATF6, CHOP, P-eIF2α, P-IRE1α, and P-PERK in liver from db/m, db/db, and db/db + FGF1 mice. (B–F) Intensities of GRP78, ATF6, CHOP, P-eIF2α, and P-IRE1α normalized to GAPDH. (G) Intensity of P-PERK normalized to PERK. All data are presented as mean ± SEM, n = 8. *P < 0.05 **P < 0.01 ***P < 0.001 vs. the db/m group and db/db + FGF1 group.






Discussion

In the present study, we demonstrated the glucose-lowing effect of FGF1 in db/db mice and its effects on the progression of liver injury in T2DM. These observations were associated with reduced plasma ALT, liver, and plasma TG levels, and decreased ER stress and oxidative stress as well as hepatic apoptosis. Furthermore, hepatic autophagy was corrected by FGF1 treatment.

The db/db mouse model is characterized by leptin receptor deficiency, and displays hyperinsulinemia, hyperglycemia, and glucosuria phenotypes (Razzoli et al., 2015). Previous studies have shown that FGF1 has therapeutic potential for insulin resistance and type 2 diabetes. A single injection of 0.5 mg/kg rFGF1 corrected hyperglycemia in ob/ob mice. This effect of FGF1 is dose-dependent, and even at the maximal dose (2.0 mg/kg) it does not produce hypoglycemia. Moreover, FGF1 has no effect on blood glucose or insulin levels in normoglycemic chow-fed mice. Furthermore, chronic rFGF1 treatment in mice with diet-induced obesity (DIO) also caused pronounced and sustained lowering of blood glucose levels and increased insulin sensitization (JaeMyoung et al., 2014). The glucose-lowering effects of FGF1 are mediated predominantly via FGF receptor 1 signaling. Injection of agonistic anti-FGF receptor 1 antibodies into obese diabetic mice induced acute and sustained amelioration of hyperglycemia, accompanied by significant improvement in hyperlipidemia, hyperinsulinemia, and hepatosteatosis (Wu et al., 2015b). In the present study, treatment of FGF1 for 4 weeks significantly reduced glucose levels in the circulation. Our results further confirmed the therapeutic potential of FGF1 for insulin resistance and type 2 diabetes.

Previous studies have shown that recombinant FGF1 (rFGF1) effectively improved hepatic damage and inflammation in ob/ob mice and choline-deficient mice, two etiologically-different models of NAFLD. Studies have reported that rFGF1 reduced steatosis in the periportal zone first, and subsequently improved hepatic lipid catabolism (Liu Y. et al., 2016). Consistent with these findings, we confirmed that FGF1 administration ameliorated diabetes-induced liver damage. We showed that FGF1 treatment reduced plasma ALT levels, ameliorated liver lipid accumulation as well as hepatic apoptosis and liver fibrosis and corrected hepatic autophagy. Furthermore, we demonstrated that FGF1 treatment blocked diabetes-associated collagen accumulation. All these findings are consistent with previous observations demonstrating the hepatic-protective effects of FGF1 in various animal models. Mechanistic studies demonstrated that induction of cellular stress in diabetic liver was inhibited by FGF1 treatment, suggesting that reduction of cellular stress was a potential molecular mechanism in course of FGF1 treatment for diabetes-induced liver injury.

Previous studies reported that FGF1 inhibited oxidative stress and consequently blocked diabetes-induced cardiomyopathy (Wu et al., 2016). Elevated oxidative stress is a major causal factor in diabetes-associated complications (Wu et al., 2011). Liver tissues from diabetic rats also showed significantly increased levels of reactive oxygen species (ROS), and dramatically lower levels of GSH, catalase, and superoxide dismutase (SOD) (Borderud et al., 2014). In the resting state, Nrf2 is in a non-free and non-active state of continuous degradation. When stimulated by electrophiles or ROS, Keap1 is uncoupled from Nrf2, allowing Nrf2 to transfer to the nucleus, and the Maf protein in the gene. Binding to the heterodimer recognizes and binds ARE, initiates transcription of the downstream protective protein genes, and enhances cell's ability to resist oxidative stress (McMahon et al., 2006). Nrf2 signaling may compensatorily increase the response to acute stress (Stewart et al., 2003), modulating expression of several oxidative damage genes, including HO-1 and SOD2 that are protective in diverse models of liver diseases (Ge et al., 2015; Peng et al., 2018). In our study, diabetes markedly resulted in down-regulation of Nrf2, HO-1 and SOD2, an effect that was reversed by FGF1 treatment. Furthermore, FGF1 treatment regulated FGFR1-AMPK signaling pathway. The above-mentioned data suggest that FGF1 treatment ameliorated hyperglycemia and subsequently oxidative stress during diabetes-induced liver injury via regulation of the FGFR1-AMPK-Nrf2/HO-1 signaling pathway.

A previous report showed that ER stress induced the production of reactive oxygen species (ROS) (Peng et al., 2018), thereby leading to oxidative stress (Hyung-Ryong et al., 2009). ER stress occurs when misfolded proteins accumulate in the ER lumen, and this is referred to as the unfolded protein response (UPR) (Hyung-Ryong et al., 2009). The UPR is made up of three main branches, controlled by ER membrane proteins: activating transcription factor (ATF), inositol-requiring enzyme (IRE), and protein kinase-like ER kinase (PERK), all of which are suppressed by binding to GRP78 (Hummasti and Hotamisligil, 2010). Elevated ER chaperone proteins are biological indicators of ER stress. In mammalian cells, 2 kinases, the inositol-requiring enzyme-1α (IRE1α) and PERK are responsible for activation of UPR. In diabetes, ER stress is caused by increased secretory demands to compensate for insulin resistance and is further aggravated by a fatty acid-induced ER dysfunction in β-cells (Saltiel and Kahn, 2001). Under these conditions, IRE1α activation induces messenger RNA (mRNA) splicing of transcription factors, whereas PERK activation inhibits protein translation and increases the expression of proapoptotic C/EBP-homologous protein (CHOP) via phosphorylation of eukaryotic initiation factor 2α (eIF2α) (Zinszner et al., 1998). In accordance with these data, we found that expression levels of ER stress markers, including CHOP, GRP78, and ATF6, were elevated in db/db mice. Protein expression levels of P-IRE1α, P-eIF2α, and P-PERK were much higher in livers of db/db mice than in those of db/m mice, an effect reversed by FGF1 treatment. Taken together, these data suggest that FGF1 exerted effects on diabetes-induced liver injury by suppressing diabetes-induced ER stress.

According to previous studies, overload of misfolded and/or aggregated proteins in ER lumen leads to ER dysfunction, resulting in ER stress and apoptosis (Varadarajan et al., 2012). Apoptosis is a primary characteristic of the pathogenesis of liver disease. In accordance with results of previous studies, we found that diabetes boosted apoptosis-related proteins expression levels including Bax and cleaved caspase3, and decreased Bcl2 protein expression level, all of which were reversed by FGF1 treatment. Hepatic apoptosis is regulated by autophagic activity. In addition, cross-talk between autophagy and apoptosis have been manifested by regulatory genes sharing common pathways. These regulatory genes include ATG5 and Bcl2 (Kewei, 2015). Previous studies showed that reduction in expression of autophagy-related protein ATG5, and ATG protein is an essential mediator of the autophagic process, resulting in defective insulin responsiveness. In the current study, we demonstrated that FGF1 increased defective hepatic autophagy in db/db mice via regulation of autophagy related proteins, including LC3II, ATG5 and p62 (Figure 4).

In summary, our findings expand the notion that FGF1 controlled hyperglycemia and normalized blood glucose levels in db/db mice. Treatment with FGF1 for 4 weeks significantly reduced blood glucose levels. These observations were associated with reduced diabetic liver damage. The protective effect of FGF1 on diabetes-induced injury was demonstrated by significantly lower plasma ALT activity levels, TG levels, and hepatic lipid accumulation as well as suppressed cellular stress, reduced diabetes-induced hepatic apoptosis, and restored defective hepatic autophagy. We confirmed that inhibition of cellular stress and restoring autophagy are the potential molecular mechanisms of FGF1 inhibition of diabetes-induced liver injury (Figure 7). One limitation is that we did not record food intake; this will be measured in a future study to fully understand the role of FGF1 in reducing glucose effect and ameliorating diabetes-induced liver injury.




Figure 7 | A Schematic showing the effects of FGF1 treatment on diabetic-induced liver injury. As reported that FGF1 can restore blood glucose levels to the normal range in reference 7. FGF1 treatment blocked hyperglycemia-induced cellular stress (oxidative stress and ER stress) and restored autophagy in liver, which ameliorates hepatic steatosis and fibrosis, consequently ameliorates diabetes-induced liver injury.





Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.



Ethics Statement

The animal study was reviewed and approved by the Laboratory Animal Ethics Committee of Wenzhou Medical University & the Laboratory Animal Centre of Wenzhou Medical University.



Author Contributions

YAL and JX conceived and designed the research. ZX performed the experiments and wrote the paper. YW gave important and thoughtful advices and performed the experiments. FW performed the statistical analysis and supplied a lot of technology and served as a fund assistant. XL, PW, YUL, JW, YIL, TJ, XP, XZ, and LX provided assistance with the experiments. All authors discussed the drafting of the manuscript.



Funding

This work was partly supported by the National Natural Science Foundation of China (81300311), the Opening Project of Zhejiang Provincial Top Key Discipline of Pharmaceutical Sciences, the Technology Support Project of Xinjiang (2017E0267), the Xinjiang Tianshan Youth Project for Outstanding Young Scientists (2017Q007), Natural Science Foundation of Xinjiang Province (2018D01C228), Zhejiang public welfare technology research project (LGF19H030008), Ningbo Huimin project (2016C51004), and Ningbo Natural Science Funding (2018A610376), Project of Medical Technology of Zhejiang Province (2020KY908), and Natural Science Foundation of Xinjiang Uyghur Autonomous Region (2018D01C228).



Acknowledgments

We thank Prof. Xiaokun Li for his advice on experimental design.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.00052/full#supplementary-material

Supplement Figure 1 | FGFR1-AMPK signaling pathway was activated. (A) Protein expression of FGFR1, P-AMPK and AMPK in liver from db/m, db/db and db/db + FGF1 mice. (B) Intensities of FGFR1 normalized to GAPDH. (C) Intensity of P-AMPK normalized to AMPK. All data are presented as mean ± SEM, n = 8. *P < 0.05 **P < 0.01 ***P < 0.001 vs. the db/m group and db/db + FGF1 group.
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