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 36 

Abstract 37 

Introduction. There is evidence that fibroblast growth factor (FGF) levels may be implicated in 38 

hypoglycemia, with FGF-19 being a potential contributor to insulin-independent pathways driving 39 

postprandial hypoglycemia following bariatric surgery and basicFGF (FGF2) being elevated 40 

following the mild hypoglycemia occurring post-glucose tolerance test. However, their response 41 

following severe iatrogenic hypoglycemia is unknown and therefore this pilot exploratory study 42 

was undertaken. 43 

Methods. A case-control study of aged-matched type 2 diabetes (T2D; n=23) and control (n=23) 44 

subjects who underwent a hyperinsulinemic clamp, initially to euglycemia in T2D (5mmol/l; 45 

90mg/dl), and then to hypoglycemia (<2mmol/L; <36mg/dl) with subsequent follow-up 46 

timecourse to 24-hours. FGF proteins were determined by Slow Off-rate Modified Aptamer 47 

(SOMA)-scan plasma protein measurement. 48 

Results. At baseline, FGF12 (p=0.006) was higher and FGF20 (p=0.004) was lower in T2D versus 49 

controls. Post-hypoglycemic levels of FGF18, FGF19, FGF20 and FGF23 were lower while 50 

FGF12 and FGF16 were higher in T2D versus control at different time points, though FGF2 did 51 

not differ throughout. At 24-hours post-hypoglycemia, FGF20 (p=0.01) differed between controls 52 

and T2D, while the levels for the other proteins measured returned to baseline. None of the FGF 53 

proteins altered from baseline to euglycemia when clamped in T2D subjects. 54 
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Conclusion. Severe transient hypoglycemia transiently modulated FGF proteins in T2D, several 55 

of which have been associated with diabetes related complications, suggesting that recurrent 56 

hypoglycemia may contribute to complication development through changes in FGF proteins. 57 

ClinicalTrials.gov NCT03102801. Date of registration April 6, 2017, retrospectively registered. 58 

https://clinicaltrials.gov/ct2/show/NCT03102801?term=NCT03102801&draw=2&rank=1 59 

 60 

  61 
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Introduction: 62 

Type 2 diabetes (T2D) is characterized by insulin resistance and progressive loss of beta cell mass 63 

and function (1, 2), whilst endogenous glucose production and postprandial hyperglucagonemia 64 

are also major traits of the disease (3-5) The global prevalence of T2D is estimated to be ~9% of 65 

the total population, thereby affecting ~500 million people (6). The therapeutic paradigm in the 66 

management of T2D aims to achieve normoglycemia with pharmacological agents and insulin 67 

therapy may be required. Glycemic control is a delicate balancing act in diabetes treatment, with 68 

stricter control increasing the risk of hypoglycemic episodes,  those patients treated with insulin 69 

having the greatest risk (7). 70 

 71 

Hypoglycemia is also recognized as a complication post-bariatric surgery (8). The underlying 72 

mechanisms responsible for glucose dysregulation post-bariatric surgery are complex and not well 73 

defined, but are consequent upon an exaggerated appearance of dietary glucose in the circulation 74 

due to the altered upper gastrointestinal anatomy (9). Abnormal glucagon secretion is also involved 75 

in the pathogenesis of both hypoglycemia and hyperglycemia in diabetes (4). Regardless of cause, 76 

recurrent severe hypoglycemia is associated with cardiovascular and cerebrovascular disease and 77 

may result in death (10, 11).  78 

 79 

Fibroblast growth factors function by binding to FGF receptors, and can act in an autocrine, 80 

paracrine or endocrine manner (Figure 1). FGFs are broadly classified as mitogenic and metabolic 81 

based on their function (12). Mitogenic FGFs have affinity for extracellular matrix heparan sulfate 82 

(HS) and therefore become trapped at the site of secretion and exert their action locally, whereas 83 
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the metabolic FGFs, lacking an HS binding domain, enter the circulation and therefore function in 84 

a hormone-like manner (Figure 2) (13).  85 

FGF2 (also called basic FGF) was found to be elevated by acute hypoglycemia in non-diabetics 86 

with symptoms of reactive hypoglycemia (14). FGF2 is correlated to BMI and synthesized by 87 

adipocytes (15) and has been associated with inducing angiogenesis (16), with diabetic retinopathy 88 

(17) and with wound healing (18). FGF16 is purported to have a cardioprotective role in animal 89 

models of diabetic myocardial infarction (19). FGF16 is also associated with high glucose-induced 90 

cell proliferation in vitro (20); however, its role clinically is unclear. 91 

FGFs have a vital role in energy metabolism regulation and metabolic homeostasis of bile acids, 92 

lipids and glucose (21, 22). Levels of FGFs are found to be altered in different pathological 93 

conditions such as T2D (23), obesity (24) and non-alcoholic fatty liver disease (NAFLD) (25). 94 

FGF18 is a growth factor and stimulates proliferation in several different tissues, including the 95 

liver, and has been associated with the hair cycle (26), though no association with diabetes or 96 

diabetes-related complications has been described. FGF19 is a postprandial insulin independent 97 

protein that regulates hepatic protein and glycogen synthesis and is involved in lipid and energy 98 

metabolism (27). Lower levels of FGF19 have been reported in newly diagnosed T2D patients, 99 

FGF19 having a close relationship to β-cell function, as indicated by the insulin secretion-100 

sensitivity index-2 (28). In recent studies, increased levels of FGF19 have been shown in patients 101 

with post-bariatric surgery hypoglycemia (PBH) versus asymptomatic post-bariatric surgery 102 

patients (29).  A prospective study of obese T2D patients undergoing bariatric surgery also showed 103 

elevated levels of FGF19 which was associated with improved mitochondrial health in adipose 104 

tissues (30).  A meta-analysis of patients undergoing bariatric surgery revealed an increase in 105 

circulating levels of FGF19, implying a beneficial role post-procedure. In patients with diabetes 106 
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and impaired renal function, FGF20 has been associated with protection against renal function and 107 

a decline in end stage renal disease (ESRD) (31).  FGF23 has a role in phosphate, calcium and 108 

vitamin D homeostasis (32) and increased levels of FGF23 have been found in patients with 109 

chronic kidney disease (33). FGF23 is associated with an increased risk of cardiovascular events, 110 

as well as increased mortality in T2D in patients who have normal and mildly impaired renal 111 

function (34). 112 

 113 

Based upon the important role of FGFs in T2D and its co-morbidities, and the altered levels of 114 

FGF19 in reactive hypoglycemia or PBH, we sought to determine the FGF protein response 115 

following severe induced iatrogenic hypoglycemia. Therefore, this pilot exploratory study was 116 

undertaken on FGF2 and FGF19 and other members of the FGF family. This study was designed 117 

with intent to mimic a hypoglycaemic episode as would be experienced in practice by a diabetic 118 

patient. 119 

 120 

Methods 121 

Study design 122 

This prospective parallel study was performed at the Diabetes Centre at Hull Royal Infirmary in 123 

46 adult Caucasian subjects, T2D (n = 23) and control (n = 23). Subjects were aged 40–70 years. 124 

In T2D, diabetes duration was <10 years and all had been a stable medication for the preceding 125 

3 months (metformin, statin and/or angiotensin converting enzyme inhibitor/angiotensin receptor 126 

blocker). Only metformin as anti-diabetic therapy was allowed; in addition, inclusion criteria 127 

were: HbA1c < 10% (86 mmol/mol), no hypoglycemia or hypoglycemic unawareness during the 128 

prior 3-months, and no diabetes related complications. In the control group, an oral glucose 129 
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tolerance test (OGTT) was performed to exclude diabetes. Body mass index (BMI) was in the 130 

range of 18-49 kg/m2; liver and kidney biochemical profiles were normal; no prior history of 131 

cancer; no contraindication for insulin infusion to hypoglycemia (epilepsy, seizure history, drop 132 

attacks, ischemic heart disease, history of adrenal insufficiency and treated hypothyroidism). 133 

Study subjects 134 

History, physical examination, routine blood tests and an electrocardiogram was performed in all 135 

subjects. Hypoglycemia was induced by a continuous insulin infusion as previously detailed 136 

(35) with blood samples taken at hypo (time 0), 0.5h,1h, 2h and 4h post-hypoglycemia. After 4-137 

hours, participants were fed and the T2D subjects took their a.m. diabetes medications. Evening 138 

medication was taken by patients as per prescription. The following day (~24-hours post- 139 

hypoglycemia), patients delayed taking their medications and remained fasting until further blood 140 

tests were drawn. Following breakfast but prior to discharge, a blood glucose measurement was 141 

taken with a point-of-care glucose analyser (HemoCue glucose 201 +) to confirm levels within the 142 

normal range, plus normal vital signs. 143 

Subjects gave their informed written consent. The North West-Greater Manchester East Research 144 

Ethics Committee (REC number:16/NW/0518) gave approval for this study; registration 145 

documented at www.clinicaltrials.gov (NCT03102801) on 06/04/2017;  conduct of the study was 146 

according to the Declaration of Helsinki. 147 

Insulin infusion 148 

The infusion of insulin infusion was undertaken as previously detailed (35). “After an overnight 149 

fast, and 30–60 min before the start of the clamp (0830 h), indwelling cannulas were inserted 150 

http://www.clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT03102801
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bilaterally into the ante-cubital fossae. Soluble intravenous (IV) insulin (Humulin S, Lilly, UK) 151 

was given using a pump to induce hypoglycemia; the starting dose was 2.5 mU/kg body 152 

weight/min, increasing by 2.5 mU/kg body weight/min after each 15 min period; two capillary 153 

blood glucose readings of  ≤ 2.2 mmol/L (< 40 mg/dl) or a single reading of ≤ 2.0 mmol/L 154 

(36 mg/dl) were documented in each subject [using a glucose analyser (HemoCue glucose 201 +)]. 155 

Initially patients with T2D were clamped to euglycemia (5mmol/l; 90mg/dl), then subsequently to 156 

hypoglycemia. The timecourse for subsequent blood sampling was timed according to when 157 

hypoglycemia occurred. Immediately after hypoglycemia was achieved, IV glucose (150 ml of 10% 158 

dextrose) was administered, with a repeat blood glucose measurement 5 min later if the reading 159 

was < 4.0 mmol/L.  160 

Biochemical markers 161 

As previously described (36), blood samples were immediately centrifuged (2000 g, 15 min, 4 °C); 162 

within 30-min of collection, aliquots were stored (− 80 °C), awaiting batch analysis. Fasting 163 

plasma glucose (FPG), high-density lipoprotein (HDL), triglycerides and cholesterol levels were 164 

analyzed with a Beckman AU 5800 analyser (Beckman-Coulter, High Wycombe, UK). 165 

Slow Off-rate Modified Aptamer (SOMA)-scan assay 166 

Slow Off-rate Modified Aptamer (SOMA)-scan technology (SomaLogic, Boulder, CO) was used 167 

for protein quantification, as described previously, and following manufacturer’s instructions (37-168 

39). The assay utilized 96-well plates (85 plasma samples, 5 calibrator samples, 3 quality control 169 

(QC) samples per plate). Diluted EDTA plasma samples (40%, 1% and 0.05% bins) underwent 170 

the following: 1) binding analytes plus primer beads (PB)-SOMAmers equilibrated; 2) 171 

Streptavidin-substituted support used to immobilise analyte/SOMAmers complexes, followed by 172 
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washing 3) Cleavage step to release analyte-SOMAmer complexes into solution using long-wave 173 

ultraviolet (UV) light; 4) Analyte-borne biotinylation selectively immobilised the analyte-174 

SOMAmer complexes on streptavidin support; washing steps; 5) Disruption of analyte-SOMAmer 175 

complexes by denaturation; released SOMAmers act as surrogates for analyte concentration 176 

quantification; 6) Quantification accomplished by hybridization of SOMAmer-complementary 177 

oligonucleotides to custom arrays. Normalization steps were performed based on the included 178 

standard samples, as previously described (37, 40) 179 

The SomaScan Assay (Version 3.1) was used to target FGF proteins and glucagon in the SomaScan 180 

panel. Baseline, hypoglycemia and post-hypoglycemia (0.5, 1, 2, 4 and 24 hours) timepoints were 181 

utilised. 182 

Data processing/analysis 183 

Agilent Feature Extraction Software (Agilent, Santa Clara, CA) provided the initial raw Relative 184 

Fluorescent Units (RFUs) from microarray intensity images. These RFUs were normalized and 185 

calibrated using SomaLogic software.  186 

R version 3.5.2 (R Foundation for Statistical Computing, Vienna, Austria) was employed to 187 

perform statistical analysis on log2 RFU values; limma models were used to analyze differential 188 

protein expression, comparing between T2D and control subjects, as well as between timepoints 189 

(41). Random effects and batch effects were corrected for; the Benjamini–Hochberg method  was 190 

used to correct P-values (42). 191 

Statistical analysis 192 
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No published studies are available upon which to base a power calculation that detail changes in 193 

FGF proteins in response to hypoglycemia. A publication by Birkett and Day reviewed pilot study 194 

sample size (43);  the authors stated that, at a minimum, 20 degrees-of-freedom is necessary for 195 

estimation of effect size and variability. To meet that criterion, we therefore needed to analyze 196 

plasma samples from a minimum 20 patients per cohort. Student’s t-test was used for both within 197 

group (from one timepoint to the next) and between group (at each timepoint) comparisons; 198 

p < 0.05 was taken as significant. Statistical analysis and graph presentation utilised Graphpad 199 

Prism (San Diego, CA, USA). 200 

 201 

Interaction networks  202 

The Search Tool for the Retrieval of Interacting Genes (STRING 11.0) allowed visualization of 203 

known and/or predicted interactions for the FGF proteins reported here (https://string-db.org/).  204 

  205 

https://string-db.org/
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 206 

Results: 207 

Details of clinical characteristics for the study subjects (23 T2D patients; 23 normal individuals) 208 

are shown in Table 1. The glucose response during the study is shown in Supplementary figure 209 

1A.  210 

 211 

FGF response to euglycemia in T2D 212 

There was no change in any of the FGF proteins (FGF 2, 12, 16, 18, 19, 20 or 23) in T2D from 213 

baseline levels to euglycemia (5mmol/l; 90mg/dl), prior to subsequent hypoglycemia 214 

(Supplementary figure 2). 215 

 216 

Difference between T2D and control groups 217 

Baseline differences between T2D and control groups (significance between control and T2D 218 

is denoted by the symbol ‘*’ in Figure 3) 219 

At baseline, levels of FGF12 were elevated (p<0.01) (Figure 3A) and FGF20 were reduced (p<0.01) 220 

(Figure 3B) in the T2D group. The levels of FGF20 were significantly lower in T2D at all the 221 

points (Figure 3B). Baseline levels of other proteins did not differ significantly between the groups 222 

(Figure 3C-G). Glucagon was elevated in T2D versus controls at baseline (p<0.01) 223 

(Supplementary figure 1B). 224 

 225 

Differences at hypoglycemia between T2D and control groups (significance between control 226 

and T2D is denoted by the symbol ‘*’ in Figure 3) 227 
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Significant differences between control and T2D subjects were observed in response to 228 

hypoglycemia for the following proteins: levels of FGF20 (p<0.001) (Figure 3B) and FGF23 229 

(p<0.01) (Figure 3C) were lower in T2D subjects.  230 

 231 

Post-hypoglycemia differences between T2D and control groups (significance between 232 

control and T2D is denoted by the symbol ‘*’ in Figure 3)  233 

Whilst there was no difference in FGF12 levels at hypoglycemia due to a transient increase in 234 

levels in controls, as control levels decreased post-hypoglycemia there was a trend for levels of 235 

FGF12 to be elevated at 30-minutes post-hypoglycemia in T2D, with significance at 1-hour 236 

(p<0.05), after which levels were comparable in the two groups (Figure 3A). Though the cohorts 237 

showed a remarkably similar pattern in FGF20 levels during the study, as noted above, the levels 238 

of FGF20 were reduced in T2D subjects throughout, including at all the post-hypoglycemia time 239 

points (0.5-hours, p<0.001; 1-hour, p<0.01; 2-hours, p<0.05; 4-hours, p<0.05; 24-hours, p<0.05) 240 

(Figure 3B). There was a clear trend for levels of FGF23 to be lower in T2D throughout the study 241 

with significance at 0.5-hours (p<0.05), 1-hour (p<0.05) and 2-hours (p<0.05) (Figure 3C) post-242 

hypoglycemia. Levels of FGF18 followed a similar pattern in both groups, with only a difference 243 

at 1-hour post-hypoglycemia (p<0.05) (Figure 3D) where FGF18 was lower in T2D. Again, levels 244 

of FGF19 followed a similar pattern in both cohorts, with a divergence seen only at the 2-hour 245 

post-hypoglycemia timepoint where levels spiked higher in controls (2-hours, p<0.05) (Figure 3E). 246 

Increased levels of FGF16 occurred at 0.5-hours (p<0.01) in T2D (Figure 3F) due to a decrease in 247 

control levels, a trend that was maintained throughout the remainder of the study.   248 

In view of the changes in FGF12 and its prediction of insulin resistance with adiponectin (44), 249 

baseline adiponectin levels were measured and shown to be significantly lower in T2D (Baseline: 250 
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1885±100 vs 3319±304 RFU, T2D vs control, p<0.0001), though there was no correlation between 251 

FGF12 and adiponectin. 252 

At 24-hours post-hypoglycemia, glucagon was elevated in T2D versus controls (p<0.05) 253 

(Supplementary figure 1B).  254 

 255 

Differences within groups at different time points 256 

Baseline to Hypoglycemia and post-hypoglycemia in T2D (Significance is denoted by the 257 

symbol ‘$’ in Figure 3) 258 

FGF20 was reduced significantly at the 1-hour (p<0.01) and 2-hour (p<0.001) timepoints post-259 

hypoglycemia (Figure 3B). A steep reduction in levels of FGF18 occurred at 2-hours post-260 

hypoglycemia (p<0.001) which returned to baseline levels by 4-hours post-hypoglycemia (Figure 261 

3D). The levels of all the FGFs returned to baseline by 24-hours post-hypoglycemia. 262 

Glucagon decreased significantly from baseline to hypoglycemia (p<0.01) in T2D. Thereafter, 263 

levels of glucagon increased, revealing a significant increase over baseline at the 4-hour post-264 

hypoglycemia timepoint (p<0.01) (Supplementary figure 1B).   265 

 266 

Baseline to Hypoglycemia and post-hypoglycemia in controls (Significance is denoted by the 267 

symbol ‘#’ in Figure 3) 268 

Decreases in FGF20 levels occurred at 1-hour (p<0.01) and 2-hours (p<0.001) post-hypoglycemia 269 

in controls that returned to baseline by 24-hours (Figure 3B). FGF18 levels decreased significantly 270 

at 2-hours (p<0.05) (Figure 3D) but had returned to baseline by 4-hours post-hypoglycemia, a 271 

pattern closely matching that in the T2D group. FGF19 levels spiked upward at 2-hours (p<0.05) 272 

post-hypoglycemia (Figure 3E), returning to baseline thereafter. A decrease in levels of FGF16 273 
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occurred in controls at hypoglycemia (p<0.05) and remained low at all subsequent timepoints (0.5-274 

hours, p<0.05; 1-hour, p<0.01, 2-hours, p<0.05; 4-hours, p<0.01; 24-hours, p<0.05) (Figure 3F).  275 

Glucagon levels did not change in response to hypoglycemia in controls (Supplementary figure 276 

1B). In the post-hypoglycemia follow up period, glucagon levels rose in controls, reaching 277 

significance over baseline at the 1-hour, 2-hour and 4-hour timepoints (all p<0.0001), but reverting 278 

to baseline levels by 24-hours (Supplementary figure 1B). 279 

 280 

Hypoglycemia versus post-hypoglycemia in T2D (Significance is denoted by the symbol ‘&’ 281 

in Figure 3) 282 

FGF20 levels were significantly decreased from hypoglycemia to the early post-hypoglycemia 283 

period (0.5-hours and 1-hour, p<0.01; 2-hours, p<0.001) (Figure 3B). Relative to hypoglycemia 284 

levels, FGF23 levels increased at 4-hours (p<0.05) though normalized by 24-hours (Figure 3C). 285 

FGF18 levels decreased from hypoglycemia to 2-hours post-hypoglycemia (p<0.0001) (Figure 286 

3D), reverting thereafter to baseline.  287 

Relative to hypoglycemic levels, glucagon was significantly elevated at the 1-hour, 2-hour, 4-hour 288 

(all p<0.0001) and 24-hour (p<0.01) timepoints (Supplementary figure 1B).  289 

 290 

Hypoglycemia versus post-hypoglycemia in control (Significance is denoted by the symbol 291 

‘^’ in Figure 3) 292 

FGF20 levels decreased significantly from hypoglycemia to the 0.5-4-hour timepoints (0.5h, 293 

p<0.01; 1h, p<0.001; 2h, p<0.00; 4h, p<0.05), returning to baseline by 24-hours (Figure 3B).  294 

Paralleling the changes in T2D, FGF18 levels decreased at 2-hours post-hypoglycemia in controls 295 
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(p<0.01) (Figure 3D), reverting thereafter to baseline whilst, by contrast, FGF19 levels spiked at 296 

2-hours (p<0.05) (Figure 3E) before returning to baseline.  297 

Relative to hypoglycemic levels, glucagon was significantly elevated at 30-minutes (p<0.05), 1-, 298 

2- and 4-hours (p<0.0001 for all) and 24-hours (p<0.05) (Supplementary figure 1B).  299 

 300 

STRING analysis 301 

STRING analysis was performed to detail the relationship between the FGF proteins that 302 

confirmed the close relationship of the FGF proteins to each other in this study (Supplementary 303 

figure 3). 304 

  305 
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Discussion 306 

Baseline elevations of FGF12 was seen in T2D, whilst FGF20 was lower; with hypoglycemia, 307 

further FGF changes were seen for FGF18, FGF19, FGF20 and FGF23, that were lower, while 308 

FGF12 and FGF16 were higher in T2D. At 24-hours, FGF20 remained lower in T2D.  309 

Baseline FGF12 was initially higher in T2D but thereafter, with the exception of one timepoint (1-310 

hour post-hypoglycemia), did not differ from control subjects, either at or following hypoglycemia. 311 

FGF12 lacks the N terminal signal sequence and has been thought of as being primarily 312 

intracellular, acting as a nuclear localization signal. Despite having the similarity in sequence and 313 

structure to other FGFs, FGF12 does not activate any of the 7 FGF receptors on cell surfaces (45).  314 

However, circulatory levels of FGF12 and its changes in response to glycemia have not been 315 

investigated extensively. Here, we report that plasma levels of FGF12 are higher in obese patients 316 

with T2D compared to control subjects.  FGF12 levels did not alter in response to hypoglycemia 317 

or post-hypoglycemia in T2D, which may suggest an impaired glucose lowering effect in T2D 318 

(44). In a study in subjects with impaired glucose tolerance and using the SOMAscan proteomic 319 

platform (as was also used in this study), FGF12 was reported to be the top protein associated with 320 

a decline in pancreatic beta cell function; the other top ranked protein associated with decline in 321 

beta cell function was adiponectin, that was decreased in those with impaired glucose tolerance 322 

(44). The data reported by Belongie et al are in accord with the data presented here, with higher 323 

levels of FGF12 in T2D versus controls, also aligning with their findings. These data would 324 

therefore suggest the changes seen here for FGF12 may reflect beta cell function (44). That plasma 325 

levels of FGF12 were higher in this obese non-diabetic cohort relative to the T2D cohort is 326 

interesting and suggests that plasma levels of FGF12 should be considered for use as a biomarker 327 
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to study the progressive decline of beta cell function from normoglycemia, through impaired 328 

fasting glucose, to onset of T2D. 329 

Baseline FGF20 was lower in T2D, at hypoglycemia and throughout the post-hypoglycemia time 330 

course. FGF20 has been associated with protection against renal function and a decline in end 331 

stage renal disease (ESRD) (31). The SOMAscan platform was used for proteomic analysis in two 332 

longitudinal exploratory studies of type 1 (T1D) and type 2 diabetes (T2D) patients with chronic 333 

kidney disease (CKD) stage-3 compared to those with normal renal function (31). Data from that 334 

study suggested that ANGPT1, TNFRSF12 and FGF20 showed a strong, additive protective effect 335 

against decline in renal function. The short duration of diabetes in the cohort here, with normal 336 

renal function, may be the reason that FGF20 was lower in T2D versus controls, but we did not 337 

have a reference population of T2D with CKD with which to compare. Nonetheless, it could be 338 

seen that FGF20 was reduced by hypoglycemia in both controls and T2D in a parallel fashion, 339 

though with recovery at 4 hours; hypothetically, this may mean that recurrent hypoglycemia could 340 

blunt its protective effect for CKD.  341 

It was noteworthy that the change in blood glucose to euglycemia in T2D (5mmol/l; 90mg/dl) 342 

was not associated with any fluctuation in the levels of the FGF proteins. Given the changes in 343 

glucose variability reporting to affect oxidative stress and inflammatory markers, it was 344 

surprising that no changes were seen (46); however, this suggests that the changes in FGF are 345 

independent of glycemia and that their investigation does not require fasting samples. 346 

 347 

There was no change in FGF2 for either the T2D or control groups, suggesting that FGF2 is not 348 

under the regulation of marked changes of glycemia nor of the inflammatory, oxidative stress  or 349 

heat shock protein changes associated with hypoglycemia (47). FGF2 has been correlated to BMI 350 
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(15) and has been associated with inducing angiogenesis (16); in diabetes, it is related to the 351 

development of  diabetic retinopathy (17) and improvement in wound healing (18). In vitro, 352 

fibroblasts cultivated in high glucose displayed increased FGF2 mRNA, protein synthesis and 353 

secretion compared with normal glucose (48), suggesting that local tissue FGF2 modulation rather 354 

than circulating levels may result in hyperglycemia..  355 

 356 

FGF16 showed no change in T2D to hypoglycemia, but there was a decrease in control subjects 357 

with the levels at 24-hours being lower relative to baseline. FGF16 has been associated with a 358 

cardioprotective role in animal models of diabetic myocardial infarction (19). FGF16 is also 359 

associated with high glucose-induced cell proliferation in vitro (20) and its fall in controls may be 360 

protective by decreasing the drive for proliferation with a fall in glucose that is lost in T2D; 361 

however, its role clinically is unclear. The overall elevated level of FGF16 in T2D might be due 362 

to obesity of the T2D cases, because in rat, FGF16 has been reported as a unique growth factor 363 

involved in proliferation of embryonic brown adipose tissue (49). However, further studies with 364 

human adipocytes from patients with obesity and T2D are required to confirm this speculation.  365 

 366 

FGF18 showed the same decrease, significantly so, at 2-hours in both T2D and controls with no 367 

difference between the cohorts. It has been suggested that FGF18 is a pleiotropic growth factor  368 

that can stimulate proliferation in several different tissues, including the liver, and has been 369 

associated with the hair cycle (50). These data are therefore novel, describing the decrease in 370 

FGF12 that reached a nadir at 2-hours after hypoglycemia, suggesting that it is potentially 371 

modulated by glycemia and, given its pleiotropic growth stimulation role, its decrease in response 372 
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to low glucose levels may be protective as hypothesized for FGF16; however, no role of FGF18 373 

has been identified in T2D. 374 

 375 

Fibroblast growth factor 19 (FGF19), a hormone secreted from the ileum, has been shown to act 376 

as a modulator of lipid and glucose homeostasis, and could well be important to metabolic recovery 377 

post-bariatric surgery (51). Clinical study data seems to implicate FGF19 as causative rather than 378 

consequent upon type-2 diabetes improvement (52). Moreover, direct administration of 379 

recombinant FGF-19 to obese mice resulted in an increased metabolic rate concurrent with 380 

increased fatty acid oxidation which, in turn, caused significant weight reduction and reversed 381 

dietary and leptin-deficient diabetes (53). In the current study, FGF19 was shown to peak in 382 

controls at 2-hours, while no change in the T2D cohort was seen, which may suggest the anti-383 

obesity response of FGF19 in response to lowering glucose concentration in control subjects, but 384 

that response is blunted in T2D. Moreover, FGF19 is associated with insulin resistance, metabolic 385 

syndrome and non-alcoholic fatty liver disease, where lower levels are reported (54); that may 386 

again explain why there was no response to hypoglycemia in our T2D cohort, likely consequent 387 

upon the underlying insulin resistant state whereas, by contrast, the control group showed a 388 

significant response. In addition, as mentioned earlier, FGF19 expression has been associated with 389 

an increased metabolic rate in animal models (53) and, given the increase in metabolic rate 390 

associated with hypoglycemia (55), this may also help explain the increase in FGF19 with 391 

hypoglycemia seen in controls.   392 

 393 

FGF23 was shown to be lower in T2D compared to controls at all timepoints and both T2D and 394 

controls were unaffected by hypoglycemia, suggesting that glycemic changes and the metabolic 395 
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response to hypoglycemia do not modulate FGF23 in vivo. FGF23 is associated with an increased 396 

risk of cardiovascular events and mortality in T2D in patients with both normal and mildly 397 

impaired renal function (34). In addition, in patients with T2D and chronic kidney disease, FGF23 398 

has been associated with insulin resistance and inflammation (56). Here, FGF23 was lower than 399 

in controls and may reflect that these patients had no diabetes-related complications, and their 400 

diabetes was of short duration, raising the possibility that sequential measurement of FGF23 may 401 

indicate advancing cardiovascular disease risk if its levels increase. 402 

 403 

The STRING analysis was undertaken to confirm the physical and/or functional interactions of the 404 

FGF proteins and showed the close relationship of the individual FGF proteins that were studied 405 

here to determine their response to iatrogenic hypoglycemia.  406 

Overall, from the evidence detailed above, it can be seen that FGF2 showed no acute changes and 407 

therefore its reported correlation with diabetic retinopathy (17) is likely to be a consequence of 408 

long-term aberrations in circulating glucose and unrelated to acute hypoglycemic insults, as 409 

modelled here. Conversely, it can be seen that FGFs 16, 18, 19, 20 and 23 showed acute changes 410 

that were glycemia dependent. Whilst these results are intriguing, more studies are needed to 411 

establish the connection between FGF proteins and diabetes complication development in T2D, as 412 

the data on this relationship remains scant. Here, those FGFs associated with diabetes 413 

complications showed a complex picture; FGF16 is cardioprotective (57) and therefore the 414 

decrease seen here may be detrimental and, similarly, FGF20 is protective for renal function 415 

decline (31) and therefore its fall here may be detrimental. However, FGF23 elevation has been 416 

associated with increased cardiovascular disease events (34) and here was lower, suggesting a 417 

potential beneficial effect.  418 
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The T2D patients studied here had a short duration of disease and were relatively treatment naïve, 419 

adding strength to this study. Major study limitations include the small number of participants, as 420 

more subjects may have further highlighted FGF protein changes during the timecourse. However, 421 

such a severe hypoglycemic episode would be expected to make apparent any induced changes in 422 

FGF protein levels. The T2D subjects had an elevated BMI, though this is unlikely to have altered 423 

expression of FGFs to the hypoglycemic insult. This was an entirely Caucasian population; as such, 424 

the results presented here may not be generalizable to other ethnic groups. In addition, serum levels 425 

of FGF proteins may not reflect cellular levels or activity. Of note, the counter-regulatory response 426 

in both controls and T2D was robust and did not differ between the groups, indicative of the short 427 

duration of diabetes in the T2D group, as the response may be blunted in long standing diabetes. 428 

In conclusion, severe transient hypoglycemia transiently modulated FGF proteins in T2D, some of 429 

which have been associated with diabetes-related complications, suggesting that recurrent 430 

hypoglycemia may contribute to complication development through changes in FGF proteins. 431 

 432 
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Table 1. Study participant demographic and biochemical data.  598 
Data is Mean ± 1 SD (Median).  599 
 600 

Baseline Type 2 Diabetes 
(n=23) 

Controls (n=23) p-value Statistically 
significant 

Age (years) 64±8 (66) 60±10 (63) 0.15 No 
Sex (M/F) 12/11 11/12 0.77 No 
BMI (kg/m2)  32±4 (32) 28±3(27) 0.001 Yes 
Duration of diabetes (years) 4.5±2.2 (5.0) N/A  N/A 
HbA1c (mmol/mol) 51.2±11.4 (50.0) 37.2±2.2 (37.0) <0.0001 Yes 
HbA1c (%) 6.8±1.0 (6.7) 5.6±0.2 (5.5) <0.0001 Yes 
Total cholesterol (mmol/L) 4.2±1.0 (4.1) 4.8±0.67 (4.9) 0.02 Yes 
Triglyceride (mmol/L) 1.7±0.7 (1.5) 1.34±0.6 (1.3) 0.06 No 
HDL-cholesterol (mmol/L) 1.1±0.3 (1.1) 1.5±0.4 (1.4) 0.002 Yes 
LDL-cholesterol (mmol/L) 2.27±0.8 (2.1) 2.7±0.7 (2.8) 0.06 No 
CRP (mg/L) 3.0±2.7 (1.9) 5.1±10.3 (2.1) 0.33 No 

 601 
BMI: Body mass index, BP: Blood pressure, HDL-cholesterol: High density lipoprotein 602 
cholesterol, LDL-cholesterol: Low density lipoprotein cholesterol, CRP: C-reactive protein. 603 
HbA1c: Haemoglobin A1c; N/A: not applicable  604 
  605 
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Figure Legends: 606 

Figure 1: Classification of the FGF super- and subfamilies. The particular FGF proteins 607 

included in this study are depicted in bold red font. 608 

 609 

Figure 2. Role of FGFs in regulation of energy metabolism and metabolic homeostasis. 610 

Different FGFs bind to their respective FGFR receptors on the cell surface with the help of 611 

heparan sulfate proteoglycans (HSPG) (in the case of paracrine FGFs) and co-receptor α/β-612 

Klotho (in the case of endocrine FGFs) and activate the downstream pathways involved in a 613 

myriad of functions including morphogenesis, development, survival, proliferation, 614 

differentiation and glucose metabolism. 615 

 616 

Abbreviations: FGF-Fibroblast Growth factor; FGFR- Fibroblast Growth factor receptor; HSPG-617 

Heparan sulphate proteoglycan; PLCγ-   phospholipase C gamma; IP3- Inositol trisphosphate or 618 

inositol 1,4,5-trisphosphate; DAG- diacylglycerol; PKC- Protein kinase C; RSK- Ribosomal S6 619 

Kinase; P38- Mitogen-activated protein kinase; FRS2- Fibroblast growth factor receptor 620 

substrate 2; GRB2- growth factor receptor-bound protein 2; RAF- c-Raf; MEK- Mitogen-621 

activated protein kinase kinase; ERK1/2- Extracellular signal-regulated kinase1/2; PI3K- 622 

phosphatidylinositol-3-kinase; AKT- Serine/Threonine Kinase; mTOR- mechanistic target of 623 

rapamycin; JAK- Janus kinase; STAT- signal transducer and activator of transcription.  624 

SMAD Sma genes-Mothers Against Decapentaplegic Family Member 1/5; CYP1A1-625 

Cytochrome P450, family 1; SHP- small heterodimer partner; CREB- The cAMP-response 626 

element binding protein; MEF2A- Myocyte Enhancer Factor 2A; PGC1a- Peroxisome 627 

proliferator-activated receptor gamma coactivator 1-alpha; ALK1- Activin receptor-like kinase 1. 628 
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Figure 3: Comparison of blood glucose levels of FGF proteins at baseline, after induction of 629 

hypoglycemia and in the post-hypoglycemia follow-up period in control and type 2 diabetes 630 

(T2D) subjects.  Blood sampling was performed at Baseline (BL), at hypoglycemia (0 min) and 631 

at post-hypoglycemia timepoints (0.5-hours, 1-hour, 2-hours, 4-hours and 24-hours) for controls 632 

(white circles) and for T2D (black squares). Somalogic proteomic analysis was undertaken for the 633 

following fibroblast growth factor proteins: FGF12 (A), FGF20 (B), FGF23 (C), FGF18 (D), 634 

FGF19 (E), FGF16 (F) and FGF2 (G) for which levels differed at baseline, at hypoglycemia and 635 

at different post-hypoglycemia time points when levels in T2D and control subjects were compared. 636 

Statistics: *, p< 0.05, **, p< 0.01, ****, p<0.0001, control vs T2D.  637 

Changes in protein levels within group (control and T2D) relative to baseline and hypoglycemia 638 

are also shown. Statistics: T2D, baseline to subsequent timepoints: $$ p<0.01, $$$ p<0.001; T2D, 639 

hypoglycemia to subsequent timepoints: && p<0.01, &&& p<0.001; Control, baseline to 640 

subsequent timepoints: ## p<0.01, ### p<0.001; Control, hypoglycemia to subsequent timepoints: 641 

^ p<0.05, ^^ p<0.01, ^^^ p<0.001. 642 

RFU-relative fluorescent units; BG-blood glucose; Hypo-hypoglycemia 643 

 644 

Supplementary figure 1. Glucose (A) and glucagon (B) response throughout the experimental 645 

time course for the control and type 2 diabetes [T2D] cohorts.  646 

Statistics: (A) T2D versus control: **** p<0.0001.  647 

(B) T2D, baseline to subsequent timepoints: $$ p<0.01; T2D, hypoglycemia to subsequent 648 

timepoints: && p<0.01, &&&& p<0.0001; Control, baseline to subsequent timepoints: #### 649 

p<0.0001; Control, hypoglycemia to subsequent timepoints: ^ p<0.05, ^^^^ p<0.0001. 650 
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RFU-relative fluorescent units; BG-blood glucose; Hypo-hypoglycemia 651 

 652 

Supplementary figure 2. Levels of FGF proteins at baseline (BL) in both controls and type 2 653 

diabetes (T2D) and in response to euglycemia (BM, in T2D only; blood glucose lowered to 5 654 

mmol/L from a baseline level of 7.5±0.4 mmol/L). The data shows that FGF protein levels were 655 

not affected by glycemic fluctuation to the level of euglycemia. T2D vs control at baseline (BL): 656 

** p< 0.01. 657 

 658 

Supplementary figure 3. STRING interaction network showing the interactions of the FGF 659 

proteins.  660 

The Search Tool for the Retrieval of Interacting Genes (STRING 11.0) was utilized to demonstrate 661 

both known and predicted FGF interactions (https://string-db.org/). Nodes=proteins; 662 

lines=physical/ functional interactions. (known interactions, light blue (from curated databases) 663 

and pink (experimentally determined); predicted interactions, dark blue (gene co-occurrence); 664 

relationships gleaned from text mining (lime green), co-expression (black) and protein homology 665 

(mauve). 666 

 667 

https://string-db.org/
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