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Abstract

Objective: Methionine restriction (MR) decreases inflammation and improves markers of 

metabolic disease in rodents. MR also increases hepatic and circulating concentrations of FGF21. 

Emerging evidence suggests that FGF21 exerts anti-inflammatory effects. The purpose of this 

study was to determine the role of FGF21 in mediating the MR-induced reduction in 

inflammation.

Methods: Wild-type (WT) and Fgf21−/− mice were fed a high-fat (HF) control or HF MR diet for 

8 weeks. In a separate experiment, mice were fed a HF diet (HFD) for 10 weeks. Vehicle or 

recombinant FGF21 (13.6 µg/day) were administered via osmotic minipump for an additional two 

weeks. Inflammation and metabolic parameters were measured.

Results: Fgf21−/− mice were more susceptible to HFD-induced inflammation, and MR reduced 

inflammation in white adipose tissue (WAT) and liver of Fgf21−/− mice. MR downregulated 

STAT3 activity in WAT of both genotypes. FGF21 administration reduced hepatic lipids and blood 

glucose concentrations. However, there was little effect of FGF21 on inflammatory gene 

expression in liver or adipose or circulating cytokines.

Conclusions: MR reduces inflammation independent of FGF21 action. Endogenous FGF21 is 

important to protect against the development of HFD-induced inflammation in liver and WAT, yet 

administration of low-dose FGF21 has little effect on markers of inflammation.
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Introduction

Obesity increases adipose tissue inflammation by increasing inflammatory cytokine and 

chemokine production from adipocytes and resident immune cells (1) and increasing the 

number of inflammatory M1 macrophages present in adipose tissue (2), while reducing the 

presence of anti-inflammatory M2 macrophages (3). Because many inflammatory cytokines 

produced in adipose tissue increase insulin resistance, the elevated inflammatory state of 

adipose tissue provides a mechanism for the well-established link between obesity and 

insulin resistance (4, 5). The hepatic inflammatory response to obesity is accentuated by 

activation of resident Kupffer cells and chemoattraction of nonresident macrophages (6). 

The obesity-induced hepatic inflammation is associated with increased hepatic triglyceride 

stores and decreased hepatic insulin sensitivity (6).

A goal of researchers has been to identify safe and effective treatments for obesity and its 

comorbidities. Restriction of the essential amino acid, methionine, by 80% of normal intake 

reduces body weight and adiposity, improves insulin sensitivity, and reduces inflammation in 

rodents, despite increasing food intake (7). We have shown that dietary MR reduces age- and 

obesity-associated inflammation of liver and visceral and subcutaneous white adipose tissue 

(WAT) (8, 9), likely contributing to the improved health outcomes seen with MR. Despite 

producing similar reductions in body weight and adiposity, MR had a significantly greater 

effect on inflammatory pathways than 40% calorie restriction, and the transcriptional 

responses were primarily anti-inflammatory (8).

Subsequent microarray analyses of rats fed a control diet or a MR diet for 20 months 

identified that the MR-induced reduction in adipose tissue inflammation is likely due to 

upstream inhibition of signal transducer and activator of transcription 3 (STAT3) signaling in 

WAT (9). STAT3 is a transcription factor that, in response to cytokines and growth factors, 

becomes activated through phosphorylation on Tyr705 and promotes expression of several 

genes associated with inflammation (10). Our microarray analyses showed that 40 of the 46 

target genes predicted to be activated by STAT3 were down-regulated by MR, and four of 

the eight genes predicted to be inhibited by STAT3 were upregulated by MR in inguinal 

WAT (9). Thus, the evidence is compelling that MR leads to inhibition of STAT3 signaling 

in WAT.

We have recently shown that MR produces a rapid and persistent increase in hepatic 

expression and circulating concentrations of fibroblast growth factor 21 (FGF21), and that 

FGF21 is an essential factor mediating the ability of MR to increase insulin sensitivity (11). 

Emerging evidence also suggests that FGF21 may have anti-inflammatory properties (12–

15). While these studies support the idea that FGF21 exerts protective effects against 

inflammation, it is unclear whether FGF21 can reduce obesity-induced inflammation in 

adipose tissue and liver. Similarly, it has not been established whether the MR-dependent 

increases in FGF21 mediate the anti-inflammatory effects of dietary methionine restriction.
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Methods

Animals and Diets

Experiment #1.—Fgf21−/− mice on the C57BL/6J genetic background were provided by 

Dr. Steven Kliewer (UT Southwestern). High-fat control (HFD) and high-fat MR (HFD + 

MR) diets were manufactured by Dyets Inc. (Bethlehem, PA). The energy density of the 

HFD and HFD + MR diets was 22.8 kJ/g, with 59.6% of energy from fat, 25.7% from 

carbohydrate, and 14.7% from L-amino acids. The HFD diet contained 0.86% methionine, 

and the HFD + MR diet contained 0.17% methionine, and neither diet contained cysteine. 

Male wild-type (WT; n = 24) and Fgf21−/− (n = 24) mice aged 12 wks were acclimated to 

the HFD diet for 4 weeks before half of the mice of each genotype were switched to the 

HFD + MR diet for an additional 8 weeks. Food and water were provided ad libitum. Mice 

were fasted for four hours prior to being euthanized by decapitation following CO2-induced 

narcosis. Animal experiments were reviewed and approved by the Pennington Biomedical 

Research Center Institutional Animal Care and Use Committee (IACUC).

Experiment #2.—Five-week-old male C57BL/6J mice (n=20) were purchased from The 

Jackson Laboratory (Bar Harbor, ME). Mice were fed a high-fat diet with 60% of kcal 

derived from fat (Research Diets, Inc. #D12492, New Brunswick, NJ) for 10 weeks. After 

10 weeks on the diets, mice had ALZET osmotic minipumps (DURECT Corporation, 

Cupertino, CA) subcutaneously implanted on the back, slightly posterior to scapulae. 

Minipumps delivered either vehicle (saline; n=10) or FGF21 (13.6 µg/mouse/day; n=10) 

subcutaneously for 14 days. Recombinant human FGF21 was purchased from R&D Systems 

(# 2539-FG; Minneapolis, MN). Food and water were provided ad libitum. Mice were fasted 

for four hours prior to being euthanized by decapitation following CO2-induced narcosis. 

Animal experiments were reviewed and approved by the Georgia State University IACUC.

Cell Culture Studies

To assess the direct effects of MR on STAT3 phosphorylation, an established in vitro model 

(16) of MR was used. Briefly, for the experiment, HepG2 cells were treated with normal or 

methionine-restricted DMEM without FBS but with L-glutamine and penicillin/

streptomycin. Normal DMEM contains 0.2 mM methionine and L-cystine, whereas the MR 

medium contains only 0.01 mM of each. After 19 hours, the cells were incubated with 

recombinant human IL-6 (20 ng/mL) (R&D Systems) for 30 minutes followed by 

measurement of phospho- and total STAT3 and SOCS3 protein expression.

Serum Analysis

Blood glucose was measured via tail nick using a One Touch Ultra Smart Glucometer 

following a four-hour fast just prior to sacrifice. Following decapitation, trunk blood was 

collected and processed for serum. Serum alanine aminotransferase (ALT), aspartate 

transaminase (AST), and lactate dehydrogenase 2 (LDH) concentrations were measured 

using a colorimetric enzymatic assay established and validated on the C311 biochemistry 

analyzer (Roche, Indianapolis, IN) at the Auburn University Clinical Pathology Laboratory 

according to standard laboratory protocol. Serum inflammatory cytokine concentrations 
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were measured via Luminex analysis conducted by the University of Massachusetts Medical 

School National Mouse Metabolic Phenotyping Center.

RNA Isolation and Quantitative Real-Time PCR

Total RNA was isolated using an RNeasy Mini Kit for liver or RNeasy Mini Lipid Tissue Kit 

for adipose tissue (QIAGEN Inc., Valencia, CA). One microgram of total RNA was reverse 

transcribed to produce cDNA. Gene expression was measured by real-time PCR (StepOne 

Real-Time PCR; ThermoFisher Scientific, Waltham MA) by measurement of SYBR Green. 

mRNA concentrations were normalized to cyclophilin expression. Primer sequences are 

listed in Table 1.

Histological Analysis

Liver and epididymal white adipose tissue (EWAT) were collected and stored in 10% 

neutral-buffered formalin for 24 hours to allow for adequate fixation. Paraffin-embedded 

sections were stained with hematoxylin and eosin (H&E) and examined in a blinded fashion 

by a board-certified veterinary pathologist (Dr. Emily Graff). For liver histological analysis, 

a component based and general non-alcoholic fatty liver disease (NAFLD) score was 

assigned based on previously published and validated criteria for rodents (17). A cumulative 

non-alcoholic steatohepatitis (NASH) score was calculated for each liver biopsy based on 

the sum of scores for micro- and macrosteatosis, hypertrophy, and inflammation. Full 

methods are provided in Supplemental File. For EWAT histological analysis, crown-like 

structures were defined as shrunken adipocytes completely surrounded by morphologically 

identified macrophages (18) and were counted on H&E-stained slides. The entire surface 

area of each fat pad was counted to provide a total number of crown-like structures per fat 

pad. Adipocyte area was determined as previously described (19).

Western Blot Analysis

Measurements of STAT3 phosphorylation and SOCS3 expression were obtained by Western 

blot analysis. Tissues were homogenized and cells were incubated in RIPA buffer containing 

protease and phosphatase inhibitors, aspirated four times with a 20-gauge needle, and 

centrifuged at 13,000 RPM for 20 minutes. Total protein concentrations in the extracts were 

measured by DC protein assay, SDS-PAGE was performed, and proteins were transferred to 

polyvinylidene fluoride membranes. Blots were probed with anti-phospho-STAT3Y705 (Cell 

Signaling Technology; Danvers, MA), total STAT3 (Santa Cruz Biotechnology; Dallas, TX), 

SOCS3 (Cell Signaling Technology), and β-actin (Sigma-Aldrich; St. Louis, MO). Intensity 

of the visualized bands was quantified by scanning densitometry using ImageJ software.

Statistical Analysis

Statistical analyses were conducted using GraphPad Prism (San Diego, CA) version 8.0.2. 

Data from Experiment #1 were analyzed using a two-way ANOVA with genotype and diet 

as main effects followed by Tukey’s multiple comparison’s test. Data from Experiment #2 

and cell culture studies were analyzed using an unpaired t-test.
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Results

Fgf21−/− mice are more susceptible to HFD-induced inflammation, and MR reduces 
inflammation in an FGF21-independent manner.

Experiment #1.—Despite having comparable body weights to the WT mice fed the HFD 

upon completion of the study (Fig. 1B), the Fgf21−/− mice fed the HFD had higher 

expression levels of inflammatory markers in liver (Ccl2 (p=0.0007), Adgre1 (p=0.025), 
Itgam (p=0.0099), Itgax (p=0.0080)) and EWAT (Adgre1 (p=0.034) and Itgam (p=0.029)) 

than WT mice (Fig. 2), indicating that the lack of FGF21 enhances susceptibility to obesity-

induced inflammation. MR produced comparable reductions in body weight in WT (44.1 g 

vs 27.3 g; P<0.0001) and Fgf21−/− mice (41.8 g vs 22.4 g; P<0.0001) (Fig. 1B), albeit 

through different mechanisms. For example, MR reduced body weight in WT mice by 40% 

(Fig. 1B) despite producing a 30% increase in energy intake (P<0.0001; Fig. 1C). This was 

due to an MR-induced increase in energy expenditure (11). In contrast, MR reduced body 

weight in Fgf21−/− mice (Fig. 1B) solely by reducing energy intake (P=0.037; Fig. 1C), and 

produced no change in energy expenditure in these mice (11). Nevertheless, MR reduced 

inflammatory gene expression in liver and EWAT of Fgf21−/− mice (Fig. 2), indicating that 

FGF21 was not necessary to mediate the anti-inflammatory effects of MR. Specifically, in 

the Fgf21−/− mice, MR reduced expression of Ccl2 (P<0.0001), Itgam (P=0.007), and Itgax 
(P=0.009) in the liver and reduced expression of Ccl2 (P=0.006), Adgre1 (P=0.0005), Itgam 
(P=0.022), and Itgax (P=0.004) in EWAT. MR significantly reduced expression of Ccl2 in 

EWAT of WT mice (P=0.0002) but had no significant effect on other inflammatory markers 

that were measured (Fig. 2). Lastly, it should be noted that expression of inflammatory 

markers in liver and EWAT did not differ between genotypes in mice fed the HFD + MR.

Methionine restriction downregulates STAT3 signaling.

Given the documented association of STAT3 with pro-inflammatory responses (10, 20–22), 

we aimed to determine whether the ability of MR to reduce inflammation in these tissues is 

mediated by a reduction in STAT3 activity. In Experiment #1, we measured STAT3 

phosphorylation at tyrosine 705 as an indicator of its activity state. MR downregulated 

STAT3 phosphorylation in EWAT of WT (P=0.010) and Fgf21−/− (P<0.0001) mice (Fig. 3A 

and 3B), suggesting that the proinflammatory transcription factor may be the mechanism 

mediating the MR-induced downregulation of inflammatory markers. Although these 

findings are consistent with our bioinformatic prediction of STAT3 activation in WAT, MR 

did not significantly downregulate STAT3 signaling in the liver of either genotype (P>0.19) 

(Fig. 3C and 3D). Interestingly, the reduction of media methionine prevented the IL-6-

induced increase in STAT3 signaling in HepG2 cells (P=0.017) (Fig. 3E and 3F). These cell-

autonomous effects indicate that the ability of MR to downregulate STAT3 signaling is direct 

and independent of weight loss. MR also increased SOCS3 expression in HepG2 cells 

(P=0.0497) (Fig. 3G and 3H). SOCS3 acts in a negative feedback manner to inhibit STAT3 

activity (23).
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Pharmacologic administration of FGF21 reduces blood glucose concentrations and 
hepatic steatosis but has no effect on inflammatory markers.

The marked susceptibility of Fgf21−/− mice to HFD-induced inflammation (Fig. 2)suggests 

that FGF21 exerts protective effects against HFD-induced inflammation. To test whether 

pharmacologic administration of low-dose FGF21 could reverse obesity-induced 

inflammation, in Experiment #2, mice were fed a HFD for 10 weeks and then were 

subcutaneously administered vehicle or recombinant FGF21 (13.6 µg/mouse/day) for an 

additional two weeks. Vehicle- and FGF21-treated mice had similar body weights at the time 

of minipump implantation (Fig. 4A). During the two weeks of FGF21 administration, the 

main effect of FGF21 to lower body weight was significant (P=0.026), with final body 

weights of the FGF21-treated mice trending (P=0.073) to be reduced (Fig. 4A). FGF21 

administration reduced fasting blood glucose concentrations (P=0.0397; Fig. 4B) and 

histologically-observed hepatic steatosis (Fig. 4C). Specifically, FGF21-treated mice had 

significantly decreased microsteatosis (P=0.0131) and overall NASH score (P=0.041; Fig. 

4D–G), with no effects on macrosteatosis (P=0.5560) and hypertrophy (P=0.135). 

Histologically-observed inflammation was not present in livers of vehicle- or FGF21-treated 

mice. Together, these data suggest that FGF21 treatment produced a mild, but significant 

decrease in hepatic lipid content (Fig. 4C–G).

Despite producing expected reductions in blood glucose concentrations and hepatic lipids, 

FGF21 had no effect on gene expression of inflammatory markers in liver (Fig. 5A–E) or 

EWAT (Fig. 6C–H). FGF21 treatment had no effect on expression of Adgre1 (P=0.59; Fig. 

5A), Itgax (P=0.93; Fig. 5B), Itgam (P=0.37; Fig. 5C), Ccl2 (P=0.07; Fig. 5D), and Il1b 
(P=0.22; Fig. 5E) in the liver. To further examine the effects of FGF21 on hepatic injury, 

serum concentrations of AST, ALT, and LDH were measured. While all three markers of live 

injury trended down in the FGF21-treated mice, FGF21 had no significant effect on serum 

AST (P=0.08), ALT (P=0.09), or LDH (P=0.07) (Fig. 5F–H) concentrations. Two weeks of 

FGF21 administration had no significant effects on the presence of crown-like structures in 

the EWAT (Fig. 6A&B). Like the liver, FGF21 treatment had no effect on expression of 

Adgre1 (P=0.50; Fig. 5C), Itgax (P=0.51; Fig. 5D), Itgam (P=0.78; Fig. 5E), Ccl2 (P=0.62; 

Fig. 5F), Il6 (P=0.85; Fig. 5G) and Il1b (P=0.09; Fig. 5H) in the EWAT. Consistent with a 

lack of effect of FGF21 on inflammatory markers in liver and EWAT, FGF21 had no effect 

on the cytokines, MCP-1 (0.46) and TNF-α (0.58), in the serum (Fig. 7). FGF21 reduced 

IL-6 concentrations in the serum by 40%, but this did not reach statistical significance 

(P=0.17).

Discussion

One goal of these studies was to determine whether FGF21 was an important mediator of the 

anti-inflammatory effects of MR. To this aim, WT and Fgf21−/− mice were fed a HFD for 4 

weeks prior to half of the mice being switched to a HF MR diet for an additional 8 weeks. 

Despite having similar weights to the WT mice at the end of the experiment, Fgf21−/− mice 

had higher levels of inflammation in liver and adipose tissue. Fgf21−/− mice fed a HFD for 

12 weeks had higher expression of the genes that encode the proteins F4/80, CD11b, and 

CD11c in EWAT and liver. Along with these changes, the liver also had greater expression of 
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the gene that encodes for MCP-1 (Fig. 2). CD11c-expressing macrophages are recruited to 

tissues, like adipose and muscle, during obesity and release high levels of pro-inflammatory 

cytokines that contribute to the development of insulin resistance (24). In fact, macrophages 

that express F4/80, CD11b, and CD11c represent a specific population of macrophages that 

are recruited to adipose tissue in response to HFD feeding (24). The greater expression of 

these genes indicates that Fgf21−/− mice were not only more susceptible to HFD-induced 

inflammation but were also likely at greater risk for insulin resistance. Indeed, Fgf21−/− 

mice have been shown to have greater adipose tissue inflammation and insulin resistance 

compared to WT mice (25). Similarly, others have shown that Fgf21−/− mice have elevated 

levels of inflammation in pancreas when fed a HFD (14) compared to WT mice. 

Interestingly, while we found that Fgf21−/− mice had greater hepatic inflammation compared 

to WT mice fed a HFD for 12 weeks, a longer-term study found no difference in hepatic 

inflammation between WT and Fgf21−/− mice fed a high-fat, high-sucrose diet for 52 weeks 

(26). The increased expression of inflammatory markers in the liver of Fgf21−/− mice may 

be due to activation of resident liver macrophages (Kupffer cells) or hepatic infiltration by 

newly recruited immune cells, both of which occur in obesity (27, 28). Likewise, the 

increased expression of inflammatory markers in adipose tissue of Fgf21−/− mice may be 

due to increased cytokine expression by adipocytes themselves, but is more likely due to an 

increased presence of inflammatory immune cells (1, 2). One limitation of this study is the 

lack of flow cytometric analysis to identify the number and type of immune cells present in 

the liver and EWAT.

Despite emerging evidence that FGF21 exerts anti-inflammatory effects, we report for the 

first time that the lack of FGF21 did not hinder the ability of MR to reduce inflammation. 

MR significantly reduced expression of Ccl2, Itgam, and Itgax in liver and Ccl2, Adgre1, 
Itgam, and Itgax in adipose tissue of Fgf21−/− mice (Fig. 2). These findings are in line with a 

previous study that reported that although exercise both increases FGF21 and reduces 

inflammation, FGF21 is not required for the exercise-induced reduction in inflammation in 

adipose tissue (25). As previously reported (11), MR produced an unexpected reduction in 

food intake in Fgf21−/− mice. Despite not increasing energy expenditure in the Fgf21−/− 

mice, MR still reduced body weight due to the reduction in food intake. The MR-induced 

reduction in food intake and body weight in the Fgf21−/− mice may play a role in reducing 

expression of inflammatory markers in this group.

Our current findings that some effects of MR are independent of FGF21 is consistent with a 

previous report that demonstrated that methionine deprivation induced similar metabolic 

effects in male and female mice, despite increasing plasma FGF21 in males only (29). 

Similarly, additional studies reported FGF21-dependent and -independent responses to 

metabolic stress and cold stress (30, 31). Collectively, these findings suggest that the role of 

FGF21 in dietary methionine restriction and the stress response is complex and requires 

further investigation.

Somewhat surprisingly, MR did not significantly affect many of the inflammatory markers 

measured in liver or EWAT of WT mice. This may be due to the low levels of inflammation 

in the tissues of the WT mice. Some studies have shown that 12 weeks of HFD feeding may 

not be long enough to produce significant increases in inflammation, especially in the liver 
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(32), while other studies have reported HFD-induced increases in adipose tissue 

inflammation after just three days (33). Our previous studies showing that MR reduces 

inflammation in liver and subcutaneous and visceral WAT in rodents used significantly 

longer time frames. For example, we showed that MR reduced age-associated inflammation 

in liver, retroperitoneal WAT, epididymal WAT, and inguinal WAT of rats fed the diet for 20 

months (8) and that MR reduced obesity-associated hepatic inflammation in obesity-prone 

Osborne Mendel rats fed the diet for 7 months (8). These longer timeframes allowed for the 

development of age- and obesity-induced inflammation that was present at a lower 

magnitude in the WT mice of Experiment #1. It may be that MR was effective at reducing 

inflammation in the Fgf21−/− mice due to their elevated levels of inflammation but had no 

effect in the WT mice because of their already low levels of inflammation.

The coordinated downregulation of inflammatory genes known to be regulated by STAT3 

suggests that the MR-dependent anti-inflammatory responses in WAT are being mediated by 

MR-dependent inhibition of STAT3 activity (9). Another group used microarray analyses 

and found that MR also downregulates STAT3 signaling in the liver of a mouse model of 

Hutchinson-Gilford progeria syndrome (34). To determine whether MR affects STAT3 

activity, we measured STAT3 phosphorylation in liver and EWAT of WT and Fgf21−/− mice 

fed HFD or HFD + MR for 8 weeks (Fig. 3). In adipose tissue, Fgf21−/− mice had elevated 

STAT3 activity compared to WT mice, but MR produced comparable reductions in STAT3 

phosphorylation in both genotypes. These novel data suggest that the MR-induced reduction 

in STAT3 signaling may be responsible for the subsequent reduction in inflammation. The 

mechanism by which MR regulates STAT3 phosphorylation in adipose tissue remains 

unknown. However, it is well documented that dietary MR reduces circulating and adipose 

tissue leptin concentrations (35) and leptin is a potent activator of STAT3 in adipose tissue 

(36). Therefore, dietary MR may reduce adipose tissue STAT3 phosphorylation via reduced 

adipose tissue or circulating leptin concentrations. There were no significant effects of 

genotype or diet on STAT3 signaling in the liver. While reduced STAT3 signaling may be 

responsible for the reduction in inflammation in the adipose tissue, another mechanism 

seems likely for the reduced hepatic inflammation. We previously reported that these 

Fgf21−/− mice have elevated hepatic triglycerides and that MR reduces hepatic triglycerides 

in both WT and Fgf21−/− mice (11). Elevated hepatic lipid accumulation is strongly linked 

to hepatic inflammation (37). The changes in hepatic lipids seen in response to the lack of 

FGF21 and to the MR diet may explain the changes in hepatic inflammation. While we did 

not see significant effects of MR on hepatic STAT3 activity, in vivo, in vitro methionine 

restriction suppressed IL-6-induced STAT3 phosphorylation in HepG2 cells (Fig. 3). These 

cell-autonomous effects indicate that the ability of MR to downregulate STAT3 signaling is 

direct and independent of weight loss or reduced leptin. At the same time, MR increased 

expression of SOCS3 in HepG2 cells, which negatively feeds back to inhibit STAT3 activity 

(23).

Because of the marked susceptibility of Fgf21−/− mice to HFD-induced inflammation, it was 

evident that FGF21 exerts protective effects against HFD-induced inflammation. It has been 

well-established that pharmacologic levels of FGF21, achieved either through exogenous 

administration of FGF21 or overexpression of FGF21, result in reduced body weight, blood 

glucose concentrations, and hepatic lipids in mice (38). Thus, the FGF21-induced reductions 
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in blood glucose concentrations and significant improvements in histologically observed 

hepatic steatosis after two weeks of FGF21 administration were in line with previous 

reports. Consistent with the mild changes noted in the liver histopathology induced by 

FGF21, FGF21 treatment slightly, but not significantly reduced serum AST (P=0.08), ALT 

(P=0.09), and LDH (P=0.07) concentrations. Elevations in serum AST, ALT, and LDH are 

typical with high-fat diet-induced obesity and are indicative of hepatocellular damage. While 

not explored in this study, previous reports have identified that FGF21 reduces hepatic lipids 

by reducing expression of genes associated with hepatic de novo lipogenesis (39) and 

increasing hepatic lipid oxidation (40) and hepatic expression of genes associated with lipid 

oxidation (41). Others have shown that the FGF21-induced reduction in hepatic triglycerides 

is due to FGF21 action on adipocytes, limiting the fatty acid supply and triglyceride content 

in liver (42).

A growing body of literature in cell culture and animal models indicates that FGF21 

possesses anti-inflammatory properties (12–15, 43, 44). One recent study demonstrated that 

Fgf21−/− mice fed a high-fat diet had a lower number of anti-inflammatory M2 macrophages 

in inguinal WAT compared to WT mice, but that replenishing FGF21 to normal levels 

increased the number of M2 (anti-inflammatory) macrophages without changing the number 

of M1 (pro-inflammatory) macrophages (15). In our study, FGF21 treatment had no effect 

on markers of M1 macrophages in liver or EWAT (Fig. 5 and Fig. 6). Similarly, mRNA 

expression of M2 macrophages in these tissues did not change following FGF21 treatment 

(data not shown). The lack of effect of FGF21 on markers of inflammation was most likely 

due to the low-dose and/or short duration of FGF21 used in this study. Though the number 

of published studies are limited, other studies demonstrating anti-inflammatory effects of 

exogenous FGF21 in adipose tissue or liver of different animal models of inflammation used 

3–13 times the dose that was used in this study (43, 45) or used higher doses of a long-acting 

FGF21 analog (12) and often used longer treatment durations. The duration of two-weeks of 

FGF21 administration was studied because we aimed to see whether FGF21 treatment itself 

produced any anti-inflammatory responses prior to the expected FGF21-induced reduction in 

body weight. Inclusion of a chow or low-fat control diet group would have been useful to 

serve as a reference point for the amount of change in inflammatory markers and hepatic 

lipids. Considered together, the presence of inflammation in the mice was mild and was 

variable between the mice.

Future studies including female mice will provide more thorough insight into the mechanism 

of action of the MR diet and FGF21 and will enhance the translational potential of the 

findings. Additionally, it is possible that constitutive deletion of FGF21 may have resulted in 

some developmental changes in the mice. Future studies should include the use of inducible 

Fgf21 knockout.

Conclusions

MR reduces inflammation in liver and EWAT independent of FGF21 action. Endogenous 

FGF21 is important to protect against the development of high-fat diet-induced 

inflammation of liver and EWAT, yet pharmacologic administration of low-dose FGF21 for 

two weeks has no effect on markers of inflammation in mice.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What is already known about this subject?

• Dietary methionine restriction reduces age- and obesity-associated 

inflammation.

• Methionine restriction increases tissue and circulating concentrations of 

FGF21.

• Emerging evidence suggests that FGF21 exerts anti-inflammatory effects.

What does your study add?

• Mice lacking FGF21 are more susceptible to high-fat diet-induced 

inflammation.

• Methionine restriction reduces inflammation independent of FGF21 effects.

• Administration of low-dose FGF21 has no effect on markers of inflammation 

in liver, adipose tissue, or serum.
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FIGURE 1. Body weight and energy intake in WT and Fgf21−/− mice fed a high-fat control 
(HFD) or high-fat methionine-restricted diet (HFD + MR).
Male WT and Fgf21−/− mice (12 weeks old) were fed the HFD for 4 weeks before half of 

the mice of each genotype were randomized to remain on the HFD and the remaining half of 

mice were switched to the HFD + MR for 8 weeks. Initial (A) and final (B) body weights 

and average energy intake (C) over the first 6 weeks of the diets are represented by means +/

− SEM of 12 mice per group. Means annotated with different letters denote statistically 

significant differences at P < 0.05.
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FIGURE 2. Inflammatory gene expression in liver and adipose tissue of WT and Fgf21−/− mice 
fed a high-fat control (HFD) or high-fat methionine-restricted diet (HFD + MR).
Male WT and Fgf21−/− mice (12 weeks old) were fed the HFD for 4 weeks before half of 

the mice of each genotype were randomized to remain on the HFD and the remaining half of 

mice were switched to the HFD + MR for 8 weeks. Effects of MR on inflammatory gene 

expression in liver (A-D) and EWAT (E-H) were expressed as fold change compared to the 

WT mice fed the HFD. The means +/− standard error are representative of 7–10 mice per 

group. Means annotated with different letters denote statistically significant differences at P 

< 0.05.
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FIGURE 3. MR reduces STAT3 phosphorylation in WT and Fgf21−/− mice.
STAT3 phosphorylation in EWAT (A & B) and liver (C & D) of mice fed a HFD or HFD + 

MR for 8 weeks. STAT3 phosphorylation (E & F) and SOCS3 expression (G & H) in HepG2 

cells that were cultured in control or MR media for 19 hours followed by IL-6 treatment (20 

ng/mL) for 30 minutes. Data are expressed as means +/− SEM. Phospho-STAT3 was 

normalized to total STAT3. SOCS3 was normalized to β-actin. *Denotes statistically 

significant differences at P < 0.05.

Sharma et al. Page 16

Obesity (Silver Spring). Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. Effects of FGF21 on body weight, blood glucose concentrations, and hepatic lipids.
Male C57BL/6J mice were fed a high-fat diet for 12 weeks. Vehicle or FGF21 (13.6 µg/day) 

were administered via osmotic minipumps for last two weeks of the study. Body weight (A) 

and blood glucose concentrations (B) were measured prior to sacrifice after a 4 hour fast. 

Liver H&E stains (C), macrovesicular steatosis (D), microvesicular steatosis (E), 

hypertrophy (F), and NASH score (G) were measured as described in Methods. Data are 

presented as means +/− SEM for n=9–10 per group. *Denotes statistically significant 

differences at P < 0.05.
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FIGURE 5. Short-term, low-dose FGF21 has no significant effect on liver inflammation or 
injury.
Male C57BL/6J mice were fed a high-fat diet for 12 weeks. Vehicle or FGF21 (13.6 µg/day) 

were administered via osmotic minipumps for last two weeks of the study. Effects of FGF21 

on inflammatory gene expression in liver (A-E) were expressed as fold change compared to 

the vehicle-treated group. Aspartate transaminase (F), alanine aminotransferase (G), and 

lactate dehydrogenase (H) were measured in serum collected after a four hour fast. The 

means +/− SEM are representative of 7–10 mice per group. N.S.; not significant.
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FIGURE 6. Short-term, low-dose FGF21 has no effect on adipose tissue inflammation.
Male C57BL/6J mice were fed a high-fat diet for 12 weeks. Vehicle or FGF21 (13.6 µg/day) 

were administered via osmotic minipumps for last two weeks of the study. Representative 

H&E stains of EWAT (A) and quantified number of crown-like structures (CLS) (B). Effects 

of FGF21 on inflammatory gene expression in EWAT (C-H) were expressed as fold change 

compared to the vehicle-treated group. The means +/− SEM are representative of 7–10 mice 

per group.

Sharma et al. Page 19

Obesity (Silver Spring). Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 7. Short-term, low-dose FGF21 has no effect on circulating inflammatory markers.
Male C57BL/6J mice were fed a high-fat diet for 12 weeks. Vehicle or FGF21 (13.6 µg/day) 

were administered via osmotic minipumps for last two weeks of the study. Serum IL-6 (A), 

MCP-1 (B), and TNF-α (C) concentrations were measured by Luminex assay after a four 

hour fast. Data are presented as means +/− SEM for n=6–10 per group. N.S.; not significant.
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Table 1.
Primer sequences used in real-time PCR.

All sequences are specific to mice, with exception of Ppia (cyclophilin), which is universal.

Gene Forward Sequence Reverse Sequence

Adgre1 (F4/80) 5’-GTG CCA TCA TTG CGG GAT TC-3’ 5’-GAC GGT TGA GCA GAC AGT GA-3’

Ccl2 (MCP1) 5’-GGA GAG ACA GCG GTC GTA AG-3’ 5’-CCA GCC GGC AAC TGT GA-3’

Il1b (IL-1β) 5-TGC CAC CTT TTG ACA GTG ATG-3’ 5-TTC TTG TGA CCC TGA GCG AC-3’

Il6 (IL-6) 5’-ATG GAT GCT ACC AAA CTG GAT-3’ 5’-TGA AGG ACT CTG GCT TTG TCT-3’

Itgam (CD11b) 5’-CCA CAC TAG CAT CAA GGG CA-3’ 5’-CCC TGA TCA CCG TGG AGA AG-3’

Itgax (CD11c) 5’-GGG ACG CTT ACC TGG GTT AC-3’ 5’-CCT GGA AAT CTC TGC AGG TGT-3’ 

Ppia (Cyclophilin) 5’-CTT CGA GCT GTT TGC AGA CAA AGT-3’ 5’-AGA TGC CAG GAC CTG TAT GCT-3’
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