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Abstract

Alterations in hepatic free fatty acid (FFA) uptake and metabolism contribute to development of 

prevalent liver disorders such as hepatosteatosis. However, detecting dynamic changes in FFA 

uptake by the liver in live model organisms has proven difficult. To enable non-invasive real-time 

imaging of FFA flux in the liver, we generated transgenic mice with liver-specific expression of 

luciferase and performed bioluminescence imaging with an FFA probe. Our approach enabled us 

to observe the changes in FFA hepatic uptake under different physiological conditions in live 

animals. Using this method, we detected a decrease in FFA accumulation in the liver after mice 

were given injections of deoxycholic acid and an increase after they were fed fenofibrate. In 

addition, we observed diurnal regulation of FFA hepatic uptake in living mice. Our imaging 

system appears to be a useful and reliable tool for studying the dynamic changes in hepatic FFA 

flux in models of liver disease.
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In obesity, plasma level of free fatty acids (FFA) are usually elevated and are associated with 

an increased risk of hepatosteatosis, the hallmark feature of nonalcoholic fatty liver disease 

(NAFLD).1 Some deleterious effects of excessive FFAs on liver function can be prevented 

by inhibiting fatty acid transport proteins(FATPs) in the liver, thereby reducing FFA hepatic 
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uptake.2 Thus, quantitative monitoring of long-term hepatic FFA uptake in vivo should be of 

paramount importance for lipid research and the liver-associated metabolic disorders.

We recently developed a bioluminescence imaging (BLI) probe for monitoring FFA uptake 

(S)-2-(6-((3-((15-carboxypentadecyl)disulfanyl)propoxy)carbonyloxy)benzo[d]thiazol-2-

yl)-4,5-dihydrothiazole-4-carboxylic acid (FFA-Luc).3 FFA-Luc is a C16 long-chain fatty 

acid linked to luciferin via a disulfide bond. It is taken up via physiological, compatible, 

transporter mediated processes3 and upon uptake uncages luciferin due to the reducing 

intracellular environment resulting in cleavage of the disulfide bond. Thus, in luciferase 

expressing cells, FFA-Luc uptake results in the proportional generation of photons3. Using 

this probe we could detect FFA uptake from intestine and distinct sites such as brown 

adipose tissue in mice that express luciferase under the actin promoter (FVB-Luc+).3 

However, we were not able to determine hepatic fatty acid uptake due to the high scattering 

of multiple signals from the abdominal cavity. To circumvent this problem, we generated 

transgenic mice expressing luciferase under the control of the albumin promoter for liver-

specific luciferase expression (L-Luc mice).

After luciferin intraperitoneal (IP) injection, while FVB-Luc+ mice showed signal 

throughout the body, the signal from L-Luc mice was liver specific (Figure 1A). To further 

confirm liver-specific luciferase expression, we harvested several organs and detected light 

emission only in the liver (Figure 1B). The dose-response in L-Luc mice was investigated by 

injecting 2, 10, and 20mM of luciferin and 10, 50, and 100 M of FFA-Luc, followed by 

monitoring total photon flux for 50 min by BLI. The results indicated a dose-dependent 

increase in total photon flux after both luciferin and FFA-Luc injection (Figure 1C, D).

As the probe is taken up by all FFA utilizing tissues,3 we considered the possibility that 

luciferin uncaged in extrahepatic tissues could circulate back to the liver and thus contribute 

to the hepatic BLI signal independent of hepatic FFA uptake. To determine serum levels of 

FFA-Luc-derived free luciferin, we measured luciferin content in serum samples of FFA-

Luc- and luciferin-injected wild-type mice 10 and 20 min after injection (Figure 1E). Based 

on the serum luminescence data, we calculated a serum free luciferin of 0.16 M and further 

determined that this serum concentration of luciferin can be achieved using a single 100μL 

IP injection of 4μM free luciferin. We injected this dose into the L-Luc mice to determine 

the signal intensity in the liver generated by free circulating luciferin at a concentration 

expected to be reached by extrahepatically generated breakdown of the FFA-Luc probe 

(Figure 1F). The results indicate that the maximal total signal generated by 0.16μM 

circulating luciferin was less than 4% of the total signal we observe for FFA-Luc, and thus 

within the range of inter-animal variations.

Next, we determined whether our imaging system could be used to detect changes in liver 

FFA uptake. Our previous study showed that the secondary bile acid, deoxycholic acid 

(DCA), inhibits FATP5 with an IC50 of 0.19 μM in vitro without any apparent toxicity and 

showed that DCA is able to significantly reduce the hepatic uptake of various long-chain 

fatty acids.4 We measured FFA influx in the liver of DCA-treated L-Luc mice using BLI 

with FFA-Luc and compared the measurement to a widely used ex vivo FFA uptake assay 

with fluorescently labeled FA (BODIPY) (Figure 2A,B). BODIPY incorporates into lipids 
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and has been utilized as a valuable tool in lipid transport and membrane studies.5 While only 

the bioluminescent method allowed for in vivo detection, both FFA-Luc and BODIPY-FFA 

based assays detected a comparable decrease in FFA hepatic uptake of 35% in the DCA-

treated group. In addition, we couldn’t detect DCA induced quenching of luciferase-luciferin 

bioluminescence (Supplementary Figure 1). We then applied our imaging approach to study 

the effect of fenofibrate on hepatic FFA uptake. Fenofibrate promotes β-oxidation in the 

liver,6 but its effect on FFA uptake has not been explored. We fed L-Luc mice standard chow 

or fenofibrate (0.2% w/w) diet for 10 days and then analyzed for FFA uptake in the liver. 

The results revealed a significant increase by 40% of hepatic FFA uptake in fenofibrate-

treated animals compared to control (Figure 2C), suggesting that enhanced FFA uptake 

contributes to a fenofibrate-induced increase in β-oxidation.

We next applied BLI to explore hepatic diurnal changes in liver FFA uptake over a 24-hour 

period in male L-Luc mice. The highest FFA uptake was observed at zeitgeber time (ZT) 06 

(1PM), mid-light phase, while the lowest was detected at ZT18 (Figure 2D); moreover, 

significant differences were observed between ZT06 and ZT12 (decreased by 59% of ZT06) 

and between ZT06 and ZT18 (decreased by 64% of the highest). These results indicate that 

FFA uptake by the liver is altered across the day and night, suggesting a robust diurnal 

rhythm. These data agree with the finding that FATP2, one of the major hepatic fatty acid 

transporters, exhibits a strong diurnal expression pattern.7 Importantly the rhythmic changes 

in hepatic FFA uptake were not driven by changes in circulation FFA levels (Figure 2E).

To confirm our diurnal changes of hepatic FFA uptake reflects actual FFA uptake, we 

compared hepatic FFA uptake under feeding, fasting and refeeding states (Figure 2F). We 

observed that ZT06 and ZT12 showed significantly different hepatic uptake in the regular 

feeding state. However, there is no significant difference in the hepatic FFA uptake after 

24hr fasting or refeeding between ZT06 and ZT12 (Figure 2F). Refeeding significantly 

increased hepatic FFA uptake at ZT12 while it had less effect at ZT06. This means that food 

manipulation can override the diurnal rhythms of hepatic FFA uptake and have different 

effects at different time points of day. Changes in uptake are not driven by serum FFA levels 

because FFA level is low when FFA uptake rate is low (Supplementary Figure 2).

Taken together, we have demonstrated the development of a novel in vivo imaging system 

and its application for monitoring physiological and pathological changes to FFA uptake in 

preclinical models. The data obtained in this study demonstrate that FFA uptake could be 

monitored in real time under various conditions, which, given the importance of FFA hepatic 

accumulation in physiology, opens up a spectrum of opportunities for studying fundamental 

mechanisms underlying lipid metabolism in the liver.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of liver-specific transgenic mice and model validation
(A) Ventral luminescent/photographic overlay comparing the BLI of FVB-Luc+(left) and L-

Luc (right) mice 5 min after IP injection of luciferin. (B) Luminescent/photographic overlay 

of FFA-Luc uptake by the liver (I), kidney (II), heart (III), and white adipose tissue (IV) 

from L-Luc mice 5 min after luciferin administration. (C) Total photon flux 0–25 min after 

the injection of luciferin (C) and 0-50 min after the injection of FFA-Luc (D) at the indicated 

concentrations. Error bars are ± SEM of 3 independent experiments. (E) Detection of free 

serum luciferin before injection, 10 and 20 min after the injection of luciferin and FFA-Luc. 
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Error bars are ± SEM (n=5). (F) Luminescence emitted by free luciferin injected at a dose 

(100μL at 4μM) to match the serum levels of FFA-derived circulating free luciferin (0.16μM 

in serum). Error bars are ± SEM (n=5)
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Figure 2. Application of bioluminescence imaging (BLI) to monitoring the changes in FFA 
hepatic uptake in different physiological conditions
Acute effects of DCA injection at the concentration of 6.4 mg/kg body weight into L-Luc 

mice on the reduction of hepatic uptake of BODIPY(A) and FFA-Luc (B). **P < 0.01, ***P 

< 0.001 (n = 5) in Student’s t-test. (C) Fenofibrate feeding increased FFA-Luc uptake in the 

liver. **P < 0.01 (n = 5) in Student’s t-test. (D) FFA uptake rate after the injection of FFA-

Luc into L-Luc mice and serum FFA concentration (E) during the light (ZT6, ZT12) and 

dark (ZT18, ZT0) periods. *P < 0.05, **P<0.01 (n = 5) in one-way ANOVA. (F) FFA uptake 

rate after regular feeding, 24hr of fasting and refeeding during the light (ZT6, ZT12) 
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periods. ##P<0.01 between feeding and refeeding at ZT12, **P<0.01 in a paired Student’s t-

test. Values are reported with error bars as ±SEM.
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