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Abstract 

 

 

Fibroblast growth factors (FGFs) are a group of structurally homologous yet functionally 

pleiotropic proteins. Unlike canonical and intracellular FGFs, the FGF19 subfamily, which 

includes FGF15/19, FGF21, and FGF23, act as endocrine hormones that regulate phosphate, bile 

acid, and metabolic homeostasis, respectively. Research in human and rodent models 

demonstrates the potential of these endocrine FGFs to treat various diseases. Data from studies 

evaluating the metabolic effects of FGF21 pathway activation show improved lipid homeostasis 

and insulin sensitivity, decreased severity of non-alcoholic steatohepatitis, and potential use as a 

therapeutic for pancreatitis.  Even though cats commonly suffer from metabolic diseases, 

including obesity, pancreatitis and hepatic lipidosis, there are no studies evaluating FGF21 in 

cats and only rare studies in other non-laboratory domestic species. This dissertation serves as 

the first exploration of FGF21 in domestic cats and probes how the FGF21 pathway can be 

utilized as a future therapy in veterinary medicine. 

Chapter 1 of this dissertation reviews the endocrine FGF family, focusing on the 

physiology and current research. FGF19/FGF15 serves as a mechanism of bile homeostasis. 

FGF23, a bone-derived hormone, regulates urinary phosphate retention and active vitamin D 

levels. FGF21, the main focus of this dissertation, is an endocrine link between the liver and 

adipose tissue, regulating metabolic homeostasis. This literature review further discusses what is 

known about FGF21 within domestic animals and veterinary medicine. 

Chapter 2 is a prospective preliminary cross-sectional study utilizing purpose-bred, male-

neutered, 6-year-old, obese and overweight cats administered either a recombinant human 

FGF21 mimetic modified for increased thermal and confirmational stability or saline control 

over a 14-day treatment period. Treatment with FGF21 resulted in significant weight loss 
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(~5.93%) compared to control and a trend toward decreased intrahepatic triglyceride content. 

Cats treated with FGF21 had reduced serum alkaline phosphatase. No significant changes were 

noted in liver elasticity, serum, liver, metabolic parameters, or gut microbiome composition. This 

chapter demonstrates that in obese and overweight cats, activation of the FGF21 pathway can 

safely induce weight loss with trends to improve liver lipid content. Manipulation of the FGF21 

pathway has promising potential as a therapeutic for feline obesity. Further studies are needed to 

see if FGF21 pathway manipulation can be therapeutic for feline metabolic disease. 

Chapter 3 explores the FGF21 pathway utilizing banked feline tissues in clinically normal 

and selected diseased cats. This study evaluated the distribution of transcript and protein 

expression of FGF21, and its co-receptors, Fibroblast Growth Factor Receptor 1c and β-klotho in 

key tissues. Relative to the lowest expressing tissue, the highest expression of FGF21 was in the 

liver, with strong and consistent immunohistochemical reactivity in formalin-fixed paraffin-

embedded liver sections. Contrary to other species, FGF21 is not highly expressed in adipose 

tissues despite the presence of FGF21 co-receptors. This chapter proposes that the retention of 

the FGF21 endocrine pathway and the loss of the FGF21 autocrine/paracrine pathway in the 

adipose tissues may be responsible for the unique differences in the feline response to FGF21 

mimetics. Additionally, the immunohistochemical expression of FGF21 in cases of spontaneous 

feline pancreatitis was examined, with strong FGF21 immunoreactivity within macrophages, 

which may represent M2 polarity.  

 This dissertation provides a starting point for evaluating the FGF21 pathway 

within domestic animals, including cats. These findings suggest that there are unique signaling 

pathways and therapeutic potential to target the FGF21 pathway, and further studies are needed 

to determine if FGF21 therapies will be a viable option in a clinical setting. 
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Chapter 1: Literature Review: The Fibroblast Growth Factors, the Endocrine Fibroblasts Growth 

Factors, and the Signaling Pathway: Focus on Domestic Animals 

 

1 Introduction 

There are three major fibroblastic growth factors (FGFs) groups: the intracellular, the 

canonical, and the endocrine. The non-secreted intracellular FGFs bind the C-termini of voltage-

gated sodium channels to regulate their function (1, 2). The secreted canonical and endocrine 

fibroblast growth factors signal to the four high-affinity tyrosine kinase fibroblast growth factor 

receptors (FGFRs) and fibroblast growth factor receptor-like 1 (FGFRL1) (3). Structurally, the 

FGFRs are composed of three immunoglobulin-like (Ig-like) domains, conferring ligand binding 

specificity. FGFRs1-3 have 'a,’ ‘b,’ and ‘c’ isoforms corresponding to an alternate exon splicing 

form of the third Ig-like domain (4). The endocrine FGF19 subfamily has binding affinity for the 

‘c’ isoforms of FGFRs (e.g., FGFR1c) and FGFR4, rather than the ‘b’ isoforms (the ‘a’ isoform 

has no known signal capability) (5).  

Both the canonical and endocrine FGFs contain a heparin sulfate glycosaminoglycan 

(HSGAG) binding site (HBS), which serves as the co-receptor binding site for the paracrine 

FGFs (3). However, due to structural differences, the FGF19 subfamily has an HBS that 

negligibly binds HSGAG. Due to this low-affinity binding, FGF19 subfamily members can 

transmigrate through an HSGAG-rich extracellular matrix on the cell surface and circulate in an 

endocrine fashion rather than remain in an autocrine and paracrine pathway (Figure 1) (3, 6). The 

endocrine fibroblast growth factors signal through an FGFR, typically dimerized with a klotho 

family member co-receptor. Most notably, the klotho family member α-klotho binds FGF23 and 

β-klotho binds FGF19 and FGF21 (Figure 2) (7, 8). A third member of the klotho family, LCTL 

(lactase-like protein), may be involved in the FGF19 signaling pathway, especially considering 
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its high expression in the mouse brown adipose tissue (BAT), but its function in the endocrine 

system is overall unknown (9).  

 

2 Fibroblast Growth Factor 23 (FGF23) 

The primary function of Fibroblast Growth Factor 23 (FGF23) is to regulate phosphorous 

homeostasis along with vitamin D and parathyroid hormone (PTH) in the body, creating cross-

talk with the kidney, parathyroid gland, and bone stores (10). FGF23 is produced in the bone and 

secreted into circulation by osteoblasts and osteocytes in response to a poorly described 

mechanism of impaired extracellular matrix mineralization (11-13). Based on what we know 

from mutations in diseases of hypophosphatemic rickets, the release of FGF23 in the osteocyte is 

regulated by autocrine and paracrine signaling of the phosphate-regulating gene with homologies 

to endopeptidases on X chromosome (PHEX), dentin matrix protein-1 (DMP1), matrix 

extracellular phospho-glycoprotein (MEPE), and acidic serine aspartate-rich MEPE-associated 

(ASRAM) motifs (14, 15). Before secretion, O-glycosylation is promoted by polypeptide N-

acetylgalactosaminyltransferase 3 (GALNT3), enhancing the function of active FGF23 by 

preventing proteolysis (10, 16). Proteolysis is an important regulatory mechanism to prevent the 

activation of FGF23. To initiate this mechanism, a non-activated and non-glycosylated FGF23 is 

phosphorylated on serine 180 by Fam20C. This phosphorylation marks a cleavage site for 

substillin-like proprotein convertase FURIN to fragment the FGF23 amino acid sequence. The 

FGF23 fragments are then ubiquitinated and degraded (17).  

Once in circulation, FGF23 signals via the dimerization of co-receptors α-klotho and an 

FGFR, primarily FGFR1c, with the downstream signaling stimulating the MAPK-Erk1/2 

pathways (11, 18, 19). The initial effects of FGF23 occur in the epithelial cells of the distal renal 
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convoluted tubule, where FGF23 stimulates the retention of Na+ and Ca2+ from the urine by 

activating the sodium-chloride cotransporter (NCC) and Transient Receptor Potential Cation 

Channel Subfamily V Member 5 (TRPV5) channels, respectively, via activation of with-no-

lysine kinase 4 (WNK4) (11, 20, 21). The cells of the renal proximal convoluted tubule 

downregulate 1α-hydroxylase to reduce 1,25-dihydroxyvitamin D3 synthesis, or the active form 

of vitamin D, thereby reducing circulating levels of phosphorous and calcium. Additionally, 

FGF23 downregulates the membranous expression of NPT2A/C via the Erk1/2-SGK pathway 

through phosphorylation of Na+/H+ exchange regulatory factor-1 (NHERF-1). With 

phosphorylation of the scaffolding protein NHERF-1, NPT2A/C is degraded, preventing 

phosphate reabsorption and promoting phosphate excretion in the urine (12, 22).  

In the parathyroid gland, the effect of FGF23 on levels of PTH is controversial. This 

controversy is evident by conflicting results in studies on bovine parathyroid cell culture versus 

mouse parathyroid cell culture. For example, in a study on bovine parathyroid cell culture, 

recombinant human FGF23 (rhFGF23) dose-dependently downregulated both PTH mRNA and 

protein secretion after 12-48 hours of treatment and upregulated mRNA levels of 1α-hydrolase 

after 3-24 hours of treatment (23). Additionally, there was some small mitogenic effect of 

rhFGF23, as bovine parathyroid cells had a minor but still significant increase in proliferation 

than the control with no differences in percent total apoptosis or percent viability (23). In a 

different study examining C57BL/6 mouse parathyroid gland culture, PTH secretion and 

parathyroid proliferation, as measured by a Ki67+ cell index, were shown to be dependent on the 

FGF23 incubation duration (24). After 1 hour of incubation with FGF23, PTH secretion was 

slightly reduced, but after four days of incubation with FGF23, PTH secretion and Ki67+ cell 

index were markedly increased compared to the vehicle-treated cells. The effect of FGF23 on 
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PTH secretion seems to depend on many factors, including time, dose, and species. It should be 

noted that there are protein differences between bovine, mouse, and human FGF23, which may 

have contributed to the varying effects of rhFGF23 on bovine and mouse parathyroid cells. The 

chain sequence of bovine FGF23 (Uniprot identifier E1BJU2[20-245]) has 78.9% identity and 

86.0% similarity to the chain sequence of human FGF23 (Q9GZV9[25-251]), and the chain 

sequence of mouse FGF23 (Q9EPC2[25-251]) has 71.8% identity and 81.9% similarity to the 

chain sequence of human FGF23 (25).  

The discovery of FGF23’s actions has expanded our understanding of the bone-heart link 

in cases of chronic kidney disease. In humans with chronic kidney disease, elevated serum 

FGF23 is independently associated with a higher risk of developing new-onset left ventricular 

hypertrophy (26). This group replicated their findings linking FGF23 elevations in chronic 

kidney disease to developing left ventricular hypertrophy in isolated neonatal rat ventricular 

cardiomyocytes (NRVMs) and rodent models. This pathway is mediated by FGFR4 and 

reversible with FGF4 blockade in vitro in neonatal rat ventricular myocytes and in vivo in 

C57BL/6J mice (27). This deleterious effect of left ventricular hypertrophy with increased 

FGF23 has precluded potential uses of FGF23 analog therapy. Instead, therapies target FGF23 to 

prevent it from binding with FGFRs. Several studies link high circulating levels of FGF23 and 

chronic kidney disease in dogs and cats (28-30), but what this means for the physiology of 

cardiac hypertrophy in veterinary cases of kidney disease or of FGF23 targeting therapy in 

veterinary clinics is unknown.  

One significant disease that FGF23 targeting therapy is used for is X-linked 

hypophosphatemia (XLH). XLH results from a mutation in the PHEX gene, leading to a lack of 

FGF23 regulation. Subsequent increased levels of FGF23 lead to hypophosphatemia, decreased 
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1α-hydroxylase activity, and rickets (28). In a phase 2 clinical trial of children with XLH, 

burosamab, an anti-FGF23 monoclonal antibody, led to overall clinical improvement with an 

increase in physical function, reduced pain, and improved renal tubular phosphate reabsorption 

and serum phosphorous (29). In a phase 3 clinical trial of adults with XLH treated with 

burosamab, most treated patients had a serum phosphate concentration above the lower reference 

interval, along with an improvement in stiffness but not a significant improvement in physical 

function or pain (30). Burosamab is currently an FDA-approved drug to treat X-linked 

hypophosphatemia. 

 

3 Fibroblast Growth Factor 15/19 (FGF15/19) 

Bile acid synthesis is a significant regulatory function of cholesterol homeostasis, as bile 

acids are synthesized de novo within the hepatocyte from cholesterol through two major 

pathways, the classical and alternative pathways, initiated by cholesterol 7α-hydroxylase 

(CYP7A1) and sterol 27-hydroxylase (CYP27A1), respectively (31). Most bile is secreted into 

the small intestine through the biliary tree. Bile acid stimulates the farnesoid X receptor (FXR ) 

in the liver, kidney, gut, and adrenal cortex (32), with the distal ileum being the primary site of 

FXR bile-binding activity (33). FXR is a nuclear receptor family member and binds DNA in a 

heterodimer with the retinoid X receptor (RXR), acting simultaneously as a receptor and a 

transcription factor (34, 35). This heterodimerization of FXR and RXR induces the production of 

FGF15/19 (32). 

FGF15/19 is a regulator of the liver-intestinal axis that is diurnally controlled and 

produced postprandial as negative feedback of biliary acid synthesis in conjunction with hepatic 

orphan nuclear receptor SHP (small heterodimer partner) (36-39). FGF15 is the rodent family 
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ortholog of FGF19, and the signal chain of mouse FGF15 (Uniprot identifier O35622[26-218]) 

has only 49.0% protein sequence identity and 65.0% similarity with human FGF19 (O95750[25-

216]) (25). FGF15 is an enterokine with the highest expression in the ileum, followed by a more 

marginal expression in the jejunum and no detectable expression in the liver (9). In contrast, 

FGF19 in humans is produced primarily in the gallbladder and common bile duct for secretion 

through the biliary system into the intestine with less mRNA production in the ileum (36, 40), 

and minimal FGF19 mRNA expression is found in non-cholestatic livers (41). Similarly to FXR 

(33), FGF19 has increased hepatic expression with cholestasis (41, 42).  

FGF15/19 signals through all four canonical FGFRs in heterodimerization with co-

receptor β-klotho (5). The main metabolic effects are through FGFR1c and FGFR4 (43, 44), and 

poorly described effects in health through FGFR2c and FGFR3c (45). In the liver, FGF15/19 

binds with FGFR4 to inhibit cholesterol 7α-hydroxylase (CYP7A1), the rate-limiting enzyme in 

the classical bile acid synthesis pathway, inhibiting bile acid synthesis (37). FGF15 expression 

was absent in the ileum in mice with bile duct ligation, and there was no repression of CYP7A1. 

When these mice were given an FXR synthetic agonist, there was a marked increase in ileal 

FGF15 mRNA and a decrease in hepatic CYP7A1 mRNA, consistent with induction of FGF15 

by FXR agonism by bile acids, and regulation of CYP7A1 by FGF15 (37). To confirm that this 

effect on CYP7A1 was mediated through FGF15-FGFR4 interaction, FGFR4−/− 129/Sv mice 

infected with FGF15-expressing adenovirus lacked repression of CYP7A1 mRNA.  

In addition to its regulation of bile synthesis, FGF15/19 has metabolic actions driven 

primarily by binding with FGFR1c instead of FGFR4. Mouse studies have shown that FGFR4 

activation by FGF19 does not drive improvements in glucose homeostasis (44). Supporting this, 

an FGF19 variant that preferentially activates FGFR1c and does not activate FGFR4 has similar 
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metabolic activity as wild-type FGF19, suggesting that β-klotho/FGFR1c receptor binding is the 

primary metabolic driver of FGF19 (46). Notably, FGF19 increases the BAT's energy 

expenditure by upregulating uncoupling protein-1 and browning white adipose tissue (47). 

FGF19 modulation of glucose homeostasis is due to the inhibition of hepatic gluconeogenesis 

(48) and increases in glycogenesis through the regulation of glycogen synthase kinase 3α (49). 

FGF19 regulates hepatic protein metabolism and stimulates hepatic protein synthesis (49).  

FGF19-β-klotho/FGFR4 binding is unique in that it only occurs in the liver (50), and 

activation of this pathway is heavily implicated in the pathogenesis of hepatocellular carcinoma. 

In human hepatocellular carcinoma (HCC) cell lines, FGF19 increases proliferation and invasion 

and inhibits apoptosis (51). The in vitro work translates in vivo to mouse models where 

exogenous FGF19 administration of mice induces centrilobular hepatocyte proliferation (52) and 

hepatic expression of the proliferation marker alpha-fetoprotein and the proto-oncogenes Egr-1 

and c-Fos (53, 54). Transgenic mice overexpressing FGF19 in skeletal muscle are an animal 

model of HCC, as 80% of female mice develop HCC by 10 - 12 months (54). FGF19, and not 

FGFR4, is overexpressed in human HCCs compared to non-neoplastic human liver tissue, and 

high expression of FGF19 mRNA is an independent predictor of poor prognosis (51). As a proof 

of concept that FGF19-β-klotho/FGFR4 binding is carcinogenic, FGF19 transgenic mouse 

models of HCC that were administered anti-FGFR4 monoclonal antibodies to prevent the 

binding of FGF19 to FGFR4 had inhibited tumor growth (55). Additionally, anti-FGF19 

antibodies prevent the development of HCC in FGF19 transgenic mice (56). Pan-FGFR and 

FGFR4-specific inhibitors are under investigation in clinical trials in patients with HCC (57). 

However, FGF19-β-klotho/FGFR4 targeted therapies cause dysregulation of bile acid 

homeostasis. In cynomolgus monkeys, administration of > 3 mg/kg of an anti-FGF19 antibody 
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led to the expected increase in bile acid synthesis through upregulation of CYP7A1 and altered 

bile transporter expression with impaired ileal bile acid reabsorption, causing diarrhea (58). In a 

phase 1/2 clinical trial of utilizing a selective FGFR4 inhibitor, FGF401, in humans with β-

klotho/FGFR4-expressing tumors, diarrhea and increases in serum alanine aminotransferase and 

aspartate aminotransferases and total bile acid were seen, indicating potential bile hepatotoxicity 

(59). In an attempt to reduce side effects of bile acid dysregulation while maintaining the 

antitumor effects of anti-FGF19, preclinical trials of antibodies targeting the N-terminus of 

FGF19 have been developed. These antibodies show suppressed HCC growth in xenograft 

mouse models and did not lead to adverse biliary acid-related events in cynomolgus monkeys 

(60). FGFR4 inhibitors are not well investigated in veterinary medicine for hepatocellular 

carcinoma, but in Beagle preclinical studies, FGF401 has been associated with increased serum 

aminotransferases, particularly alanine aminotransferase, which was reversible with the bile acid 

sequestrant cholestyramine, indicating bile acid homeostasis dysregulation similarly to the 

human phase 1/2 clinical trial (61).  

Despite the tumorigenic potential of FGF19, FGF19-β-klotho/FGFR1c signaling is being 

investigated for clinical use for its positive metabolic effects. In mouse models of obesity, 

FGF19 induces weight loss without a change in food intake and improves glucose homeostasis 

(62). FGF19 analogs have made it to phase 2 clinical trials, where patients had significantly 

reduced hepatic fat content and improved fibrosis (63, 64). There is some evidence that FGF19 

analog use can be expanded to other liver disorders beyond non-alcoholic steatohepatitis. In a 

clinical trial of cholestatic liver disease, FGF19 analogs were demonstrated to cause improved 

hydrophobic serum bile acids in patients with various chronic liver disease etiologies (65). Due 

to these promising findings in clinical trials and concern for increased risk of tumors like 
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hepatocellular carcinoma, FGF19 analogs are being developed to retain the beneficial metabolic 

and hepatic effects with minimal to absent tumorigenic potential (66). Non-tumorigenic FGF19 

agonists may be beneficial to look at in veterinary medicine in animals to treat intrahepatic and 

extrahepatic cholestasis, particularly a subset of patients with concurrent hepatocellular 

triglyceride accumulation, to decrease bile hepatotoxicity. 

 

4 Fibroblast Growth Factor 21 (FGF21) 

FGF21 binds to its co-receptors, FGFR1c and β-klotho, via its N-terminus and C-

terminus, respectively (67). FGF21 binding to FGFR1c and β-klotho is responsible for many of 

the beneficial effects described for FGF21, such as weight loss and improvements in glucose, 

insulin, lipid homeostasis, and cardioprotection (68, 69). Specifically, transgenic mice with 

overexpression of FGF21 have lower body weight despite increases in caloric intake, lower 

fasted plasma glucose without hypoglycemia, lower triglycerides, retained BAT stores, smaller 

subcutaneous adipocytes, and improved glucose clearance and insulin sensitivity with oral 

glucose tolerance tests (70). Downstream actions of FGF21 are primarily due to the major energy 

homeostasis regulator, peroxisome proliferator-activated receptor γ coactivator protein-1 (PGC-

1α) (71, 72). Importantly, as FGF21 does not activate FGFR4, it does not promote mitogenicity 

as observed with FGF19 (52, 70). 

FGF21 pathway physiology is inherently complex as several different transcription 

factors mediate production in multiple organ systems (Figure 3). Increases in circulating FGF21 

are associated with various dietary modifications and are predominantly linked to FGF21 as a 

starvation hormone but FGF21 concentrations can also be increased with ketogenic diets, amino 

acid-restricted diets, alcohol consumption, and high carbohydrate diets (73-76) (Figure 4). With 
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starvation, ketogenic diets, and alcohol consumption, glucocorticoids and catecholamines induce 

lipolysis in the adipose tissue via the cAMP-dependent protein kinase A pathway, converting 

triglycerides into free fatty acids and releasing free fatty acids into circulation (77-79). 

Circulating fatty acids are sensed by the peroxisome proliferator-activated receptor (PPAR) 

family. This family of nuclear transcription factors is implicated in numerous metabolic 

pathways, including peroxisomal β-oxidation, ketogenesis, and FGF21 (80, 81).  

In the liver, the primary site of circulating FGF21 production, peroxisome proliferator-

activated receptor α (PPARα) is the principal regulator of FGF21 production (80, 82-84), with 

the potential interaction of many other transcription elements, such as cAMP-responsive element 

binding protein- hepatocyte-specific (CREBH), RXR, and thyroid receptor β (85, 86). 

Carbohydrate-rich diets induce the hepatic expression of the carbohydrate-responsive element-

binding protein (ChREBP), a transcription factor that mediates carbohydrate metabolism and 

related metabolic effects (87). ChREBP and PPARα together bind to FGF21’s promoter region 

to induce FGF21 expression (88). In response to amino acid starvation, hepatic FGF21 is induced 

by ATF4. ATF4 is a downstream target of general control nonderepressible 2 (GCN2) kinase and 

is activated during amino acid restriction (89). 

Hepatic-produced FGF21 is responsible for many beneficial endocrine and 

autocrine/paracrine metabolic effects. From PGC-1α activation, hepatic FGF21 is implicated in 

the reduction in hepatic lipid accumulation, brown fat thermogenesis, triglyceride clearance, 

hepatic gluconeogenesis without glycogenolysis, tricarboxylic acid cycle flux, and ketogenesis 

(72, 83). C57Bl/6 diet induced obese (DIO) mice with liver-specific knockout (KO) of FGF21 

have increased insulin resistance compared to wild-type DIO mice, while there was no change in 

insulin sensitivity with the DIO adipose-specific KO mice. The liver FGF21 KO mice also had 
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increased hepatocellular lipid accumulation, epididymal white adipose tissue fibrosis, and 

impaired glucose uptake in the BAT (83). Hepatic FGF21 signals for thermogenesis in neonatal 

mice during the fetal-to-neonatal transition. In conjunction with increasing PPARα-dependent 

hepatic mRNA expression and circulating FGF21, the BAT in neonatal suckling mice with a 

high lipid milk diet undergoes thermogenic activation with increased mRNA expression of 

adaptive thermogenesis-promoting proteins PGC-1α, uncoupling protein-1 (UCP-1), and type II 

iodothyronine deiodinase (DIO2) (90). Supporting the role of FGF21 in triglyceride clearance 

and ketogenesis, mice on a ketogenic diet with adenoviral knockdown of hepatic FGF21 were 

lipemic, characterized by elevations in triglycerides, cholesterol, and fatty acids, along with 

increased hepatic triglycerides, and decreased serum β-hydroxybutyrate compared to control 

mice (82). Systemic FGF21 signals to regions of β-klotho expressing neurons, particularly in the 

paraventricular nucleus and the suprachiasmatic nucleus, to control sweetness and alcohol 

preference, promote glucose homeostasis, control fertility, modulate energy expenditure through 

sympathetic nerve activity, and control circadian rhythm (91).  

FGF21 is not only a hepatokine but also an adipokine, myokine, and cardiomyokine (69, 

71, 92). Mice with adipose tissue-specific knockout of FGF21 do not have significant changes in 

circulating FGF21, suggesting that adipose-derived FGF21 remains localized as an 

autocrine/paracrine mediator (83). With cold exposure, FGF21 produced within the BAT 

mediates thermogenesis (93). During cold exposure, catecholamine release stimulates β-

adrenergic receptors, which activate the cAMP-dependent protein kinase A pathway, which leads 

to downstream activation of the transcription factor ATF2 (94). In the brown adipose tissue, 

ATF2 mediates FGF21 expression (95). Supporting the autocrine/paracrine role of FGF21 in 

thermogenic activation of brown adipose tissue in wild-type C57Bl/6J mice, cold exposure 
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upregulates FGF21 and PGC-1α mRNA levels in the BAT without concurrent changes in plasma 

FGF21 (93). In the murine white adipose tissue, FGF21 is locally regulated by PPARγ and not 

PPARα, as in the liver (84, 96). Interestingly FGF21 also regulates PPARγ (84), suggesting a 

positive feedback cycle. Autocrine/paracrine FGF21 in the white adipose tissue is responsible for 

cold-exposure-induced browning by increasing PGC-1α protein levels and expression of UCP-1 

and DIO2 (71). FGF21 incubation stimulates adiponectin secretion, a glucose-lowering and 

insulin-sensitizing adipokine in vivo and in vitro (97). FGF21 lowers plasma ceramides (98), a 

sphingolipid implicated in inducing multisystemic lipotoxicity of metabolic disorders (99). The 

glucose and ceramide lowering effects of FGF21 are lost in adiponectin KO mice, showing that 

FGF21’s stimulation of adiponectin is essential for glucose homeostasis and amelioration of 

lipotoxicity (97, 98). 

In skeletal myocytes, expression of FGF21 is induced by insulin through a PI3K-Akt1-

dependent pathway. Transgenic mice with skeletal muscle-specific Akt1 overexpression and 

cultured Akt1-overexpressing myocytes have upregulated FGF21 mRNA and protein expression, 

particularly with the addition of insulin, which is diminished with a PI3K inhibitor (92). In 

skeletal myocytes, FGF21 promotes glucose uptake and mediates muscle loss and mitophagy 

during starvation in a paracrine/autocrine manner. In human skeletal myotubes and adult mouse 

skeletal muscle cultures, FGF21 promotes glucose uptake (100). In muscle-specific FGF21 

knockout mice, the knockout mice were protected from starvation-induced muscle cachexia and 

mitophagy (101).  

Murine cardiomyocytes produce FGF21, although at much lower levels than the liver and 

adipose tissues, and these levels are increased with cardiac damage under the regulation of the 

Sirt1-PPARα pathway. FGF21 protects against cardiac damage and hypertrophy in mice, as 
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FGF21 knockout mice have early-onset cardiac hypertrophy and dilatation, and FGF21 prevents 

isoproterenol-induced cardiac hypertrophy and pro-inflammatory pathways and enhances cardiac 

fatty acid oxidation (69).  In clinical studies and models of many cardiovascular diseases, 

including atherosclerosis, diabetic cardiomyopathy, cardiac hypertrophy, and myocardial 

ischemia, FGF21 is increased, potentially as a compensatory mechanism (102). There is some 

proof that FGF21 therapeutics will be beneficial as a treatment for cardiovascular disease. Obese, 

insulin-resistant rats on a high-fat diet had a reversal of left ventricular dysfunction with long-

term FGF21 therapy through a reduction of overall systemic and cardiac oxidative stress and a 

reduction of cardiac mitochondrial redox dyshomeostasis (103).  

FGF21 is also produced in both the exocrine and endocrine pancreas, with around 20x 

higher expression in the acinar cells than in the islets (104). Pancreatic FGF21 acts as a 

secretagogue, promoting digestive enzyme secretion from the zymogen granules via the 

phospholipase C - inositol 1,4,5-trisphosphate – Ca2+ pathway avoiding further endoplasmic 

reticulum stress (105). Pancreatic FGF21 is upregulated in obesity and downregulated by fasting, 

interestingly in contrast to hepatic FGF21, which is upregulated by starvation (104). In the 

endocrine pancreas, FGF21 regulates β-health and insulin production. C57Bl/6J global FGF21 

KO mice have impaired glucose-stimulated insulin secretion and enlarged and distorted islets 

(106).  

 

5 FGF21 Therapy: Comparisons of Humans, Non-Human Primates, and Rodents 

Given the myriad beneficial positive effects, FGF21 mimetics have been adapted for 

therapeutic use and have undergone preclinical trials in rodents and non-human primates and 

clinical trials (107). Native FGF21 has a very short elimination half-life of around 0.5 - 4.3 
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hours, dependent on the route of administration (70), and therapeutic variants have been 

developed with an increased half-life, resistance to proteolysis, and potential for commercial 

manufacturing in mind while retaining the efficacy of FGF21 (108). 

One of the first FGF21 analogs was developed by Eli Lilly. LY2405319 is an engineered 

human recombinant FGF21 from a Pichia pastoris host expression system designed for increased 

thermal and conformational stability for a biopharmaceutical multiuse formulation, a once-daily 

administration profile, and a similar efficacy as native FGF21 (109). Although LY2405319 was 

engineered for reduced proteolytic cleavage, its small size (~22kD) still allowed for ready 

urinary excretion with minimal extension of biological half-life (109-111). In DIO C57Bl/6 and 

ob/ob mice, an engineered recombinant human FGF21, LY2405319, led to a dose-dependent 

decrease in body weight within two weeks, despite an increase in weight-normalized caloric 

consumption along with a reduction in non-fasted plasma glucose (109). In a dose escalation 

study treating diabetic rhesus monkeys with LY2405319, monkeys had a significant decrease in 

body weight, blood glucose, circulating triglycerides, an increase in plasma adiponectin, and an 

improvement in circulating cholesterol profile from baseline within two weeks at the starting 3 

mg/kg/day dose. Additional parameters like decreases in plasma insulin and leptin showed 

eventual improvement at higher doses. These parameters returned to baseline during the 

withdrawal period. Unlike the study in mice, rhesus monkeys did have a reduction in food intake 

with LY2405319 treatment (112). In obese humans with type 2 diabetes mellitus (T2DM) and 

similar to the rhesus monkeys, dose-dependent improvements were seen in the circulating 

cholesterol profile, adiponectin, and insulin, along with a trend to decrease glucose. Weight loss 

was observed, but food intake was not measured (113).  
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Another FGF21 analog, PF-05231023 (original CVX-343), is made of two recombinant 

human FGF21 molecules covalently linked to a fragment antigen-binding region of a scaffold 

antibody (114). Mice treated with PF-05231023 had dose-dependent improvements in glucose 

excursion with an oral glucose tolerance test and weight loss (115). When tested in obese 

cynomolgus monkeys, similar to LY2405319, non-human primates had concurrent food intake 

and body weight decreases. One safety concern in a study of PF-05231023 in a study of humans 

with T2DM was an increase in the marker of bone resorption, carboxy-terminal collagen 

crosslinks, with concurrent decreases in markers of bone formation, osteocalcin, procollagen 

type I N-terminal propeptide and bone-specific alkaline phosphatase. The study acknowledged 

that these markers are confounded by accompanying weight loss, which will cause bone 

turnover. A significant limitation was that no bone mineral content was evaluated in the human 

subjects, although no changes in bone mineral content were observed in the monkeys using dual-

energy X-ray absorptiometry (DEXA) (116). The inspiration for investigating bone markers in 

non-human primates was from reports of mice with decreased bone density from FGF21 therapy. 

Both transgenic FGF21-overexpression and pharmacologically administered FGF21 (for two 

weeks at a dose of 1 mg/kg/day intraperitoneal) had decreased trabecular bone and bone mineral 

density with osteoblastogenic inhibition to a shift of adipogenesis of bone marrow stem cells 

(117). Similar trabecular bone losses were seen in Wister rats on a high-fat diet administered 0.1 

mg/kg/day FGF21 subcutaneously for four weeks (118). However, the role of FGF21 in bone 

and mineral homeostasis is controversial, as neither bone density nor bone marrow adiposity is 

changed in DIO mice given hundreds fold more human recombinant FGF21 over two weeks (up 

to 3 mg/kg/day intraperitoneal.) than reported in the FGF21 transgenic mice (119). In another 

study, mice treated with FGF21 adenoviral therapy had normal naso-anal and tibial length, no 



28 

 

difference in bone structure with micro-computed tomography, and no differences in bone 

mineral density or bone density mineral content (120).  

Pegbelferin (or BMS-986036) is a PEGylated FGF21 analog causing similar circulating 

lipid profile changes as reported for other FGF21 analogs in humans and non-human primates. 

Interestingly, Pegbelferin did not lower HbA1c or weight in comparison to the placebo in 

humans despite weight loss in monkeys with concurrent reductions in lean mass, lean area, and 

fat area (121, 122). Notably, no bone mineral or density change was seen in adult male 

cynomolgus monkeys receiving weekly subcutaneous Pegbelferin for one year (122). In a phase 

2a clinical trial in patients with non-alcoholic steatohepatitis, Pegbelferin significantly lowered 

the hepatic fat fraction and a biomarker of fibrosis, PRO-C3. In this study, at an 8-week 

prespecified interim analysis, it was shown that the hepatic lipid-reducing effects of Pegbelferin 

were strong enough (> 4.5% reduction from baseline) to discontinue additional patient enrolment 

(123). Common to PF-05231023, pegbelferin had nausea and gastrointestinal upset as 

overreported adverse events (116, 123, 124).  

AKR-001 (Fc-FGF21-RGE, Efruxifermin) is an Fc-FGF21 fusion protein designed for 

longer, weekly or biweekly dosing intervals due to a prolonged circulating half-life and increased 

binding affinity to β-klotho. With weekly injections in DIO mice, there was a reduction in blood 

glucose, insulin, triglyceride, cholesterol and body weight characterized by a reduction of fat 

mass. Obese cynomolgus monkeys with impaired glucose tolerance similarly had a decrease in 

fasting blood glucose, insulin, amylin, glucagon, increases in HDL-cholesterol, and a reduction 

in body weight. Monkeys regained their body weight during the washout period (125). In a phase 

1 clinical trial of obese type 2 diabetic humans, there was an improvement in glycemic control, 
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insulin sensitivity, and lipid homeostasis. However, there were no significant changes in body 

weight (126). 

It seems that there are some species-dependent effects of FGF21 analogs. For instance, 

although most analogs reduce body weight, whether this is due to decreased caloric intake is 

inconsistent, as it appears to be in monkeys and not mice. The full translatability between 

preclinical models and humans of FGF21 analogs as a treatment is still being discovered. Other 

inconsistent effects of various FGF21 therapies include changes in bone density, changes in food 

intake, and even the degree of impact on metabolic parameters as observed with a lack of 

changes with H1Ac and Pegbelferin or body weight with Efruxifermin. 

 

6 FGF21 in Domestic Animals 

FGF21 physiology is poorly studied within veterinary medicine. The translational 

capabilities of many FGF21 analogs to veterinary medicine is an open field, despite many 

potential applications. Many companion animals are overweight and obese with associated 

insulin resistance (127), and hepatic lipidosis is a common cause of morbidity and mortality 

among farm and companion animals (128, 129). As FGF21 has been shown to improve insulin 

resistance, decrease body weight, and decrease liver lipid, it behooves veterinary scientists to 

examine FGF21 as a potential therapy. 

A few studies use canine diabetes models to study FGF21 physiology. One study 

evaluated streptozotocin (STZ)-treated Beagles treated with 0.5 mg/kg canine recombinant 

FGF21 once a day for 12 days. Despite the high toxicity of STZ to pancreatic β-cells, this study 

found partially restored circulating insulin and glucose and noted inhibition of the hepatic 

gluconeogenic enzymes glucose 6-phosphatase  and phosphoenolpyruvate carboxykinase (130), 
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implicating FGF21 in islet function restoration post-STZ-induced damage and inhibition of 

hepatic gluconeogenesis. This group repeated their studies in STZ-induced diabetic dogs for an 

extended period (8 weeks) using PEGylated canine FGF21 (cFGF21) and compared their results 

to 2 U/kg porcine insulin treatment to investigate the practicality of using FGF21 treatment in the 

replacement of insulin in diabetic dogs (131). They found that a single dose of recombinant 

canine FGF21 maintained reduced blood glucose effects longer than insulin. However, dogs 

showed resistance to FGF21 glucose-lowering effects at around 30 days after the initiation of the 

study. Remnant insulin-immunoreactive islets were histologically visible within the FGF21 

treated group, suggesting that FGF21 can either prevent further STZ-induced pancreatic β-cell 

death from progressing by downregulating inflammation and promoting regeneration of β-cells. 

Although STZ-induced models provide many benefits, such as decreased time and cost, it is not 

spontaneous and comes with drawbacks, such as direct STZ-induced renal and hepatic toxicity. 

Other canine models of type 1 diabetes mellitus (T1DM) use adjuvant therapies along with low-

dose STZ to avoid the off-target toxic effects, such as in combination with partial 

pancreatectomy or other β-cell targeting drugs (132, 133), and it would be interesting to see how 

studies using a combination-induced T1DM model would differ from an STZ-treated only 

model. Follow-up studies in canines with spontaneously occurring insulin resistance, insulin-

dependent diabetes mellitus, or non-insulin-dependent diabetes mellitus are needed to better 

evaluate the utility of FGF21 pathway targeting therapy in dogs.  

Probably the most well-described domestic animal regarding FGF21 physiology is the 

dairy cow. Early lactating dairy cattle undergo massive lipid mobilization with concurrent 

FGF21, glucagon, and non-esterified fatty acid increases while producing high-fat, calorically 

dense milk in a negative energy balance (134). In a study evaluating this metabolically stressful 
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time of a cow, plasma FGF21 in cattle dramatically increased during early lactation from nearly 

0 pg/ml to ~1600 pg/mL and had similar circulating levels in feed-restricted late-lactating dairy 

cows. As fluxes in circulating FGF21 correlated with hepatic FGF21 mRNA expression, FGF21 

production in cows seemed to be driven by the liver with marginal contribution, if any, by the 

tail head (subcutaneous) white adipose tissue and no contribution by the skeletal muscle (135), 

similar to what is reported for other species (83). In the same study, this group also determined 

that Β-klotho mRNA expression is highest in the adipose tissues (perirenal, omental, mammary, 

and subcutaneous – in decreasing order) in prepubertal 6-month-old heifers (135). In early 

lactating dairy cattle treated with 3 mg/kg LY2405319 boluses followed by nine consecutive 

days of an LY2405319 continuous rate infusion (CRI) of 6.3 mg/kg, there were no changes in the 

circulating metabolic parameters plasma glucose, insulin, adiponectin or other parameters like 

total milk production or food intake (111, 136). Despite the lack of adiponectin secretion or 

changes in circulating metabolic parameters, FGF21 activity on the white adipose tissue was 

confirmed by increased phosphorylation of the downstream target, ERK1/2, suggesting that the 

FGF21 signaling pathway is different in dairy cattle in comparison the more studied laboratory 

animal rodents, non-human primates, and humans (136). They followed this study by evaluating 

lipid parameters, including evaluating hepatic lipid accumulation through biopsies. The cows did 

have decreased circulating free fatty acids following the LY2405319 bolus, but this decrease was 

not sustained over the 9-day CRI period (134). 

With the treatment of LY2405319, the cows did have decreased hepatic triglycerides 

despite being in the early lactating, negative energy balance phase when liver lipid storage is 

typically in excess (111, 128), demonstrating that there is an effect of FGF21 on lipid 

homeostasis in cattle. Human FGF21 (Uniprot identifier Q9NSA1[29-209]), of which 
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LY2405319 is a recombinant version, has 87.8% identity and 91.7% similarity and with bovine 

FGF21 (E1BDA6 [29-209]) (25), so utilization of this human protein in a cow is likely to have 

appropriate effects. It would be worthwhile to see if FGF21 can be therapeutic in cattle with 

hepatic lipidosis, as this disease most commonly occurs in early lactating cattle. Evaluation of 

the treatment with FGF21 in the late postnatal period and early lactational period to reduce the 

risk of ketosis or displaced abomasum would be interesting as this could provide a significant 

economic benefit. However, additional studies would also be needed to determine the effects on 

milk production.  

The same group that studied FGF21 in cattle did a study that surveyed FGF21 signaling 

machinery and administered LY2405319 for 13 days to non-lactating Finn x Dorset ewes with 

adequate body condition (137). Out of the liver, subcutaneous adipose, omental adipose, 

retroperitoneal adipose, kidney, gracilis muscle, and lung, the group found FGF21 mRNA was 

most highly expressed in the sheep's liver at 17-fold higher than any other expressing tissue. 

Other tissues with lower expression were the subcutaneous and retroperitoneal adipose tissue and 

kidney. There was no expression in the omental fat and skeletal muscle. β-klotho mRNA was 

expressed in the subcutaneous, omental, and retroperitoneal adipose tissues and liver, and 

FGFR1c was expressed in the subcutaneous adipose tissue (other adipose stores were not 

examined), indicating that the adipose tissues and liver are FGF21 targets. FGF21 targeting of 

the adipose tissue was confirmed by increased pERK1/2 and EGR1 protein in the subcutaneous 

adipose tissue following a 5 mg/kg bolus. In contrast to the lack of insulin and glucose 

homeostasis changes in cattle with LY2405319 administration, sheep had decreased circulating 

glucose, a transient decrease in insulin, and increased adiponectin with a 15 mg/kg/day dose over 
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13 days. The conflicting actions of FGF21 in early lactating cattle and non-lactating sheep raise 

the question of whether early lactation is an FGF21-resistant state in ruminants.  

 

7 Summary and Conclusions 

The endocrine Fibroblast Growth Factor family members, FGF15/19, FGF21, and 

FGF23, are vital to many homeostatic mechanisms in the body. The members of this family exert 

actions through a Fibroblast Growth Factor Receptor and a klotho family member. FGF21, via 

the co-receptors FGFR1c and β-klotho, is a potent regulator of lipid homeostasis and insulin 

sensitivity. FGF21 pathway-targeting therapies generally improve global metabolic health by 

decreasing body weight, insulin resistance, liver lipid concentration and fibrosis. However, 

despite similar metabolic diseases in domestic animals of obesity, insulin resistance, and 

increased liver lipid, FGF21 is poorly investigated in veterinary medicine. Given preliminary 

studies in domestic animals, FGF21 may prove helpful in some common diseases. Insulin-

dependent diabetes mellitus in dogs in around 30% of cases is associated with pancreatitis, 

suggesting that these inflammatory processes destroy islets. As FGF21 therapy is associated with 

improvement of overall β-cell health in both rodent and canine studies, it seems that some rodent 

research can be translated to the dogs, and potentially FGF21 pathway-targeting therapy can be 

utilized to restore islet health in diabetic dogs. FGF21 therapy may also be beneficial as adjunct 

therapy in ruminants with hepatic lipidosis, as although it is not treating the underlying condition 

of being in a negative energy balance, it can alleviate some lipotoxicity within the hepatocyte 

and help restore hepatic function. This may translate to companion animals with fatty liver 

diseases as well, such as in cats. Hepatic lipidosis is a deadly, acute condition in the domestic 

cat. Use of FGF21 therapeutics to acutely allieviate the hepatic lipotoxicity and at least partially 
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restore liver function, allowing the veterinarian to deal with the underlying condition, could 

indeed be revolutionary for veterinary medicine.
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Figure 1. The mechanism for escape into circulation by the endocrine FGF family. The 

endocrine FGF family has a heparin sulfate glycosaminoglycan (HSGAG) binding site (HBS) 

with low affinity for HSGAGs within the cellular extracellular matrix. This low affinity lets the 

endocrine FGF family escape from the cell surface, allowing endocrine actions. This is compared 

to the canonical FGF family, with an HBS with a high affinity for HSGAGs, necessitating 

autocrine/paracrine actions. 
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Figure 2. The major sites of production and receptors for members of the endocrine FGF 

family.  
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Figure 3. FGF21 has many organ-specific functions. Although most circulating FGF21 is 

produced in the liver, organ-specific autocrine and paracrine functions of FGF21 also drive 

metabolic processes. 
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Figure 4. The pathway of FGF21 production in the liver. Ketogenic diets, starvation, and 

alcohol activate the nuclear hormone receptor PPARα, a transcription factor for FGF21 

production. High carbohydrate (e.g., fructose) diets promote hepatic ChERP production, a 

transcription factor that acts synergistically with PPARα to promote FGF21 transcription. Amino 

acid restricted diets indirectly increased ATF4, a FGF21 transcription factor. 
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1 Introduction 

 

Obesity is prevalent in domestic cats and is associated with many co-morbidities, 

including insulin resistance and type 2 diabetes mellitus (T2DM) (138, 139). A significant 

sequela associated with feline obesity is increased intrahepatic lipid accumulation, predisposing 

cats to hepatic lipidosis (140, 141). The health risks associated with increased baseline liver lipid 

content are compounded by the mobilization of fatty acids from adipose tissue, increased insulin 

resistance, and the release of inflammatory mediators. 

Fibroblast growth factor 21 (FGF21) is a member of the endocrine subfamily of 

fibroblast growth factors primarily produced in the liver that regulates the metabolic adaptation 

to fasting by binding to primarily FGF receptor 1c (FGFR1c) and its cognate co-receptor β-

klotho in metabolic tissues (142). Among its numerous downstream effects, FGF21 stimulates 

gluconeogenesis, ketogenesis, and fatty acid oxidation in the liver and stimulates glucose uptake, 

lipolysis, and β-oxidation in the white adipose tissue (143). FGF21 analogs have been used in 

humans and animal models to ameliorate metabolic dyscrasias secondary to obesity. Studies that 

evaluate exogenous administration of FGF21 in obese and insulin-resistant humans show 

significant benefits such as weight loss, reduced blood glucose, reduced cholesterols and low-

density lipoproteins, and resolution of hepatic steatosis with minimal to no side effects (113, 121, 

124). LY2405319 (Eli Lilly and Company, Indianapolis, IN) is a modified human recombinant 

FGF21 analog engineered for increased stability and retained metabolic benefits and has been 

successfully used to treat obesity and hyperglycemia in rodent and primate models (112, 144). A 

benefit of LY2405319 is that it is more easily produced in large scales and has increased thermal 

and conformational stability over unmodified human recombinant FGF21 (109), meaning it can 

be prepared for a potential commercial, multiuse formulation suitable for veterinary hospitals. 
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However, very little research has been done regarding FGF21 analog use in companion animals, 

and no research has been published on FGF21 in cats. Obese and overweight cats have an altered 

gut microbiota compared to lean cats (145), and common factors such as fasting have been 

shown to alter both circulating FGF21 and the gut microbiome (71, 146). While there is evidence 

that the microbiome regulates FGF21 (147), studies that evaluate the direct influence of 

exogenous FGF21 on the gut microbiome are limited (148).  

Proton magnetic resonance spectroscopy (1H-MRS) is a non-invasive, highly sensitive 

and specific method of quantifying liver triglyceride content (149). 1H-MRS is commonly used 

for hepatic triglyceride quantification in studies of humans (150, 151) and many animal species 

(152, 153) and has been previously used to determine hepatic triglyceride content in lean and 

obese cats (140). Shear wave elastography methods are promising as a non-invasive tool for 

diagnosing and grading hepatic fibrosis and steatosis in humans (154, 155). Elastography has 

been safely used to evaluate the livers of healthy adult cats but has not been well explored in 

veterinary medicine as a point-of-care diagnostic and monitoring modality for hepatic lipidoses 

(156). 

The overall objective was to explore if FGF21 could be used safely and efficaciously to 

treat common obesity-associated metabolic dyscrasias, utilizing a research colony of obese and 

overweight cats with similar insulin resistance and metabolic alterations. Specifically, we 

focused on body weight, serum metabolic parameters, serum liver enzymes, and intrahepatic 

lipid content. Our primary hypothesis was that FGF21 administration would lead to decreased 

body weight independent of food intake. Following that, our secondary hypotheses were that 

FGF21 administration would improve glucose and lipid homeostasis, decrease intrahepatic lipid 

content, and potentially alter gut microbiota, secondary to weight loss. We also hypothesized that 
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decreased liver lipid content would decrease hepatic elasticity and could potentially be used as a 

less invasive measure of hepatic lipid content in obese and overweight cats compared to a liver 

biopsy or 1H-MRS. In this preliminary study, we show that FGF21 significantly lowers body 

weight in cats. Additionally, FGF21-treated cats had a trend towards a decrease in hepatic 

triglyceride with a corresponding significant decrease in the enzymatic marker of hepatic 

triglyceride content, serum alkaline phosphatase (157). However, there were no detectable 

effects on lipid or glucose homeostasis or hepatic elasticity. 

 

2 Materials and methods 

2.1 Animals 

Eight purpose-bred, specific pathogen-free, 6-year-old, neutered, Domestic Shorthair cat 

male cats were housed individually at the Scott Ritchey Research Center (Auburn University, 

AL). All studies were performed in line with the Auburn University Institutional Animal Care 

and Use Committee (IACUC) protocol (protocol number 2019-3482). Cats were provided 

environmental enrichment and allowed to group socialize under researchers’ direct supervision 

once a day outside of their kennels. Animals were cared for according to the principles outlined 

by the United States Department of Agriculture (USDA) Animal and Plant Health Inspection 

Service’s Animal Welfare Act and the American Associated for the Accreditation of Laboratory 

Animal Care (AAALAC) Guide for the Use of Laboratory Animals. No animals were euthanized 

for this study. All facilities are University IACUC approved, and USDA and AAALAC 

accredited. 

Prior to the initiation of this study, cats were allowed to gain weight on a non-restricted 

chow diet formulated for cats (27.4% calories provided by fat, Feline Lab Diet, Purina, St. Louis, 
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MO). This ad libitum diet was continued throughout the remainder of the study. At the start of 

the study, all cats were overweight or obese (defined as a body condition score of > 5) and had 

evidence of insulin resistance but were not overtly diabetic or glucosuric. Based on comparisons 

from lean and obese body weight data and blood glucose levels, it was determined that a 

minimum of 3 cats for the treated and control groups was needed to get an effect size (β) of 0.8. 

At the start of the study, four cats were assigned to the treatment or control group (n = 4) to 

maintain no significant differences between blood glucose or body weight (unpaired t-test, p = 

0.25 and p = 0.65, respectively) to conduct a cross-sectional study. After the initiation of saline 

injections, one of the control cats developed severe anorexia and was removed from the study on 

day 3 for medical reasons. Baseline blood glucoses and body weights remained non-significantly 

different after removal of the subject (p = 0.35 and p = 0.53, respectively). 

2.2 Treatment 

Cats were injected subcutaneously with a 10 mg/kg/day dose of sterile recombinant 

FGF21 (LY2405319) diluted with sterile saline to a final total daily injection volume of 5 mL or 

with 5 mL of sterile saline (control) for 14 days. Injection sites were rotated daily between the 

shoulder and hind limb and monitored for heat, redness, swelling, hair loss, or ulceration.  

2.3 Weight, food and water consumption measurements 

Food and water consumption and body weight were determined daily. Each cat was 

allowed 200 g of dry food and 500 mL of water per day, and at no point did any cat consume all 

food or water given within 24 hours. 

2.4 Blood, urine, and feces collections 

Before all blood, urine, and feces collections, cats were fasted for 10 hours. Blood was 

collected from cats under general anesthesia or sedation. The week before injections and on day 
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14 of treatment, a complete blood count (Advia 120 Hematology, Siemens), standard serum 

biochemistry panel with triglycerides (Cobas C 311 Analyzer, Roche), blood glucose 

(AlphaTrak2) (158), and a urinalysis (Multistix 10 SG, Siemens) was performed on each cat. 

Urine was collected either free catch with manual expression or with ultrasound-guided 

cystocentesis. Serum was separated from the remaining whole blood through centrifugation at 

800 g for a minimum of 15 minutes (Heraeus Megafuge 16R, Thermo Scientific) and stored at -

80˚ C until needed. Non-Esterified Fatty Acids (NEFAs) and insulin were quantified from serum 

using the commercially available HR Series NEFA-HR(2) (Wako Diagnostics) and Feline 

Insulin ELISA (Mercodia) kits (159), respectively. Feces were collected by placing a plastic 

fecal loop into the rectum and descending colon to obtain an adequate amount (> 200 mg) of 

feces. All fecal specimens were stored until analysis at -80 C. The homeostatic model assessment 

for insulin resistance (HOMA-IR) was calculated as the product of the basal glucose and insulin 

concentrations, divided by 22.5, as previously described and validated in the literature (160, 

161). Adipose tissue insulin resistance (Adipo-IR) was calculated as the product of fasting serum 

insulin and NEFAs (162). 

2.5 Whole genome shotgun metagenomic sequencing of the fecal microbiome 

Two fecal samples were collected from each cat using a fecal loop with and without 

lubrication (N = 14 total; Table 1) (163). At least 200 mg feces were used for DNA extraction by 

Qiagen Allprep PowerFecal DNA/RNA kit (Qiagen), following the protocols provided by the 

manufacturer. During DNA extraction, fecal samples were homogenized by the Qiagen 

PowerLyzer24 instrument (Qiagen) to achieve homogeneous results. The extracted DNA 

concentrations were measured by the Qubit 3 Fluorometer (Invitrogen), and A260/A280 

absorption ratios were assessed using the NanoDrop One C Microvolume Spectrophotometer 
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(Thermo Fisher Scientific). DNA fragmentation was performed by M220 Focused-ultrasonicator 

(Covaris) on 1.5~2 μg of DNA for each sample to achieve fragmented DNA of ~500bp. 

NEBNext Ultra II DNA Library Prep Kit for Illumina (New England Biolabs) was used to 

construct WGS metagenomic sequencing libraries using the fragmented DNA. Final library 

concentrations and size distributions were measured by LabChip GX Touch HT Nucleic Acid 

Analyzer (PerkinElmer) before being sequenced on an Illumina NovaSeq6000 sequencing 

machine on the 150-bp paired-end mode at the Genomics Service Laboratory at the 

HudsonAlpha Institute for Biotechnology (Huntsville, AL). 

2.6 Metagenomic data analysis 

Adapter sequences and low-quality sequences were eliminated with Trimmomatic (v0.36) 

(33). Filtered reads were then mapped to the cat reference genome (GCF_000181335.3), viral 

genome database, and rDNA sequences downloaded from National Center for Biotechnology 

Information (NCBI) using Burrows-Wheeler Aligner (BWA) (v0.7.17-r1188) (164) and 

SAMtools (v1.6) (165). The remaining microbial reads were extracted using BEDTools (v2.30.0) 

and aligned to the feline gut microbiome reference contigs (GCA_022675345.1) (145). The 

alpha- and beta-diversity of taxonomy profiles were performed using R package vegan v2.5.7 

(166) at the species level using Shannon index and Bray-Curtis dissimilarity. Mann Whitney U 

Tests (167) and permutational multivariate analysis of variance (PERMANOVA) (168) were 

used to determine significant differences in α- and β-diversities between FGF21 and saline-

treated cat groups. To assess the statistical significance of the differential abundance of species 

between treatments, Kruskal–Wallis tests (169) were performed in R. The adjusted P-values 

were calculated using R package qvalue (v2.22.0) (170). The criteria for detecting significantly 

alter microbial species are qvalue < 0.05 and log2 fold change > 1.5. 
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2.7 Calculation of lipid fraction in liver 

Within one week prior to the start of FGF21 injections, cats were anesthetized and proton 

magnetic resonance spectroscopy (1H-MRS) using a Siemens Magnetom 7T Actively-Shielded 

Scanner was performed to determine the lipid fraction of the liver. 1H-MRS was repeated on day 

14 of the FGF21 or saline injections.  

Cats were positioned in ventral recumbency, and bellows were used for respiratory 

gating. The knee coil was used in signal acquisition. Three plane respiration-guided scout images 

were acquired for spectroscopy volume localization, and STEAM pulse sequence was used for 

MRS data acquisition. Data was acquired from 5 × 5 × 5 mm3 spectroscopic volume placed in 

the right hepatic lobe. Animals were allowed to breathe freely throughout the scan while 

ensuring data were collected from the specified voxel location in the liver via bellows-based 

respiratory gating.  Data were acquired with TE = 8 ms, TR = 6 sec, TM = 20 ms, and 32 

averages were collected. The spectral width was 3200 Hz, and the vector size was 2048 points. 

Spectra were analyzed using the AMARES module of jMRUI (171, 172). Briefly, water 

(H2O at 4.7 ppm), methyl (CH3 at 1.3 ppm), and methylene (CH2 at 0.9 ppm) resonances were 

modeled with Lorenzian sinusoids to determine the area under the resonances. The fat fraction 

was defined as the ratio of the areas of the methyl and methylene resonances to that of the water 

plus methyl and methylene (140, 173). The average value of the fat fraction was determined 

from 2 unique liver voxels. 

2.8 Calculation of organ elasticity 

The use of 2D shear wave elastography with acoustic radiation impulse force (ARIF) 

technology is used to assess tissue elasticity (174). Elastography has been established in the 

livers of healthy cats (156) and is primarily used to evaluate feline chronic kidney disease (175).  
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Shear wave elastography was performed using a Toshiba Aplio 500 ultrasound machine 

with a 15L5 linear probe before and after the injection period under heavy sedation. Tissue 

elasticity value was recorded using shear wave speed quantified as Young’s modulus and 

expressed in kPa. Between 6 and 8 intralobular sites within the right liver, central liver, and left 

liver were acquired with the tissue elasticity reported from the average across the three portions 

(right, central, left) of the liver. Areas within the liver devoid of large vascular or ductal 

structures were chosen. The shear wave sampling ROI and depth were kept uniform between 

patients. 

2.9 Statistical analysis 

Metabolic parameters, liver lipid content, and elastography are all presented in box and 

whisker plots as individual animals change from baseline in both the FGF-treated and control 

groups. Whiskers on box and whisker plots represent minimum and maximum values. Unpaired 

student t-tests were performed to compare individual changes between FGF21 and control 

groups. Paired t-tests were performed for all comparisons within the FGF21 and saline groups.  

Changes from baseline of weight, food, and water intake were calculated in a repeated 

measures fashion to account for individual variability. Water and food consumption were 

calculated as a ratio to body weight for each cat as mL/kg (“corrected water intake”) or g/kg 

(“corrected food intake)” to control for differences in water and food intake that may be due to 

differences in body weight.  

To determine the rate of weight loss and weight gain, the slope was obtained from simple 

linear regressions on the percentage weight change from baseline to the nadir weight (weight 

loss) and then from nadir weight to end of study weight (weight gain). All areas under the curve 

(AUC) represent net AUC with inclusion of peaks below baseline and no minimum peak height 
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and were calculated using the linear trapezoidal method. AUCs were compared by using 

unpaired t-tests.  

For data with bar graphs of the metabolic, liver lipid content and elastography, absolute 

values at baseline and end point are plotted in bar graphs with individual animals denoted. Data 

represents mean ± SD. Paired t-tests were performed for all comparisons within the FGF21 and 

control groups, and unpaired t-tests were performed for all comparisons between the FGF21 and 

control groups. 

All statistical methods except those used for microbiome analysis in the metagenomic 

data analysis section were performed using GraphPad Prism 9 (Dotmatics). An α level of 0.05 

was used to determine statistical significance for all methods. 

 

3 Results 

3.1 Morphometric Parameters  

FGF21-treated cats had a steady decrease in body weight percentage at a rate 2.54 times 

greater than the control cats (Figure 1A). The mean weight loss from baseline of the FGF21-

treated cats reached a maximum of 0.375 kg on day 15 post initial FGF21 injection (Figure 2A, 

Table 2), corresponding to a 5.93% decrease in body weight. At the same point in the study (Day 

15), the saline-treated group had only a mean weight loss of 0.017 kg in body weight or a 0.28% 

decrease in body weight. During the treatment period (Day 1 to Day 15), the rate of body weight 

loss for FGF21 treated cats was 0.34% (±0.062, 95% confidence interval [CI], Y = -0.3395*X + 

0.7709, R2 = 0.68) compared to 0.13% (±0.071, 95% CI, Y = -0.1339*X + 1.407, R2 = 0.25) for 

control cats. During the two-week washout phase, or days 15 to 28, FGF21-treated cats began to 

regain weight. Each day without FGF21 treatment corresponded to a 0.265% (±0.11, 95% CI) 
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regain in weight compared to Day 15 (Y = 0.2653*X - 9.452, R2 = 0.30). The net AUC for the 

weight change for days 1 to 28 for FGF-treated cats was -4.6 kg*day (±0.61, 95% CI), whereas 

the net AUC for this same period for the saline-treated cats was -0.13 kg*day (±0.44, 95% CI, p 

< 0.0001). 

The FGF21-treated and control groups had similar food intake for the entire study period, 

or days 1 to 28 (p = 0.26, Figure 1B, Figure 2B). For the FGF21-treated group, the net AUC for 

corrected food intake from baseline between days 1 and 28 was -36.86 g*day/kg (±19.8, 95% 

CI). For the control group, the net AUC for corrected food intake for the same period was -20.58 

g*day/kg (±17.4 g, 95% CI). When examined at different times during the study, the FGF21-

treated and control groups also ate a similar amount of food during the treatment period (day 1 to 

14) (p = 0.11) as well as during the washout period (day 15 to 28) (p = 0.94).  

Both groups had similar water intake throughout the study period (p = 0.27, Figure 1C, Figure 

2C).  

3.2 Metabolic parameters 

At the start of the study, baseline blood glucose was similar between treatment groups (p 

= 0.35, Figure 3). After 14 days of treatment, the changes in blood glucose between the FGF21-

treated and control groups were also similar (p = 0.52, Figure 4A). In both groups, absolute 

blood glucose concentrations remained steady over the treatment period with no significant 

changes noted (FGF21; p = 0.89 and control; p = 0.24, Figure 3).  

The serum insulin levels were similar at the beginning of the study between the FGF21-

treated and control groups (p = 0.74, Figure 3B). There was no significant difference in the 

change in serum insulin concentrations between the FGF21 and control groups (p = 0.79, Figure 

4B) following the 14-day treatment period. At the end of the treatment period (Day 14), the 
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groups had similar serum insulin levels with no significant difference detected (p = 0.93) (Figure 

3B).  

In cats, HOMA-IR is considered a predictor of insulin resistance (160) and correlates 

with body fat (161). FGF21 treatment did not significantly alter changes in insulin resistance, 

and the change in HOMA-IR between the groups was not significantly different following the 

treatment period (p = 0.88, Figure 4C), consistent with both insulin and glucose. However, the 

control group decreased insulin resistance between days 0 and 14 (Figure 4C). As with blood 

glucose and serum insulin, HOMA-IR between the FGF21-treated and control groups were 

similar at the beginning of the study (p = 0.10, Figure 3C).  

FGF21 treatment did not significantly affect changes in serum NEFAs (p = 0.61, Figure 

4D), triglycerides (p = 0.47, Figure 4E) or cholesterol (p = 0.46, Figure 4F) concentrations in 

cats. The NEFA, triglyceride, and cholesterol levels were similar at the beginning of the study 

for both the FGF21-treated and control groups (p = 0.76 and p = 0.26 and p = 0.83, respectively). 

Concentrations of the lipid parameters did not change within groups throughout the study 

(Figures 3D, 3E, and 3F). 

Adipo-IR is used in humans and rodents as a non-invasive measure of insulin resistance 

in adipose tissues. FGF21 did not significantly alter changes in Adipo-IR between the FGF-21 

and control groups (p = 0.97, Figure 3G). In both groups, Adipo-IR remained steady for the 

treatment period with no significant changes noted (FGF21; p = 0.98 and control; p = 0.95, 

Figure 3H). 

3.3  Assessment of Hepatic Triglyceride Content and Elasticity 

Assessment of lipid fractions based on H1-MRS of regions from the right hepatic lobe 

indicates a trend toward decreased liver lipid content in cats treated with FGF21 compared to 
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control (Figure 5A, 5B); however, the change in liver triglyceride content between the two 

treatment groups did not reach statistical significance (p = 0.055, Figure 5A, 6A). As expected 

for obese and overweight cats and consistent with other studies (140), the baseline values for 

liver triglyceride content before treatment averaged 4.79% ± 3.36% SD, and there was no 

difference in liver lipid content between groups at the start of the study (p = 0.10). Despite 

significant and rapid weight loss, FGF21-treated cats had a 1.86% decrease in liver triglyceride 

content (Figure 6A). In contrast, saline-treated cats had a 2.89% increase in liver triglyceride 

content.  

Liver tissue elasticity was evaluated using 2D shear wave elastography with acoustic 

radiation impulse force (ARIF) (Figure 5D). There was no difference in change in liver elasticity 

between treatment and controls (p = 0.16, Figure 5C, Figure 6B). 

3.4  Serum hepatic analytes 

A significant difference was noted in the change in alkaline phosphatase (ALKP) activity 

between treatment groups (p = 0.01, Figure 7A, Figure 8A), a marker of feline hepatic lipidosis 

(157). There were no significant differences in the changes in serum alanine aminotransferase 

(ALT) (p = 0.26, Figure 7B, Figure 8B) or changes in total bilirubin (p = 0.72) (Figure 7C, 

Figure 8C) between control and FGF21 treatment. The individual changes in AST in FGF21 and 

control groups were similar (p = 0.13, Figure 7D, Figure 8D).  

3.5  Gut microbiota 

A total of 168 Gb metagenomic sequences were obtained for the 14 fecal microbiomes, 

with an average of 79.9 million reads per metagenome (Table 1). The average host 

contamination is 10.6%. Taxonomic annotation and relative abundance quantification were 

performed according to a pipeline reported previously in (145). A total of 8582 bacterial species 
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were identified in the 14 cat metagenomes. Between the FGF21-treated and control saline-treated 

group, no significant difference in microbial alpha diversity was discovered (p = 0.90, Kruskal-

Wallis rank sum test; Figure 9A). The Principal Coordinates Analysis (PCoA) plot of beta 

diversity did not reveal any significant separation of the two treatment groups either (p = 0.13, 

PERMANOVA, Figure 9B). At an FDR < 5% and minimum log2 fold change of 1.5, none of the 

microbial species have significant differences in abundance between FGF21 and saline-treated 

groups, suggesting a lack of changes in the gut microbiome.  

3.6 Safety 

There was no evidence of tissue necrosis or sloughing in the FGF21-treated and control 

cats at the injection sites. Some mild pain with palpation was noted at the injection site in both 

groups. All cats in the study remained healthy, apart from obesity, within a 6-month post-

treatment observation period. All cats treated with FGF21 are alive and reportedly in good health 

at two years post-treatment follow-up. 

 

4  Discussion 

This is the first study to describe the effects of activation of the novel FGF21 pathway in 

cats. This study provides strong evidence that FGF21 analogs can safely induce weight loss in 

obese and overweight cats without major influence on caloric (food) intake or water intake. 

Subcutaneous injections of 10 mg/kg/day of the FGF21 analog LY2405319 in obese and 

overweight cats safely, steadily, and significantly decreased their weight, despite ad libitum 

feeding and without changes in food intake, consistent with observations in many studies of 

FGF21 administration in rodents, non-human primates, and humans (112, 113, 115, 116, 176, 

177). Once FGF21 was discontinued in the cats, we observed an immediate and steady return to 
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baseline body weight, similar to what was noted during the post-treatment period in non-human 

primates (112, 116, 178). The decrease in weight without a concurrent reduction in caloric intake 

points to increased energy expenditure via the basal metabolic rate modulation as reported in 

rodents (144, 179, 180). Mice treated with recombinant FGF21 have dose-dependent weight loss 

from increased resting energy expenditure and fat utilization without decreasing food intake 

(144, 179, 180). In non-human primates, many publications describe weight loss concurrent with 

reduced food intake, but whether or not the weight loss was solely due to decreased caloric 

intake is debated (112, 116, 176, 177). Other causes of weight loss without reduced caloric 

intake, rather than increased basal metabolic rate, such as decreased nutrient absorption, are 

unlikely as there were no supportive clinical signs such as diarrhea or steatorrhea. In addition, 

the absence of significant differences between control and FGF21-treated cats in the gut 

microbiome suggests GI malabsorption is unlikely. Future studies investigating FGF21 in cats 

should evaluate metabolic mechanisms for weight loss, including fat distribution and body 

composition, appetite, and resting metabolic rate determination. The significant decrease in body 

weight is somewhat surprising given the preliminary nature of this study and the low numbers of 

animals in each group. These findings indicate that the dose was sufficient to elicit an effect in 

obese and overweight cats. 

Contrary to our expectations, we did not see changes in circulating glucose, insulin, or 

lipid parameters (NEFAs, cholesterol, triglycerides). HOMA-IR has been used as an indicator of 

insulin sensitivity in cats, and the overweight and obese cats used in this study had HOMA-IR 

calculations consistent with reported values for obese and overweight glucose intolerance (160). 

Additionally, overweight and obese cats with increased proportions of body fat have greater 

insulin resistance as calculated with HOMA-IR (161). We expected that FGF21 treatment would 
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improve insulin sensitivity as reported in other species, but the overall decreases in insulin 

sensitivity remained static between the control and FGF21-treated groups. Adipo-IR is a non-

invasive predictor of specifically adipose tissue insulin resistance (162, 181). Our study did not 

show any alterations in Adipo-IR with FGF21 treatment, despite the weight loss. This suggests 

that FGF21 drives lipolysis of the adipose tissue stores without a change in adipose insulin 

resistance. The predictive measure Adipo-IR has not previously been used in cats, so further 

studies are needed to determine how well this value translates from humans and rodent models.  

One explanation for these findings is that none of the cats used in this study had marked 

metabolic dyscrasia or type 2 diabetes mellitus (T2DM), unlike the human and non-human 

primates in other studies treated with FGF21. Potentially, insulin resistance and dyslipidemia 

were not severe enough in our cats for FGF21 pathway activation to significantly affect the 

treatment group. A lack of FGF21 response in more metabolically healthy animals has been 

reported in Siberian hamsters in a study where the leaner animals had a reduced to absent effect 

of FGF21 on glucose homeostasis and weight loss (182). Another possibility is that the chow diet 

blunted the FGF21 response. Supporting this, non-obese chow-fed mice treated with FGF21 have 

blunted increase in energy expenditure than high-fat diet mice (183). These factors, in 

combination with the few subjects in each cohort, limited the power of the study to detect 

changes in these parameters. Further studies are warranted in cats with more severe metabolic 

disease to determine if FGF21 treatment indeed lacks influence on this species.  

In rodent models, treatment with FGF21 has beneficial metabolic effects on adipose 

tissue, including adipose tissue browning and thermogenesis, increased insulin sensitivity of 

adipose tissue, a reduction of adipose tissue macrophages, promotion of adipose glucose 

disposal, and lipolysis of white adipose tissues. These mechanisms have a compounding effect 
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on increasing total energy expenditure, lowering blood glucose, and promoting weight loss (184-

187). In our study, there was no significant change in Adipo-IR or blood glucose, but there was a 

decrease in body weight, suggesting that in cats FGF21 treatment did not significantly alter 

adipose insulin sensitivity or glucose disposal while still promoting lipolysis, suggesting that 

there are unique differences in the feline FGF21 pathway. Ideally, future studies should 

investigate adipose tissue stores from FGF21-treated and control cats and assess parameters 

including browning of adipocytes, FGF21 receptor distribution, inflammatory macrophage 

infiltration, and evaluation of markers of adipose tissue metabolism. Future non-invasive studies 

that evaluate FGF21 in vivo can investigate changes in circulating parameters such of obesity-

associated inflammatory cytokines to indirectly assess adipose tissue inflammation (188), or 

determine if there are preferential sites of lipolysis in the adipose tissue (e.g. with computed 

tomography (CT)) (189). Determining if there is truly increased energy expenditure in cats, as 

suggested by the weight loss without increased caloric intake in our study, would require the use 

of metabolic cages adapted for cats (190). 

While we observed substantial change in body weight, it is possible that the dose or 

treatment duration were not sufficient to produce a metabolic response. The dose, dose interval, 

and treatment duration were chosen based on published doses and time to parameter response 

without negative side effects for subcutaneous LY2405319 administrations in the published 

literature in obese humans with type 2 diabetes mellitus, type 2 diabetic rhesus macaques, and 

mice to determine the most likely effective dose and treatment period in cats. In obese T2DM 

humans, significant changes in metabolic parameters (serum glucose and triglycerides) were 

noted after 3 - 7 days at a dose of 3 mg per day. In rodents, subcutaneous administration of up to 

1 mg/kg/day of LY2405319 resulted in decreased glucose by day 1 with a decreased plasma 
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insulin following 7 days (109). In diabetic rhesus monkeys in a dose escalation study, there was a 

significant decrease in plasma glucose, triglycerides, and cholesterol by day 21 and significant 

changes were noted when a dose of 9 mg/kg was achieved  (112). The duration of treatment in 

this study was also influenced by a study of streptozotocin-induced diabetic dogs subcutaneously 

administered 0.5 mg/kg/day of recombinant canine FGF21, which brought the blood glucose to 

levels close to those of the control non-diabetic dogs by day 4 (130). We selected a route of 

administration that would be easy for veterinary personnel to utilize in a future potential clinical 

setting. Subcutaneous administration is an extremely common route of administration in 

veterinary medicine and is achievable by veterinary personnel of many different expertise levels 

or even trained owners. 

It may be possible that the lack of metabolic changes in this study reflect some of the 

inconsistent outcomes reported in the literature regarding various FGF21 analogs in animal 

models of insulin resistance and obesity. While decreases in blood glucose, insulin, plasma 

triglycerides, and low-density cholesterols and increases in high-density cholesterols were 

observed in T2DM non-human primates and humans treated with LY2405319 (112, 113), 

another FGF21 analog, PF-05231023, in contrast, had minimal effect on glucose and insulin in 

humans and monkeys (116). Although FGF21 is able to stimulate beneficial effects on a wide 

variety of tissues, the overwhelming majority of the glucose and adipose regulating functions of 

FGF21 appear to be via signaling on the liver and adipose tissue (184). In murine livers, FGF21 

induces free fatty acid oxidation and increases glucose tolerance and energy expenditure. In 

adipose tissue, FGF21 induces browning and lipolysis and increases energy expenditure (183, 

184). It is possible that the hepatic downstream signaling of FGF21 is diminished or altered in 
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cats relative to the adipose tissue signaling, resulting in a decreased effect on insulin sensitivity 

compared to other animals.  

One additional potential reason for the lack of metabolic changes is that LY2405319 is 

based on human FGF21 protein and not derived from the cat FGF21 protein. LY2405319 is a 

recombinant human FGF21 protein that had been engineered for increased Pichia pastoris host 

protein production and improved physical stability (109). The sequence chains of human FGF21 

(UniProt identifier Q9NSA1[29-209]) and feline FGF21 (M3W7L7 [28-208]) have an 84.5% 

identity and an 89.5% similarity using the EMBOSS Needle Pairwise Sequence Alignment tool 

(25), a slightly higher degree of structural similarity compared to human and mouse FGF21 

(Q9JJN1 [29-210]), which have 80.5% identify and 84.9% similarity. As LY2404319 has similar 

pharmacological effects as FGF21 in mice (109), it reasons that LY2405319 would have similar 

pharmacological effects as endogenous FGF21 in cats due to the high protein similarity with 

humans. However, LY2405319 and feline FGF21 are not identical, and it is possible that these 

differences are enough to have reduced receptor activation and, consequently, the observed lack 

of metabolic results. The co-receptors of FGF21, beta-klotho (KLB) and fibroblast growth factor 

receptor 1 (FGFR1), have similarly relatively good interspecies conservation between cats and 

humans. Although no work, to the authors’ knowledge, has been done on the feline FGF21 

pathway machinery, it can be inferred from this homology that the signaling pathway is 

conserved. Feline KLB (M3XDH3) and human KLB (Q86Z14) have 83.8% identity and 90.3% 

similarity, and feline FGFR1 (A0A2I2UK29) and human FGFR1 (P11362) have 95.1% identity 

and 95.4% similarity. Investigations in gene and protein expression of FGF21, its receptors, and 

its downstream mediators in tissues, particularly the liver and adipose tissue, are warranted to 

determine which FGF21 pathways drive energy expenditure and glucose and lipid homeostasis in 
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cats. In order to determine the cell-specific effects of the FGF21 pathway, additional studies are 

needed, particularly in primary feline hepatocyte and adipocyte cell cultures that investigate 

mechanisms such as adipokine and hepatokine secretion, lipolysis, and glucose disposal and 

consumption. Future potential studies such as these will allow us to investigate the physiologic 

responses in expected organ systems and help identify in vitro if species-specific differences in 

adipose or liver tissue signaling are contributing to the differences noted in cats (191, 192). 

In our study, the change in liver triglyceride content based on 1H-MRS decreased in 

FGF21-treated cats and increased in the saline-treated cats, though these changes did not reach 

statistical significance. Concurrently, the change in ALKP was significantly decreased in 

FGF21-treated cats compared to the control cats. ALKP is a sensitive indicator of feline hepatic 

lipidosis (193) and based on our findings, we believe that a decrease in intrahepatic triglycerides 

may be driving these decreases in serum enzyme activity. These findings are particularly 

interesting as our obese cat colony does not have as marked an increase in hepatic triglyceride 

content compared to human and rodent studies. In our study, the baseline hepatic triglyceride 

content ranged from 2.71% to 12.19%. Studies investigating liver triglyceride content in obese 

non-human primates and humans report liver triglyceride contents consistently over 10% (194, 

195), and in rodent studies, the hepatic triglyceride can reach near 90% (196). Changes in hepatic 

triglyceride content may be more pronounced in cats with hepatic pathology (e.g., lipidosis), and 

future studies are needed to determine if activation of the FGF21 pathway could be used to 

decrease hepatic triglyceride in more severely affected cats. There is some evidence that FGF21 

can be used as an anti-inflammatory in pancreatitis (197, 198). As a large proportion of cats with 

pancreatitis also have hepatic lipidosis (199, 200), further investigation of the anti-inflammatory 

effects of FGF21 analogs in cats with pancreatitis and concurrent hepatic lipidosis is needed, 
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particularly since there are very few effective therapeutic options for these conditions, and access 

to medications that can reduce liver lipid content and reduce pancreatic inflammation could have 

an important impact on reducing the morbidity and mortality of hospitalized feline patients.  

Compared to their baseline values, FGF21 treatment decreased serum AST activity on 

Day 14; however, there was no difference in the change in AST activity between saline-treated 

and FGF21-treated cats. A concurrent decrease in the hepatocellular leakage enzyme ALT was 

not observed and suggested that non-hepatic sources of AST activity, such as in the muscle (193, 

201), could contribute to this finding. In mice, FGF21 acts as a myokine and is associated with 

decreased muscle mass and impaired mitochondrial function, but the biological significance of 

these findings is debatable due to low muscle receptor expression (101, 202). Investigations into 

FGF21 gene and receptor expression within skeletal muscle in cats may be needed to determine 

the effects of FGF21 on feline skeletal muscle. 

There are limited studies that investigate the effects of FGF21 on the gut microbiome 

(148), and evidence suggests that the hepatic FGF21 adaptive metabolic response is mediated by 

the gut microbiome (147). We did not note any significant difference in microbial diversity 

between treated and control cats, and none of the eight thousand bacterial species showed 

significant change in abundance at a 5% FDR. If a less stringent statistical cut-off of 10% FDR 

was applied, 246 bacteria showed alterations in relative abundance. However, all but one had 

extremely low abundance (<0.01%), which is likely to reflect sampling variability rather than 

biological relevance. Concurrent with our results, a recent study in humans administered FGF21 

also noted that treatment did not affect fecal microbiome taxonomy (148). Recently, the 

metagenomic sequence of the feline gut microbiome was described, and distinct differences in 

the diversity and abundance of certain species were noted between lean and obese cats (145). 
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While the cats in our study did lose significant weight, they did not lose enough weight to 

significantly reduce their body condition score or to reclassify them as having a healthy body 

weight. In this study, FGF21 was administered subcutaneously, meaning that effects, if any, 

would likely be associated with the ability of FGF21 to alter the host environment. It is also 

likely that the microbiome may alter the FGF21 adaptive stress response, but not the other way 

around. 

Elastography measures the stiffness or viscosity of an organ and has been proposed as a 

point of care, non-invasive method to evaluate chronic liver diseases in humans, including the 

most common cause of liver disease in people, non-alcoholic fatty liver disease. In our study, 

there were no changes in hepatic elasticity before or after treatment, and there was no difference 

in the change of elasticity between treatment groups, consistent with other recent studies (203). 

For humans, shear wave elastography correlates well with fibrosis in liver biopsies, the current 

gold standard (204). Unlike feline chronic lymphocytic cholangiohepatitis (205) or congenital 

hepatic fibrosis (206), feline hepatic lipidosis is a more acute disease syndrome that does not 

involve substantial fibrosis or cirrhosis. As such, an additional goal of our study was to 

determine if liver elasticity would be affected by subtle changes in the liver lipid content 

associated with FGF21. Based on our findings, it is unlikely that elastography is sensitive enough 

to detect changes associated with lipid accumulation and thus has little potential to be used as a 

less invasive point-of-care monitoring tool for feline hepatic triglyceride content, but further 

studies, including the use of other modalities of elastography, are needed to evaluate the clinical 

use of elastography in chronic veterinary hepatic diseases, particularly those with prominent 

fibrosis. Additional diagnostic tools to better quantify liver lipid content rapidly and effectively 

could provide greater insight into hepatic health. It would also be interesting to investigate 
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changes in liver elasticity in animals with more severe hepatic lipid accumulation, such as 

hepatic lipidosis.  

One major limitation of our study was the number of cats in each group, which was 

limited by the number of obese and overweight cats within the feline obesity research colony. 

This likely led to an underpowering of many of the metabolic and liver parameters. Despite this 

underpowering, the FGF21 treated group had a significantly increased rate of weight loss 

compared to the control group indicating a significant drug effect. As we know that FGF21 

treatment is safe, it would be worthwhile to, in a clinical trial study, expand FGF21 treatment to 

a larger cohort of cats, potentially overweight or obese client-owned cats with hepatic lipidosis 

or at risk for hepatic lipidosis, and evaluate if there are decreases in or further prevention of liver 

lipid accumulation in the target population. It is possible that repeating the study with a longer 

treatment period may yield more dramatic changes. Additional studies are needed to supplement 

these pilot data in order to fully explore the pharmacokinetics of this FGF21 mimetic in cats, 

particularly if there are potential therapeutic benefits to cats.  

In summary, activation of the FGF21 pathway can safely induce weight loss with trends 

to improve liver lipid content in obese and overweight cats. Under these study conditions, FGF21 

does not appear to alter glucose homeostasis or serum lipids in cats with mild metabolic 

dyscrasias. Independent of lipid and glucose-modulating effects, manipulation of the FGF21 

pathway may potentially be therapeutic for feline obesity and, more importantly, hepatic 

lipidosis. This is the first study investigating an FGF21 analog in cats and demonstrates a 

potential unique metabolic response. Further work is needed to better understand the feline 

FGF21 signaling pathway.
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Table 1. Whole genome shotgun metagenomic sequencing yield, control statistics, and accession 

IDs. 

cat ID Treatment 

Sample 

Number 

Accession ID # of reads Sequences (GB) 

host 

contamination % 

D001 FGF21 

1 SRR18550130 86,166,510 12.9 1.08% 

2 SRR18550144 96,593,290 14.5 0.96% 

F001 FGF21 

1 SRR18550129 101,557,634 15.2 31.78% 

2 SRR18550143 123,360,100 18.5 22.24% 

H001 FGF21 

1 SRR18550141 112,269,038 16.8 16.29% 

2 SRR18550135 43,897,220 6.6 6.34% 

K001 FGF21 

1 SRR18550138 91,228,332 13.7 6.59% 

2 SRR18550132 23,219,858 3.5 25.47% 

I001 saline 

1 SRR18550140 84,738,496 12.7 8.73% 

2 SRR18550134 42,586,664 6.4 17.24% 

G001 saline 

1 SRR18550142 86,937,904 13.0 1.16% 

2 SRR18550136 72,136,664 10.8 2.73% 

J001 saline 

1 SRR18550139 72,200,540 10.8 3.12% 

2 SRR18550133 81,111,494 12.2 4.04% 
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Table 2. Weights of each cat assigned to either the FGF21-treated or control group taken during 

baseline (Day 0), post-treatment period (Day 15), and post-washout period (Day 28). Each row 

represents an individual cat. 

 Baseline weight (kg) Post-treatment 

weight (kg) 

Post-washout period 

weight (kg) 

FGF21-treated cats 6.95 6.60 6.90 

5.50 5.10 5.30 

6.55 6.10 6.45 

6.30 6.00 6.25 

Control cats 5.30 5.25 5.30 

6.95 6.95 6.85 

5.60 5.60 5.60 
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Figure 1. FGF21 reduces body weight independent of changes in food or water intake. (A) 

Treatment with FGF21 resulted in a significant decrease in body weight at a rate 2.54 times 

faster than in saline-treated cats. On day 15, FGF21-treated cats had a 5.93% decrease in body 
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weight, with only a 0.28% decrease in body weight in saline-treated cats. Discontinuation of 

FGF21 resulted in a rapid regain of weight. (B) For the FGF21-treated group, the net AUC of 

corrected food intake from baseline for the treatment period was −26.75 g*day/kg (±13.1, 95% 

CI). The net AUC of corrected food intake for this same treatment period for the saline-treated 

group was similar at −17.08 g*day/kg (±12.6, 95% CI). Additionally, the FGF21-treated and 

saline-treated groups ate a similar amount of food during the washout period (p = 0.94). For the 

FGF21-treated group, the net AUC of corrected food intake from baseline for the washout period 

was −4.02 g*day/kg (±13.6, 95% CI). The net AUC of corrected food intake for this same 

washout period for the saline-treated group was similar at −4.78 g*day/kg (±11.6, 95% CI). (C) 

The net AUC for corrected water intake from baseline for Days 1 to 28 of the study for the 

FGF21 treatment was −82.93 mL*day/kg (±42.7, 95% CI), and the net AUC for corrected water 

intake for the same period for the saline-treated group was −46.27 mL*day/kg (±47.5, 95% CI). 

The FGF21-treated cats drank a similar amount of water during the treatment period (Days 1 to 

14) as the saline cats (p = 0.10). During the treatment period for the FGF21-treated cats, the net 

AUC for corrected water intake was −68.12 mL*day/kg (±26.8, 95% CI). For the same period, 

the net AUC for corrected water intake for the saline-treated cats was −35.68 mL*day/kg (±23.3, 

95% CI). Both groups had similar levels of water intake during the washout period, or from day 

15 to 28 (p = 0.95). For the washout period, the net AUC of corrected water intake for the FGF21 

treated cats was −9.358 mL*day/kg (±30.8, 95% CI), and the net AUC of correct water intake for 

the control cats was −10.84 mL*day/kg (±40.2, 95% CI). Each data point of food and water 

intake represents 24 hours of intake. On day 14 (#), cats were held without food overnight in 

preparation for general anesthesia and 1H-MRS data. Shaded areas between days 1 and 14 

represent the period where either FGF21 or saline vehicle were given. 



66 

 

 

 

Figure 2. Total weight, water intake and food intake of cats over the study period. On day 

14 (#), cats were held without food overnight in preparation for general anesthesia and 1H-MRS 

data. Shaded areas between days 1 and 14 represent the period where either FGF21 or saline 

vehicle were given. 
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Figure 3. Circulating metabolic parameters. (A) Baseline blood glucose was similar between 

treatment groups, although the blood glucose concentration in the FGF21-treated cats was 29.1% 

higher (49.1 mg/mL) than the saline blood glucose concentration. (B) In the FGF21-treated 

group, serum insulin decreased 25.5% from 40.08 ng/mL to 29.86 ng/mL. (C) In the FGF21-

treated group, HOMA-IR decreased 22.9% from 3.55 to 2.74. In the control group, HOMA-IR 

decreased 35.0% from 2.59 to 1.68. (D) In the FGF21-treated group, NEFAs increased 46.8% 

from a mean of 0.23 mEq/L to 0.34 mEq/L. In the control group, NEFAs increased 24.9% from 

0.25 mEq/L to 0.31 mEq/Le. (E) Serum triglycerides in the control group decreased 35.1% from 

51.33 mg/dL to 33.33 mg/dL, and decreased 34.4% in the FGF21 treated group from 32.0 mg/dL 

to 21.0 mg/dL. (F) Serum cholesterol in the control group rose 0.20% from 167.3 mg/dL to 
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167.7 mg/dL, and serum cholesterol in the FGF21-treated group decreased 3.72% from 161.5 

mg/dL to 155.5 mg/dL. (G) Treatment with FGF21 did not alter Adipo-IR. (H) In the FGF21-

treated group, Adipo-IR increased 1.27% from 1.728 to 1.75. Adipo-IR in the control group 

remained at a mean of 1.60.
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Figure 4. Circulating metabolic parameters. (A) Treatment with FGF21 did not alter blood 

glucose differently than saline (unpaired t-test). Similar findings were noted with (B) insulin, (C) 

insulin resistance, (D) non-esterified fatty acids, (E) triglycerides, and (F) cholesterol. 
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Figure 5. FGF21 tends to protect from liver lipid accumulation but does not alter liver 

tissue stiffness. (A) The fraction liver lipid measured by 1H-MRS is not significantly altered by 

FGF21 but tends to decrease compared to lipid alterations from saline treatment (unpaired t-test). 

(B) Example of voxel selection for 1H-MRS from a control cat. The white box delineates the 

voxel region. (C) Liver tissue stiffness is not altered by FGF21 treatment (unpaired t-test). (D) 

Example of measurements of stiffness using elastography of a single hepatic lobe from a saline-

treated cat



71 

 

 

Figure 6. FGF21 tends to lower liver lipid stores but does not alter liver tissue stiffness. (A) 

The fraction liver lipid measured by 1H-MRS is not significantly altered by FGF21 (paired t-

test). (B) In the control group, liver elasticity decreased 26.4%, from 12.6 kPa to 9.25 kPa, while 

liver elasticity in the FGF21 group increased 4.25%, from 8.63 kPa to 9.0 kPa with treatment.
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Figure 7. Hepatic serum biomarker changes are consistent with decreased liver lipid 

content. (A) ALKP activity, an inducible liver enzyme and a sensitive indicator of hepatic 

lipidosis in cats, overall significantly decreases with FGF21 treatment (unpaired t-test). (B) ALT, 

(C) Total Bilirubin, and (D) AST are not altered by FGF21 treatment when compared to 

alterations by saline.
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Figure 8. Liver serum biomarker changes are consistent with decreased liver lipid content. 

(A) In the control group, ALKP increased 8.4% during the treatment period, while ALKP 

activity in the FGF21-treated group decreased 24.8% from a mean of 37.25 U/L to 28.00 U/L. 

(B) ALT and (C) Total Bilirubin are not altered by FGF21 treatment. (D) There was a 23.4% 

decrease in the enzyme aspartate aminotransferase (AST) in the FGF21-treated cats, from 31 U/L 

to 23.75 UL. The control cats had a 1.43% increase in AST, from 23 U/L to 23.3 U/L.
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Figure 9. FGF21 treatment did not alter the feline gut microbiome. (A) Boxplots of alpha 

diversity in cat gut microbiome of FGF21-treated (red) and saline-treated (blue) groups at the 

species level measured by the Shannon index. (B) The Principal Coordinates Analysis (PCoA) 

plots of beta diversity between FGF21-treated (red) and saline-treated (blue) groups using Bray-

Curtis distance. Statistical significance was assessed using permutational multivariate analysis of 

variance (PERMANOVA). 
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1 Introduction 

Fibroblast Growth Factor-21 (FGF21), a member of the endocrine Fibroblast Growth 

Factor family, is primarily a starvation-stress response hormone. Circulating FGF21 is secreted 

by the liver. However, FGF21 produced in other organs, like the adipose tissues, skeletal 

muscles, pancreas, and heart, has autocrine and paracrine functions. Systemic effects of 

circulating FGF21 include increased thermogenesis, lipid metabolism regulation, adiponectin 

production, protection against insulin resistance, reduced inflammation, and maintenance of 

pancreatic islet survival (184, 207). The beneficial metabolic and anti-inflammatory effects of 

FGF21 are implicated by the binding of the tyrosine kinase receptor Fibroblast Growth Factor 

Receptor 1c (FGFR1c) and its coreceptor β-klotho (KLB) (184). 

FGF21 analogs have been developed for pharmaceutical use for their numerous 

beneficial regulatory effects on lipid metabolism and insulin sensitivity. LY2405319, an FGF21 

analog developed for increased stability and multiuse formulation (109), improves circulating 

lipid homeostasis and decreases body weight and fasting insulin in obese humans and rhesus 

monkeys with type 2 diabetes mellitus (T2DM) (112, 113). A preliminary study on the effects of 

subcutaneous administration of LY2405319 in obese and overweight cats showed that despite 

rapid weight loss, cats did not significantly improve in circulating lipids or insulin homeostasis 

as seen in other species (208). Rapid weight loss is implicated in the development of hepatic 

lipidosis in domestic cats; however, the significant weight loss induced by LY2405319 

administration was not associated with lipid accumulation, and treated cats had significantly 

reduced alkaline phosphatase compared to control controls. These findings suggest unique 

aspects of the FGF21 pathway in the domestic cat that leads to lipolysis and weight loss without 
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significant liver lipid accumulation and an absence of metabolic alterations, specifically a lack of 

improved insulin resistance and lipid homeostasis. 

In mice, organ-specific knockout studies have determined that circulating FGF21 is 

produced almost entirely by the liver (83). Hepatic FGF21 has been proven or hypothesized to 

signal to the brain, heart, skeletal muscle, brown and white adipose tissues, and pancreas (209). 

Both white and brown adipocytes produce FGF21 but do not produce meaningful levels within 

the circulation, suggesting that adipose tissue-derived FGF21 has an autocrine/paracrine 

signaling pathway primarily driven by induced expression of PGC-1α (83, 210). FGF21 

promotes thermogenesis and uncoupling in the brown adipose tissue to increase energy 

expenditure (93). In the white adipose tissue, liver-produced FGF21 upregulates hormone-

sensitive lipase to induce lipolysis and subsequent weight loss (80, 89, 211, 212). Additionally, 

many of the glucose and insulin homeostatic and anti-lipotoxic effects of FGF21 in mice are 

thought to be through the autocrine-mediated downstream release of adiponectin by the adipose 

tissues (97, 98). In human and mouse skeletal myotubule cultures, FGF21 promotes glucose 

uptake and mitophagy in a paracrine/autocrine manner (100). FGF21 is also produced in the 

heart and protects against myocardial oxidative stress (103). 

Autocrine and paracrine signaling of FGF21 also plays a vital role in pancreatic health 

and disease. In mice, FGF21 is produced in the exocrine pancreatic acinar cells and acts in an 

autocrine/paracrine manner to stimulate the secretion of digestive enzymes, reduce endoplasmic 

reticulum stress, and maintain exocrine acinar cell proteostasis (105). In acute and chronic 

pancreatitis cases, acinar cells lose FGF21 expression by activating the integrated stress response 

(ISR) pathway (197). In mouse models, the addition of FGF21 resolves pancreatitis through the 

alleviation of the ISR pathway (197, 198).  



78 

 

Pancreatitis is a common condition in the domestic cat, and comorbidity with hepatic 

lipidosis, inflammatory bowel disease, cholangitis, and diabetes mellitus is common (213). One 

prospective study identified pancreatitis in 67% of cats submitted for necropsy, with 60% of 

affected cats having chronic pancreatitis and 15.7% of cats having acute pancreatitis (214). 

Currently, there is no targeted therapy for treating pancreatitis in cats, and current guidelines 

suggest supportive and symptomatic care with the removal of the inciting cause, which in most 

cases is unknown (215). Alterations in the FGF21 pathway have not been investigated in feline 

pancreatitis, and future  FGF21 pathway-targeting therapy deserves to be studied as a potential 

treatment for cats with pancreatitis. 

In this study, our overall objective was to better understand the FGF21 signaling pathway 

in domestic cats by characterizing the relative mRNA and protein expression profiles of FGF21 

and its receptors, FGFR1c and KLB, in different tissues based on RT-PCR and 

immunohistochemistry in health. In addition, we wanted to explore changes in FGF21 protein 

expression in the pancreas in cats with pancreatitis. We hypothesized that the pathway for 

FGF21 signaling would be similar between rodents, humans and cats, with FGF21 highly 

expressed in the liver and the receptors KLB and FGFR1c highly expressed in the target adipose 

tissue. Additionally, we hypothesized that FGF21 would have a lower but still present expression 

in the pancreas compared to the liver, which would be altered in states of pancreatitis. This study 

shows that, consistent with all other species studies thus far, FGF21 in domestic cats is produced 

primarily in the liver and less so in the exocrine pancreas, but unlike humans and rodents, FGF21 

is not expressed the adipose tissue. Additionally, we show that FGF21 protein exists in a subset 

of macrophages in cases of spontaneous feline pancreatitis.  
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2 Methods 

2.1 RT-PCR 

Falciform fat, subcutaneous fat, liver, pancreas, lung, cerebral cortex (brain), mesenteric 

lymph node, heart, kidney, a hind limb flexor skeletal muscle, jejunum, colon skeletal muscle, 

and spleen from four clinically healthy cats were selected from -80° C storage banks at the Scott-

Ritchey Research Center in Auburn, AL, USA. Characteristics of cats used in this study, 

including sex, age, and breed, are in Table 3. All animals used for RT-PCR were maintained 

according to Auburn University’s IACUC protocols until euthanasia and tissue banking. Feline 

health status was based on normal CBC, biochemistry profile and urinalysis performed just prior 

to euthanasia. Tissue RNA extraction from the falciform and subcutaneous fats and brain was 

performed with the RNasy Lipid Tissue Mini Kit (Qiagen). Extraction from the jejunum, colon, 

heart, and skeletal muscle was done with the RNeasy Fibrous Tissue Mini Kit (Qiagen), and 

extraction from the mesenteric lymph node, lung, pancreas, kidney, liver and spleen was done 

with the RNeasy Mini Kit (Qiagen) all according to the manufacturer's instructions. Tissue-

specific cDNA was created using the qScript cDNA Synthesis Kit (Quantabio). PCR primers 

were designed using the primer design tool Primer3-BLAST (216) with organism specificity set 

to 'Felis catus' using the mRNA sequences for feline FGF21, KLB, FGFR1, and β-actin (ACTB) 

(Table 1). RT-PCR was performed in duplicate for each tissue cDNA using the QuantStudio™ 3 

Real-Time PCR System (Applied Biosystems) using standard protocols. Ct values of < 34 were 

considered amplified. Gene expression ratios were calculated using a modified ∆∆Ct method 

compared to the housekeeping gene β-actin (217). Transcript expressions of FGF21, FGFR1, and 

KLB were calculated relative to the lowest consistently expressing tissue, as calculated by the 

gene expression ratios, in all samples.  
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2.2 Immunohistochemical study 

The visceral (falciform) fat, liver, lymph node, pancreas, spleen, subcutaneous (inguinal) 

fat, and coronal sections of the frontoparietal region of the brain from the four clinically normal 

cats used for RT-PCR, one cat with severe chronic pancreatitis, and one cat with severe hepatic 

lipidosis (Table 3) were retrieved from storage in 10% neutral buffered formalin or formalin-

fixed paraffin-embedded (FFPE) blocks from the Scott-Ritchey Research Center. High lipid 

content tissues – the subcutaneous fat, the falciform fat, and the brain – were processed with a 

22-hour cycle to ensure adequate tissue penetration by solvents. All other tissues were processed 

with a routine 12-hour cycle. 

Antibodies for immunohistochemistry (IHC) were selected based on high percent identity 

with target proteins (≥ 82%) with no to low percent identity with off-target proteins within the 

species Felis catus (< 49%) using NCBI protein-protein BLAST (218) (Table 2). The Iba1 

antibody was selected as it has been successfully used in IHC to identify feline macrophage 

lineage cells in FFPE sections (219, 220).  

FFPE sections were cut at 4 µm, mounted on positively charged glass slides, and dried 

overnight at a minimum, upright at 37 °C. Slides were deparaffinized in d-Limonene (Hemo-De) 

and rehydrated in a graded ethanol series to deionized (DI) water. Heat-induced epitope retrieval 

was done as indicated in Table 2 using a Decloaking Chamber™ NxGen (Biocare Medical). All 

IHC was performed on an Intellipath FLX Automated Slide Stainer at room temperature.  

The FGF21, FGFR1, and KLB IHC were performed with the Starr Trek Universal HRP 

Detection System (Biocare Medical) per the manufacturer's protocol. Briefly, these sections were 

first rinsed with buffer (TBS Automation Wash Buffer, Biocare Medical), and endogenous 

peroxidase was blocked with Peroxidazed 1 (Biocare Medical) for 5 minutes and followed by 
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two rinses with buffer. Endogenous avidin and biotin sites were blocked with 20-minute avidin 

and biotin blocking steps (Avidin-Biotin Kit, Biocare Medical), with a single intermediate and 

two following rinses in buffer. Slides were blocked with Background Sniper (Biocare Medical) 

for 15 minutes, rinsed twice with buffer, incubated with the appropriate primary antibody in the 

dilution (in PBS) and time outlined in Table 2, and then rinsed three times with buffer. Following 

primary antibody incubation, slides were incubated with Trekkie Universal Link (Biocare 

Medical) for 20 minutes, rinsed three times with buffer, and then incubated with TrekAvidin-

HRP (Biocare Medical for 10 minutes and rinsed three times again with buffer. DAB 

Chromogen (Betazoid DAB, Biocare Medical) was applied for 10 minutes, followed by two 

rinses with buffer and one rinse with DI water.  

For the Iba1 IHC, following an endogenous peroxidase block similar to the other IHC 

stains and a rinse with buffer, slides were incubated with Background Punisher (Biocare 

Medical) for 5 minutes, then rinsed with buffer and incubated with Iba1 antibody diluted in Da 

Vinci Green diluent (Biocare Medical) (Table 2). After applying the primary antibody and a 

rinse with buffer, slides were incubated for 1 hour with MACH 2 Rabbit HRP-Polymer (Biocare 

Medical) and then rinsed with buffer three times. Finally, Betazoid DAB was applied for 5 

minutes and then rinsed with DI water twice.  

All IHC slides were counterstained with CAT Hematoxylin (Biocare Medical) for 1-5 

minutes, followed by two rinses with buffer and one rinse with DI water. After counterstaining, 

slides were then thoroughly dried at 60 C and coverslipped. For negative control tissues, the 

primary antibody was replaced with an equivalent dilution of normal goat serum (Cell Signaling 

Technology). A wild-type (WT) C57Bl/6 mouse liver FFPE section was used as positive control 

tissue for FGF21, FGFR1, and KLB immunohistochemistry. A board-certified anatomic 
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pathologist (EB) interpreted and described relative immunoreactivity across tissues. Due to 

inconsistent durations of tissues stored in 10% neutral buffered formalin (between weeks to 

years), staining intensity was not examined.  

2.3 Pancreatitis case selections 

Electronic records of cats submitted for postmortem examination between January 2013 

and January 2023 to Auburn University's Department of Pathobiology were searched for a 

histological diagnosis of pancreatitis. FFPE blocks and hemotoxylin and eosin (H&E)-stained 

slides of the selected cases were retrieved from the archives (Table 3). Cases were confirmed to 

be pancreatitis by a board-certified veterinary anatomic pathologist (EB) and classified as acute 

or chronic based on previously published criteria (214). Cases were excluded if there was 

inadequate histological tissue quality, such as severe autolysis or decalcification artifact, or if the 

H&E-stained slide or FFPE blocks were not present in the archives, or the following 

confounding diseases were identified: feline infectious peritonitis, feline immunodeficiency 

virus, or hepatobiliary and/or gastrointestinal neoplasia. Cases of pancreatitis were scored in 

severity and classified as acute, chronic, or mixed acute and chronic using a previously published 

grading and classification scheme (214). The maximal severity score possible for chronic 

pancreatitis was 9, and the maximal severity score possible for chronic pancreatitis was 6. Due to 

an unknown fixation time of the archived cases, staining intensity was not measured. FGF21 IHC 

grading was based on a percentage of pancreatic lobules containing FGF21-immunoreactive 

macrophages. A score of 1 was 1-15% of pancreatic lobules, a score of 2 was 15-50% of lobules, 

a score of 3 was 30-50% of lobules, and a score of 4 was > 50% of lobules.  

2.4 Statistical Analysis 
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All statistical analyses were performed with GraphPad Prism version 9.5.1 (Dotmatics). 

For statistical analyses, the α level is set at 0.05. For the relative expression data, 2-way 

ANOVAs were performed and compared with Tukey's multiple comparison test. For analysis of 

qPCR for genes with non-detects (FGF21), the Ct was set to the maximum limit of detection (Ct 

= 34). Error bars on graphs represent the standard error of the mean. Linear regression was 

performed between pancreatitis severity scoring and FGF21 staining scores. Letters in bar graphs 

represent significance groups. 

 

3 Results 

3.1 Transcript expression of FGF21 and its co-receptors, FGFR1 and KLB 

From the clinically normal cats, FGF21 mRNA was consistently amplified in the liver, 

pancreas, and cerebral cortex and was inconsistently amplified from the heart (2/4), lymph node 

(2/4), and lung (1/4). FGF21 mRNA could not be amplified from the spleen, kidney, falciform 

fat, inguinal fat, colon, skeletal muscle, or jejunum from any cat. The lowest FGF21 gene 

expression ratio from tissues that could be consistently amplified was in the cerebral cortex. The 

liver had 320X the cerebral cortical FGF21 mRNA expression (p = 0.02, 2-way ANOVA, p = 

0.02, Tukey’s multiple comparisons test) (Figure 1). The pancreas, heart, lung, and lymph node 

were similar in FGF21 mRNA expression to the brain (p > 0.99).  

KLB mRNA was consistently detected in all examined tissues. The lowest KLB gene 

expression ratio from tissues that could be consistently amplified was in the colon. The falciform 

fat had the highest average increased fold KLB mRNA expression at 2860X the colonic mRNA 

expression (2-way ANOVA, p < 0.01; Tukey's multiple comparisons test, p < 0.05) (Figure 2). 

The subcutaneous fat, liver, pancreas, cerebral cortex, lymph node, heart, kidney, colon, lung, 
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skeletal muscle, and spleen average KLB mRNA expression levels were similar to the colonic 

expression level (p > 0.05). 

FGFR1 mRNA was consistently detected in all examined tissues. The lowest FGFR1 

gene expression ratio from tissues that could be consistently amplified was in the colon. The 

subcutaneous fat had the highest average increased fold expression at 21X the colonic FGFR1 

mRNA expression (2-way ANOVA, p = 0.0001; Tukey’s multiple comparisons test, p < 0.01) 

(Figure 3), followed by the pancreas and falciform fat with average FGFR1 mRNA expression at 

19X and 17X fold the average colonic expression (p < 0.05). The FGFR1 mRNA expression of 

the lymph node was similar to that of the kidney, heart, liver, lung, skeletal muscle, cerebral 

cortex, spleen, colon, and jejunum (p > 0.05). 

3.2 Immunohistochemical Expression of FGF21 and its co-receptors, FGFR1 and KLB  

In the positive control WT C57Bl/6 mouse liver tissue section, centrilobular hepatocytes 

had strong cytoplasmic FGF21 immunoreactivity that formed a lobular pattern (Figure 4A). The 

negative control tissues for FGF21 IHC of the feline liver, pancreas, subcutaneous fat, 

mesenteric lymph node, spleen, falciform fat, and cerebral cortical white matter (Figures 4B-H) 

had minimal background chromogen staining. 

In the mouse liver positive control for KLB IHC, hepatocytes and biliary epithelial cells 

had strong diffuse cytoplasmic KLB immunoreactivity with more intense immunoreactivity of 

the sinusoids (Figure 5A). Lipofuscin, a golden-brown pigment commonly found in cats in the 

centrilobular hepatocytes (221), was prominent in the negative liver control (Figure 5B). 

Additionally, rare stippled golden brown DAB staining was noted in the negative control 

sections of feline adipose tissue (Figures 5D, 5F). The pancreas, lymph node, spleen, and 
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cerebral cortex had minimal background staining (Figures 5C, 5E, 5G, 5H). Some acid hematin 

pigmentation was noted, particularly in the spleen. 

In the mouse liver positive control for FGFR1 IHC, the tissue had diffuse and strong 

cytoplasmic immunoreactivity in the hepatocytes and biliary epithelial cells with moderate to 

strong cytoplasmic immunoreactivity to the arteriolar smooth muscle cells (Figure 6A). The 

negative control tissues for FGFR1 IHC of the feline liver, pancreas, subcutaneous fat, 

mesenteric lymph node, spleen, falciform fat, and cerebral cortical white matter (Figures 6B-H, 

respectively) had minimal background chromogen staining. 

3.2.1 Liver 

The clinically normal cats (Figures 7A-D) and the cat with hepatic lipidosis (Figure 7F) 

had diffuse hepatocytic cytoplasmic immunoreactivity for FGF21, although, in two cats, the 

cytoplasmic immunoreactivity was more robust in the midzonal (Figure 7B) or the periportal 

(Figure 7D) hepatocytes. The cat with pancreatitis had FGF21 immunoreactivity more localized 

to the cytoplasm of the periportal hepatocytes with progressively diminishing reactivity towards 

the centrilobular zones (Figure 7E). All cat livers had diffuse cytoplasmic immunoreactivity for 

KLB (Figure 8) and FGFR1 (Figure 9) within the hepatocytes and biliary epithelial cells.  

3.2.2 Pancreas 

Generally, the clinically normal cats had multifocal FGF21 immunoreactivity, 

predominately within the exocrine acinar cells within the center of the pancreatic lobules 

(Figures 10A-D). The islets lacked FGF21 immunoreactivity. In the cat with severe pancreatitis 

(Figure 10E) and the cat with severe hepatic lipidosis (Figure 10F), multifocal exocrine acinar 

cells did have moderate FGF21 immunoreactivity, and the most robust FGF21 immunoreactivity 

was within the cytoplasm of macrophages, particularly those embedded within bands of 
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perilobular fibrosis. Diffuse strong cytoplasmic KLB (Figure 11) and FGFR1 (Figure 12) 

immunoreactivity was within the pancreatic acinar cells, islet cells, ducts, and ductules of all 

cats, regardless of health. KLB immunoreactivity was not within the fibroblasts of the fibrous 

connective tissue of the cat with pancreatitis (Figure 11E). The pancreatic arterioles additionally 

had cytoplasmic immunoreactivity to FGFR1.  

3.2.3 Subcutaneous Fat 

Cats had inconsistent adipocytic cytoplasmic immunoreactivity to FGF21, with the 

cytoplasm compressed and marginalized to the periphery of the cell by a single large lipid 

vacuole. Of the clinically normal cats, 3 of 4 had patchy, multifocal to diffuse immunoreactivity 

to FGF21 (Figure 13A-D). The subcutaneous adipose of the cat with pancreatitis had similar 

patchy FGF21 immunoreactivity (Figure 13E), while the subcutaneous adipose of the cat with 

hepatic lipidosis lacked immunoreactivity (Figure 13F). The subcutaneous fat of all cats had 

adipocytic cytoplasmic immunoreactivity to KLB (Figure 14) and FGFR1 (Figure 15). 

3.2.4 Falciform (Visceral) Fat 

Of the clinically normal cats, the falciform fat of 2 of 4 cats lacked FGF21 

immunoreactivity (Figures 16C, 16D). Of the cats with FGF21 immunoreactivity, one cat had 

diffuse adipocytic cytoplasmic FGF21 immunoreactivity of the falciform fat (Figure 16B), and 

the other had mild and multifocal adipocytic cytoplasmic FGF21 immunoreactivity of the 

falciform fat (Figure 16A). The falciform fat of the cat with pancreatitis and the cat with hepatic 

lipidosis lacked FGF21 immunoreactivity (Figures 16E, 16F). The falciform fat of all cats had 

multifocal immunoreactivity to KLB (Figure 17). Most cats had absent to sporadic falciform 

adipocytic immunoreactivity to FGFR1 (Figure 18), and one of the clinically normal cats had 

more widespread adipocytic immunoreactivity to FGFR1 (Figure 18C). 
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3.2.5 Cerebral Cortex 

In most cats (5 of 6), a subset of oligodendrocytes within the cerebral cortical white 

matter had strong cytoplasmic immunoreactivity to FGF21 (Figure 19A-E). The exception of 

FGF21 immunoreactivity was in the cat with hepatic lipidosis, where the cytoplasm of the 

oligodendrocytes has been artifactually lost, evidenced by the perinuclear halo or “fried egg” 

appearance typical of delayed formalin fixation (222) (Figure 19F). Notably, the cat with hepatic 

lipidosis was found dead and not euthanized immediately prior to necropsy like the other cats, 

and the death to necropsy interval is unknown. Despite the FGF21 immunoreactivity of the 

oligodendrocytes, the cerebral cortical white matter lacked immunoreactivity to KLB (Figure 20) 

and FGFR1 (Figure 21) in all cats.  

3.2.6 Mesenteric Lymph Node 

FGF21 in the lymph nodes of cats was generally sporadic. Half of the clinically normal 

cats and the cat with hepatic lipidosis lacked FGF21 immunoreactivity in the lymph node 

(Figures 22B, 22C, 22F). The other clinically normal cats had mild and multifocal cytoplasmic 

immunoreactivity within the macrophages (Figures 22A, 22D). The cat with severe pancreatitis 

had moderate to strong cytoplasmic FGF21 immunoreactivity within the macrophages of the 

lymph node, as evidenced within the nodal subcapsular sinuses (Figure 22E). In all cats, the 

mesenteric lymph node had weak to moderate cytoplasmic KLB immunoreactivity localized to 

the macrophages (Figure 23). For FGFR1, there was variable immunoreactivity for the 

macrophages and lymphocytes. Two clinically normal cats (Figures 24B, 24C) had diffuse strong 

cytoplasmic leukocytic immunoreactivity of FGFR1 within both the lymphocytes and 

macrophages. In the other two normal cats, the cat with pancreatitis, and the cat with hepatic 
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lipidosis, the FGFR1 immunoreactivity was weak to moderate and variably within leukocytes 

(Figures 24A, 24D-F). 

3.2.7 Spleen 

The clinically normal cats lacked significant FGF21 immunoreactivity within the spleen 

(Figures 25A-D). The two diseased cats had moderate to strong cytoplasmic immunoreactivity to 

FGF21 within their macrophages (Figures 25E, 25F). Three clinically normal cats had mild to 

moderate cytoplasmic lymphocytic immunoreactivity to KLB (Figures 26A, 26B, 26D). The cats 

with pancreatitis and hepatic lipidosis lacked KLB immunoreactivity (Figures 26E, 26F). Three 

clinically normal cats and the cat with hepatic lipidosis had strong cytoplasmic immunoreactivity 

in the lymphocytes and macrophages for FGFR1 (Figures 27A, 27B, 27D, 27F). The other 

clinically normal cat and the cat with pancreatitis had more variable leukocytic immunostaining 

(Figure 27C). 

3.3 FGF21 in Feline Pancreatitis 

From January 2013 – January 2023, there were a total of 480 feline necropsies performed 

at Auburn University's College of Veterinary Medicine Department of Pathobiology. Of these 

480 cases, 45 (9.38%) had a histological diagnosis of pancreatitis. Of these 45 cases, 18 cases 

met the inclusion criteria for further examination with FGF21 IHC (Table 3). Of the 18 examined 

cases, 10 (55.6%) were classified as chronic pancreatitis, 3 (16.6%) were classified as acute 

pancreatitis, and 5 (27.8%) were classified as mixed acute and chronic pancreatitis. 

Cases of chronic pancreatitis had some degree of interstitial fibrosis (Figure 28A) with 

varying numbers of lymphocytic, plasmacytic, and histiocytic infiltrates. The presence of cystic 

degeneration was variable. In all cases, both the chronic, acute, and mixed chronic and acute 

cases of pancreatitis had a portion of macrophages with strong cytoplasmic immunoreactivity 
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FGF21 and Iba1 (a commonly used histiocytic marker). The FGF21 immunoreactivity contrasts 

with clinically normal cats, which lack FGF21-immunoreactive macrophages (Figures 10A-D). 

The chronic pancreatitis severity score was positively correlated with the FGF21 staining score 

(Y = 0.3088*X + 0.6676, R2 = 0.30. p = 0.03) (Figure 29). Cases of acute pancreatitis contained 

varying numbers of neutrophilic infiltrates, fat necrosis, and edema. The acute pancreatitis 

severity score was not correlated with the FGF21 staining (Y = -0.1635*X + 2.843, R2 = 0.05, p 

= 0.57) (Figure 30). In the cases of spontaneous acute and chronic pancreatitis, variable groups 

of acinar cells had mild to moderate, patchy cytoplasmic immunoreactivity for FGF21 (Figure 

28E, 28F), similar to the clinically normal cats (Figures 10A-D). 

 

4 Discussion 

This study is the first to characterize the FGF21 signaling pathway in domestic cats. Like 

many studies in other species (83, 135, 223, 224), including humans, non-human primates, mice, 

and cattle, a major organ of FGF21 production is the liver, as evidenced by elevated relative 

FGF21 mRNA expression and consistent protein detection in the hepatocytes of all cats in our 

study. Within the liver, FGF21 is suspected of having autocrine and paracrine effects on hepatic 

metabolism by regulating gluconeogenesis, ketogenesis, and lipid homeostasis (225). We 

demonstrated that the co-receptors for FGF21, KLB and FGFR1 are expressed by feline 

hepatocytes, indicating that the hepatic autocrine/paracrine function of FGF21 is present in the 

feline liver. The protein and receptor machinery for a hepatic autocrine/paracrine pathway is 

consistent with our previous preliminary study evaluating the FGF21 analog, LY2405319, in 

cats. In our earlier study, compared to the controls, the cats treated with FGF21 tended to have 

decreased liver lipid as determined by proton magnetic resonance spectroscopy and significant 
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decreases in the inducable hepatic enzyme, alkaline phosphatase, a sensitive marker of hepatic 

lipid accumulation (208). Our findings suggest that FGF21 is a hepatokine with 

paracrine/autocrine actions on the liver by decreasing hepatocellular triglyceride content in cats.  

Contrary to the rodent literature (184, 207), FGF21 was not expressed in the adipose 

tissue of cats, as no cats had amplification of FGF21 mRNA from the subcutaneous or falciform 

fat. Additionally, there is inconsistent protein expression for FGF21 by IHC in the falciform and 

subcutaneous fats, likely due to inconsistent protein localization of FGF21 in the fat from 

endocrine circulation instead of local production. The lack of FGF21 mRNA expression in the 

adipose stores suggests that the adipokine role of FGF21 is not conserved in the cat, and there is 

a loss of the autocrine and paracrine FGF21 signaling system. Interstingly, the adipose tissues of 

domestic cats express the mRNA and protein of the KLB and FGFR1 receptors for FGF21. Due 

to the conserved receptors within the adipose tissue and the relative lack of local FGF21 

hormone, it seems that the endocrine signaling of FGF21 to the adipose tissues is maintained, 

despite that the paracrine/autocrine signaling of FGF21 is not.  

Exogenous administration of FGF21 leads to decreased plasma glucose and triglycerides 

in ob/ob and db/db mice (70), reduced fasting glucose, fasting insulin, and improved circulating 

lipid profile in T2DM rhesus monkeys (112), and reduced fasting insulin and improved lipid 

profile in T2DM obese humans (113). From mouse studies, it is known that the upregulation of 

adiponectin by autocrine signaling of FGF21 drives the effects of FGF21 on lipid homeostasis, 

insulin sensitivity, and glucose homeostasis (97). In monkey and human studies, favorable dose-

dependent increases in adiponectin, particularly high-molecular-weight adiponectin in humans, 

were also seen with FGF21 administration (112, 113, 226). Cats treated with exogenous FGF21 

do not have significant alterations in serum triglycerides and cholesterol, changes in basal 
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circulating insulin and glucose, or changes in indirect measures of circulating or adipose-specific 

insulin resistance (208). Adiponectin may not be a downstream mediator of FGF21 signaling, 

sequentially, an absence of many FGF21-driven metabolic effects in the cat as seen in rodents, 

non-human primates, and humans. Further studies are needed to determine the role of FGF21 on 

feline adipocytes, particularly with the adipocytic autocrine and paracrine FGF21 pathways and 

the involvement of adiponectin. 

There was consistently measurable FGF21 mRNA within the cerebral cortex, although at 

levels much lower than in the liver. With IHC, FGF21 protein was localized to the cytoplasm of 

multifocal oligodendrocytes within the white matter in 5 of 6 cats. Notably, the only cat that did 

not have FGF21 immunoreactivity in the white matter (the cat with hepatic lipidosis) was the 

only cat with an unknown death to necropsy interval. Consequently, in this cat, autolytic changes 

are associated with the oligodendrocytes on FFPE sections, including loss of cytoplasm (222), 

which likely affected FGF21 immunoreactivity. The role of FGF21 in the cat oligodendrocyte is 

unknown. In a mouse model of demyelination, pancreas-derived FGF21 stimulates the 

proliferation of oligodendrocyte precursor cells to drive remyelination (227). The FGF21-

immunoreactive cells we observed may be early lineage oligodendrocytes that are uptaking 

FGF21 rather than producing it locally. However, in mice, the effects of FGF21 were blocked 

with inhibition of β-klotho expression, suggesting that the receptor β-klotho is necessary for 

FGF21 location in oligodendrocyte precursor cells (227). In our study, no oligodendrocytes in 

the white matter expressed either β-klotho or FGFR1, suggesting that FGF21 was produced in 

the cell de novo and not localized to the cell from endocrine trafficking. Much has yet to be 

discovered about the role of FGF21 in the feline oligodendrocyte, and further studies on the role 

of FGF21 in the brain regarding the glial cells of all species are needed.  
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 In C57Bl/6J mice, the acinar tissue expresses 20-fold more FGF21 than the islets (104). 

FGF21 and its receptors are expressed and localized to the acinar cells in the feline pancreas. 

Interestingly, in our study, only the receptors KLB and FGFR1 were localized in the pancreatic 

islet cells through IHC and not FGF21. Our findings indicate in the domestic cat that FGF21 in 

the pancreatic islet may be under endocrine regulation rather than autocrine/paracrine signaling, 

as the FGF21 receptors are present within the islets but not the FGF21 protein. In rodent studies, 

FGF21 promotes insulin expression in islets and protects islet cells from glucolipotoxicity and 

apoptosis (228, 229). As cats with T2DM develop hydropic degeneration from islet cell damage 

and a reduction in β-cells, further exploration in the islet-specific FGF21 pathway may prove 

beneficial (230). One pitfall of this study is the possibility that our FGF21 IHC was not sensitive 

enough to pick up low amounts of protein in the islets. Additional studies on feline islet culture 

or other imaging modalities, such as RNAscope, may be needed to determine the expression 

profile and impact of FGF21 in islet cells. 

FGF21 does have functions in the exocrine acinar cell. FGF21 acts as a secretagogue in 

rodents by reducing endoplasmic reticulum (ER) stress and thus facilitating the secretion of 

digestive enzymes through the phospholipase C-inositol triphosphate receptor signaling cascade 

(105). In cerulein-induced mouse models of pancreatitis, FGF21 mRNA and protein are 

downregulated by the acinar cell’s integrated stress response (197). However, with FGF21 

treatment in different studies, FGF21 can downregulate the stress response and mitigate cerulein-

induced pancreatitis (197, 198). Comparison of cerulein-induced rodent models of pancreatitis 

with spontaneous disease pathology is problematic, as cerulein toxicity best replicates a very 

acute, edematous phase of human pancreatitis, and adjuvant toxic compounds often need to be 

added to reflect spontaneous acute pancreatitis (39). The edema in cerulein-induced pancreatitis 
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models may have caused an artificial, dilutional decrease in expression in the other studies, 

making the FGF21 downregulation in pancreatitis inaccurate. In our study of cases of 

spontaneous pancreatitis, many of the exocrine acinar cells retained FGF21 immunostaining. It is 

possible that the integrated stress response pathway in cats does not suppress FGF21 levels 

uniformly in the pancreas.  

In the cases of feline pancreatitis, a subset of macrophages had strong cytoplasmic 

immunoreactivity for FGF21, with much stronger immunoreactivity than the adjacent exocrine 

pancreatic cells. Confirming that these are macrophages, FGF21 IHC was compared to areas of 

Iba1 IHC, a general histiocytic lineage marker known to work in cats (231), and it was noted that 

a portion of the Iba1-expressing cells also express FGF21. To the authors’ knowledge, no 

published studies evaluate the FGF21 expression of macrophages within pancreatitis in any 

species. FGF21 has been shown to promote an anti-inflammatory or ‘M2’ phenotypic 

polarization in macrophages by enhancing AMPKα phosphorylation, activating Nrf2, and 

inhibiting the NF-κB pathway (232, 233). The presence of immunoreactivity for FGF21 in the 

subset of macrophages in feline pancreatitis may indicate an attempt at alleviating the associated 

inflammation (Figure 31). In support of this theory, in our retrospective study, FGF21 

immunoreactivity within macrophages was positively correlated with the severity of chronic 

pancreatitis in our retrospective study, a disease state associated with an increase in M2 

macrophage polarity (234, 235). Conversely, no correlation of FGF21 immunoreactivity within 

macrophages was found with acute pancreatitis, a disease state associated with an increase in M1 

macrophage polarity (234, 236). Potential future directions include correlating these FGF21-

expressing macrophages with CD163, CD68, pSTAT1, and other IHC markers of M2 

macrophage polarization (237).  
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Supporting the role of FGF21 in leukocytes, FGF21, KLB, and FGFR1 receptor mRNA 

and protein expression was variably seen within the spleen and lymph node. As not all cases had 

strong macrophage immunoreactivity, the variable IHC expression of FGF21 may reflect the 

current state of polarization of trafficking macrophages in the lymph node and spleen.  

One major pitfall of this paper is the inconsistent fixation times of cat tissues. Clinically 

normal cats were fixed up to years within formalin, which may have hindered IHC capabilities, 

although expression was seen in at least one tissue of each cat. The clinical cases of pancreatitis 

were obtained from archived samples, with no records on the fixation duration. Because of this 

large variability in fixation, we opted not to make quantitative staining intensity comparisons. 

 This paper is the first to characterize the transcript and protein profile of FGF21 and its 

primary signaling pathway in cats. In this study, we have shown that cats have many species-

specific differences in the FGF21 pathway, including low mRNA and protein production of 

FGF21 in adipose tissue, which may be partially why domestic cats have a blunted metabolic 

response when administered FGF21. Additionally, we demonstrated that FGF21-expressing 

macrophages have a role in pancreatitis in domestic cats. FGF21 has a role in polarizing 

macrophages to an M2 phenotype, and future FGF21 pathway therapies in cats may serve a role 

in mitigating the pancreatic inflammatory response in cats. 
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Table 1. Primers for RT-PCR of FGF21 and co-receptors with the corresponding reference 

sequence. 

Target NCBI Reference 

Sequence 

Primer (5 ′ → 3′) 

FGF21-F XM_003997528.3 GACAGCGGTTCCTCTACACG 

FGF21-R TCAAAGCGGAGCGATCCAT 

   

KLB-F XM_003985434.5 AGTAACGACACCTACCGGGCAG 

KLB-R CAATCCGACTGCAGAGACAGCG 

   

FGFR1-F XM_045055547.1 GCACATCGAGGTGAATGGGA 

FGFR1-R TAGAGTTACCCGCCAAGCAC 

   

ACTB-F XM_006941899.3 GGCCGAGGACCUUGACUGUACA 

ACTB-R CUCAGGGAGAAAUGGGGUGGCU 
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Table 2. Antibodies and protocols used for immunohistochemistry. 

Antigen Dilution  Clone Identity of 

Immunogen 

to Feline 

Protein (%)  

Distributor 

(catalog #) 

Incubation 

Time (hrs) 

 

Antigen 

Retrieval 

FGF21 1:500 JA10-97 

(rabbit) 

82.00 Invitrogen 

(MA5-32652) 

2 None 

KLB 1:1000 Rabbit 

polyclonal 

91.67% Invitrogen 

(PA5-121806) 

1 Borg Decloaker 

(Biocare 

Medical) 

FGFR1 1:1000 M2F12 

(mouse) 

100.00% Abcam 

(ab829) 

1 Reveal 

Decloaker 

(Biocare 

Medical) 

IBA1 1:750 Rabbit 

polyclonal 

N/A Biocare (290) 1  Diva Decloaker 

(Biocare 

Medical) 
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Table 3. Characteristics of cats used for RT-PCR and IHC analysis. Y – years, M – months, 

MI – male intact, MC – male castrated, FI – female intact, FS – female spayed. 

Case Age Sex Breed Chronic 

Pancreatitis 

Score 

Acute 

Pancreatitis 

Score 

FGF21 

Score 

1 13Y FS Domestic 

Shorthair 

6 - 1 

2 7Y FS Domestic 

Shorthair 

5 - 2 

3 10Y MC Domestic 

Shorthair 

4 2 3 

4 8Y MC Domestic 

Longhair 

- 6 1 

5 3M MI Siamese 2 - 1 

6 13Y FS Domestic 

Shorthair 

2 4 3 

7 3Y FS Manx 2 - 2 

8 11Y A Domestic 

Shorthair 

3 - 1 

9 13Y MC Domestic 

Shorthair 

3 - 1 

10 4Y FI Domestic 

Mediumhair 

3 - 1 

11 16Y FS Domestic 

Shorthair 

2 2 1 

12 3Y FS Domestic 

Shorthair 

- 4 1 

13 16Y MC Domestic 

Shorthair 

7 2 4 

14 14Y FS Domestic 

Shorthair 

- 6 3 

15 11Y FS Domestic 

Longhair 

3 - 1 

16 17Y FS Domestic 

Shorthair 

7 - 3 

17 13Y MC Domestic 

Shorthair 

4 3 2 

18 10Y MC Domestic 

Shorthair 

2 - 1 

Normal 1 5Y FI Domestic 

Shorthair 
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Normal 2 7Y FI Domestic 

Shorthair 

Normal 3 5Y MI Domestic 

Shorthair 

Normal 4 7Y FI Domestic 

Shorthair 

HL Cat 3Y MC Domestic 

Shorthair 

Pancreatitis 

Cat 

7Y MC Domestic 

Shorthair 
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Figure 1. FGF21 mRNA expression relative to the brain, normalized to the endogenous 

standard β-actin. The liver, pancreas, and brain were consistently amplified (Ct < 34, n = 4). 

The heart and lymph node were inconsistently amplified (n = 2). The highest expressing tissue 

was the liver at 320X the expression of the brain, followed by the pancreas at 4.8X the 

expression of the brain; however, this was not a significant increase (2-way ANOVA, p = 0.02). 

Error bars represent ± SEM. 
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Figure 2. KLB mRNA expression relative to the colon, normalized to the endogenous 

standard β-actin. All examined tissues were amplified (Ct < 34, n = 4).  The highest expressing 

tissue was the falciform fat at 2863X the expression of the colon (2-way ANOVA, p < 0.01; 

Tukey's multiple comparisons test, p < 0.05). Error bars represent ± SEM. Lower case letters 

over bars represent significance groups. 

  



101 

 

S
u
b
c
u
ta

n
e
o
u

s
 F

a
t

P
a
n
c
re

a
s

F
a
lc

if
o

rm
 F

a
t

K
id

n
e

y

H
e
a
rt

L
iv

e
r

S
k
e

le
ta

l 
M

u
s
c
le

C
e
re

b
ra

l 
C

o
rt

e
x

S
p
le

e
n

J
e
ju

n
u

m

L
y
m

p
h

 N
o
d

e

C
o
lo

n

0

10

20

30

40

50

Relative FGFR1 mRNA Expression
G

e
n

e
 E

x
p

re
s
s
io

n
 R

a
ti
o a

b

c

d

d d

e e f
g

gg

 

Figure 3. FGFR1 mRNA expression relative to the colon, normalized to the endogenous 

standard β-actin. All examined tissues were amplified (Ct < 34, n = 4).  The highest expressing 

tissues were the subcutaneous fat, pancreas, and falciform fat at 21X, 19X, and 17X the colonic 

expression of FGFR1 (2-way ANOVA, p < 0.0001; Tukey's multiple comparisons test, p < 0.05). 

Error bars represent ± SEM. Lower case letters over bars represent significance groups. 
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Figure 4. Positive and negative controls for FGF21 IHC. (A) WT mouse liver positive 

control. Negative controls of (B) liver, (C) pancreas, (D) subcutaneous fat, (E) mesenteric lymph 

node, (F) spleen, (G) falciform fat, and (H) cerebral cortical white matter. Negative controls were 

done with 1:200 goat serum diluted in PBS, replacing the anti-FGF21 antibody. 
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Figure 5. Positive and negative controls for KLB IHC. (A) WT mouse liver positive control. 

Negative controls of (B) liver, (C) pancreas, (D) subcutaneous fat, (E) mesenteric lymph node, 

(F) spleen, (G) falciform fat, and (H) cerebral cortical white matter. Negative controls were done 

with 1:1000 goat serum diluted in PBS, replacing the anti-KLB antibody. 
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Figure 6. Positive and negative controls for FGFR1 IHC. (A) WT mouse liver positive 

control. Negative controls of (B) liver, (C) pancreas, (D), subcutaneous fat, (E) mesenteric lymph 

node, (F) spleen, (G) falciform fat, and (H) cerebral cortical white matter. Negative controls were 

done with 1:200 goat serum diluted in PBS, replacing the anti-FGFR1 antibody. 
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Figure 7. Hepatic FGF21 IHC. (A-D) clinically healthy cats, (E) cat with pancreatitis, (F) cat 

with hepatic lipidosis. 
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Figure 8. Hepatic KLB IHC. (A-D) clinically healthy cats, (E) cat with pancreatitis, (F) cat 

with hepatic lipidosis. 
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Figure 9. Hepatic FGFR1 IHC. (A-D) clinically healthy cats, (E) cat with pancreatitis, (F) cat 

with hepatic lipidosis. 
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Figure 10. Pancreatic FGF21 IHC. (A-D) clinically healthy cats, (E) cat with pancreatitis, (F) 

cat with hepatic lipidosis. 
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Figure 11. Pancreatic KLB IHC. (A-D) clinically healthy cats, (E) cat with pancreatitis, (F) cat 

with hepatic lipidosis. 
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Figure 12. Pancreatic FGFR1 IHC. (A-D) clinically healthy cats, (E) cat with pancreatitis, (F) 

cat with hepatic lipidosis. 
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Figure 13. Subcutaneous fat FGF21 IHC. (A-D) clinically healthy cats, (E) cat with 

pancreatitis, (F) cat with hepatic lipidosis. 
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Figure 14. Subcutaneous fat KLB IHC. (A-D) clinically healthy cats, (E) cat with pancreatitis, 

(F) cat with hepatic lipidosis. 
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Figure 15. Subcutaneous fat FGFR1 IHC. (A-D) clinically healthy cats, (E) cat with 

pancreatitis, (F) cat with hepatic lipidosis. 
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Figure 16. Falciform fat FGF21 IHC. (A-D) clinically healthy cats, (E) cat with pancreatitis, 

(F) cat with hepatic lipidosis. 



115 

 

 

Figure 17. Falciform fat KLB IHC. (A-D) clinically healthy cats, (E) cat with pancreatitis, (F) 

cat with hepatic lipidosis. 
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Figure 18. Falciform fat FGFR1 IHC. (A-D) clinically healthy cats, (E) cat with pancreatitis, 

(F) cat with hepatic lipidosis. 
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Figure 19. Cerebral cortical white matter FGF21 IHC. (A-D) clinically healthy cats, (E) cat 

with pancreatitis, (F) cat with hepatic lipidosis. 
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Figure 20. Cerebral cortical white matter KLB IHC. (A-D) clinically healthy cats, (E) cat 

with pancreatitis, (F) cat with hepatic lipidosis. 
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Figure 21. Cerebral cortical white matter FGFR1 IHC. (A-D) clinically healthy cats, (E) cat 

with pancreatitis, (F) cat with hepatic lipidosis. 
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Figure 22. Mesenteric lymph node FGF21 IHC. (A-D) clinically healthy cats, (E) cat with 

pancreatitis, (F) cat with hepatic lipidosis 
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Figure 23. Mesenteric lymph node KLB IHC. (A-D) clinically healthy cats, (E) cat with 

pancreatitis, (F) cat with hepatic lipidosis. 
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Figure 24. Mesenteric lymph node FGFR1 IHC. (A-D) clinically healthy cats, (E) cat with 

pancreatitis, (F) cat with hepatic lipidosis. 
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Figure 25. Splenic FGF21 IHC. (A-D) clinically healthy cats, (E) cat with pancreatitis, (F) cat 

with hepatic lipidosis. 
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Figure 26. Splenic KLB IHC. (A-D) clinically healthy cats, (E) cat with pancreatitis, (F) cat 

with hepatic lipidosis. 
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Figure 27. Splenic FGFR1 IHC. (A-D) clinically healthy cats, (E) cat with pancreatitis, (F) cat 

with hepatic lipidosis. 
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Figure 28. Representative images from cats with pancreatitis. H&E from (A) a hyperplastic 

nodule of a cat with chronic pancreatitis and (B) a cat with acute pancreatitis. (C) Iba1 IHC and 

(E) FGF21 from the same cat and near the same area of the pancreas as in (A). (D) Iba1 IHC and 

(F) FGF21 from the same cat and near the same area of the pancreas as in (B). 
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Figure 29. Correlation of chronic pancreatitis severity with FGF21 staining score. 
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Figure 30. Correlation of acute pancreatitis severity with FGF21 staining score. 
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Figure 31. Proposed FGF21 signaling pathway in the domestic cat. FGF21 is produced in the 

liver and signals to the adipose tissue to induce lipolysis and weight loss. FGF21 has both 

endocrine and autocrine/paracrine signaling from the liver. The pancreas produces FGF21 and its 

receptors, KLB and FGFR1c, suggesting an autocrine/paracrine role. A subset of macrophages 

expresses FGF21 during pancreatitis, which may represent M2 polarization in an attempt to 

reduce inflammation. 



130 

 

Chapter 4: Summary and Future Directions 

 

 The Fibroblast Growth Factor (FGF) family is composed of 23 different proteins within 

three phylogenetic categories: the canonical FGFs, the intracellular FGFs, and the group of 

interest to this dissertation, the endocrine FGFs (238). 

Chapter 1 of this dissertation is a literature review of FGFs Of these, 18 signal to a group 

of tyrosine kinase receptors called fibroblast growth factor receptors (238). The endocrine group 

is composed of FGF15/19 (FGF15 is the rodent ortholog of mammalian FGF19), FGF21, and 

FGF23, which function as regulators of bile homeostasis, lipid and insulin homeostasis, and 

phosphate homeostasis, respectively (239). There are several current and potential applications 

for FGF endocrine family-targeting therapies to treat diseases such as X-linked 

hypophosphatemia, chronic liver disease, and obesity-related metabolic diseases (239). 

Numerous FGF21 analogs have been developed for pharmaceutical use and have undergone 

clinical trial testing of varying success (240). Domestic animals have overlapping clinical 

conditions with conditions targeted for FGF21 therapy. Despite this clinical overlap, FGF21 has 

not been as well studied in domestic animals as in humans, non-human primates, and rodents. 

Based on current research, FGF21 therapy may be suitable for animals with hepatic lipidosis or 

insulin-dependent diabetes mellitus (111, 131).  

Chapter 2 of this dissertation explores the potential use of an FGF21 analog, LY2405319, 

in overweight and obese domestic cats. In this cross-sectional study, a colony of purpose-bred, 

male-neutered, 6-year-old cats was utilized. Over 14 days, cats were administered either the 

FGF21 mimetic or saline control. Cats treated with FGF21 had significant weight loss, a trend 

towards decreased intrahepatic triglyceride content, and a decrease in the sensitive marker of 
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lipid accumulation in cats, alkaline phosphatase (157). Despite reports in other animals, FGF21 

treatment in cats did not lead to changes in basal glucose or insulin, changes indirect measures of 

insulin resistance, or circulating lipid parameters. This suggests that the FGF21 pathway is 

metabolically unique in the domestic cat compared to humans and laboratory animals. 

Importantly, no cats exhibited significant side effects from FGF21 administration. Therefore, 

although FGF21 pathway targeting therapy may not be beneficial for cats with insulin resistance 

or type II diabetes mellitus, it can still be safely adapted for other uses in the cat. As there was a 

trend towards hepatic lipid decrease in the treated cats, despite a hepatic lipid increase in the 

control cats, there may be a future for FGF21 in cats with the clinical syndrome feline hepatic 

lipidosis, a life-threatening condition of liver failure caused by overabundant hepatic triglyceride 

accumulation.  Unfortunately, beyond treating the primary cause of feline hepatic lipidosis, there 

is no specific treatment other than supportive therapies (241). Investigating changes in hepatic 

triglyceride content with FGF21 therapy in cats with a marked amount of hepatic lipid 

accumulation, as in feline hepatic lipidosis (242), instead of a chronically mildly elevated level, 

as in overweight and obese cats (140), may yield massive breakthroughs for the management and 

treatment of feline hepatic lipidosis. 

Chapter 3 of this dissertation delves into finding the unique FGF21 pathway differences 

that lead to weight loss without changes in insulin, glucose, or lipid homeostasis with FGF21 

mimetic therapy in the domestic cat. Additionally, as there is evidence in rodent studies of 

FGF21 being capable of resolving cerulein-induced pancreatitis, we wanted to see how FGF21 

was affected in cats with spotaneously-occurring cases of pancreatitis. In agreement with other 

studies (83), we determined that a large amount of FGF21 mRNA and protein expression is 

found within the liver, specifically the hepatocyte. Additionally, FGF21 mRNA with more 
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sporadic protein expression is found in the pancreas. However, contray to findings in rodents 

(207), in the domestic cat, FGF21 mRNA and protein is inconsistently expressed in the both the 

subcutaneous (inguinal) and visceral (falciform) adipose tissues. Interestingly, many of the 

FGF21 glucose and insulin homestatic mechanisms and amelioation of lipotoxicity in rodents are 

thought to be due from the autocrine/paracrine actions of FGF21 leading to downstream 

mediation of adiponectin (97, 98). The lack of consistent FGF21 mRNA and protein in the feline 

adipose tissues may reflect a loss of autocrine and paracrine signaling of FGF21 in the adipose 

and, consequentially, the inability of the adipose tissues to mediate the metabolic changes of 

FGF21 in cats, as seen in rodents. Additionally, we found that a subset of macrophages in cases 

of spontaneous acute and chronic pancreatitis highly expressed FGF21. As FGF21 is implicated 

in anti-inflammatory processed by inducing M2 polarity (233), we theorized that this might be an 

endogenous attempt at reducing local inflammation in the pancreas. We propose that FGF21 

could, theoretically, be used as an adjuvant therapy in cats with pancreatitis to reduce the 

localized inflammation and allow clinical veterinarians to the ability treat an underlying 

condition if identifiable (215). 

Together this dissertatiopn is the first work to examine FGF2 in domestic cats. It strives 

to provide an overview of current research with FGF21 including in domestic animals, 

investigate howwe know about FGF21 treatment affects cats, and delve into the idiosyncracies of 

the FGF21 pathway. Hopefully, with this knowledge, FGF21 pathway targeting therapy will 

change feline clinical veterinary medicine for the good. 
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