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An aqueous solution of a common food dye, Fast Green FCF (FG), mimics cholyl-lysyl-fluorescein 
to visualize embryonic bile flow via single peritoneal injection into intrauterine mouse embryos. 
Despite its efficacy in embryos, its suitability for adult mice and small to medium-sized mammals 
remained uncertain. In this study, we investigated FG cholangiography in adult mice, dogs, and goats. 
The results demonstrate that FG injection enables progressive cholangiography in these species, 
highlighting its versatility across different animal models without necessitating specialized equipment. 
To further evaluate diagnostic utility, FG cholangiography was performed in various mouse models of 
bile flow disorders. FG successfully visualized dilated lumina in the extrahepatic bile duct of BDL mice 
and revealed aberrant luminal structures in the gallbladder walls of Sox17+/− or Shh-cre; Sox17flox/− 
mice. In Mab21l1−/− mice with contracted gallbladders, FG influx was limited to the gallbladder neck. 
Moreover, stereomicroscopic video analysis of FG influx into the gallbladder post-fasting revealed 
differences in gallbladder wall state and its bile composition between Sox17+/− and wild-type mice, 
suggesting the potential for detecting variations in gallbladder stored bile properties. These findings 
underscore the efficacy of FG in facilitating progressive cholangiography across mammalian species.
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BDL	� Common bile duct ligated
FG	� Fast green FCF
ICG	� Indocyanine green
NIR-II	� Second near-infrared region
PBG	� Peribiliary gland

Bile is produced in hepatocytes and then transported through the intrahepatic bile ducts to the hepatic and 
common hepatic ducts for extrahepatic transport. In animals with a gallbladder, bile is transported through 
the cystic duct to the gallbladder for storage1,2. During the inter-meal period, the bile in the gallbladder is 
concentrated through its walls, and the concentrated bile is released into the duodenum via the common bile 
duct by meal stimulation. If this bile flow from the liver to the duodenum is disrupted, biliary atresia occurs, 
leading to severe hepatic dysfunction and significant morbidity and mortality3.

For the pre- and post-operative evaluation of bile flow in biliary diseases, contrast agents are widely used 
in medical imaging to enhance the visibility of internal structures or fluids during diagnostic procedures4,5. 
In humans, gadolinium-based agents are commonly used for MRI, while iodine-based agents are used for 
X-ray and CT scans for perioperative evaluation of the biliary tree. Since progressive cholangiography is very 
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useful in laparoscopic cholecystectomy to prevent intraoperative bile duct injury6, indocyanine green (ICG) 
has been used as an intravenous cholangiographic contrast medium for human medical practice to localize 
the site of bile stagnation7. After intravenous administration, ICG is taken up by hepatocytes and excreted into 
the bile duct [Ref.8, and references therein]. A near-infrared camera visualized the fluorescence emitted by the 
ICG in the bile9–11. In mice and rats, cholyl-lysyl fluorescein-labelled bile analogs and NIR-II (second near-
infrared region, 1000–1700 nm) fluorescence probes were developed as a tool for the intravital visualization of 
bile acid transport by using upright two-photon excitation laser scanning microscopy or NIR-II vivo imaging 
system12,13. In veterinary medicine, choledocholithiasis, biliary sludge, gallbladder mucocele and gallstones 
are some conditions requiring intraoperative cholangiography5. However, these imaging methods have only 
recently begun at the research level and are not widely used in veterinary medicine, due to the economic aspects 
including the initial investment in equipment as well as the technical and educational aspects of the veterinary 
hospital staff.

Existing common food dyes are being used for applications other than traditional food coloring, and their 
efficacy is being highlighted as they have already been internationally evaluated for safety in animal testing 
according to common global standards. Recently, tartrazine, a yellow-orange compound ‘FD&C Yellow 5’ used 
as a common synthetic pigment in food manufacturing, has been shown to reversibly make engineer skin, 
muscle, and connective tissue of living rodents to become optically transparent14. Fast Green FCF (FG), ‘FD&C 
Green No. 3’ as a color additive, is also attracting attention as a potential treatment for postoperative cognitive 
dysfunction by reducing neuroinflammation [15, and references therein]. In our previous study, we newly 
developed a novel cholangiography method using a food dye FG, which can be administered intraperitoneally 
through the uterine wall of the mother mouse to visualize the bile flow in the intrauterine mouse embryos16 
(also see Supplementary Movie S1). The contrast agent with blue color can easily visualize the biliary tract of the 
fetal and perinatal mouse embryos without requiring special equipment. However, it is still unclear whether it 
is possible to visualize the bile duct and its luminal structure in adult mice and other small- to medium-sized 
mammals for basic research and veterinary clinical and anatomical practice.

To expand the applicability of FG as a biliary contrast agent, we attempted to visualize the bile duct and 
biliary system in adult mice, dogs, and goats. Moreover, we comparatively examined FG cholangiography in 
mouse models of biliary disease, such as common bile duct ligated (BDL) mice, Sox17 heterozygous mice with 
gallbladder wall hypoplasia16–19, and Mab21l1−/− mice with a contracted gallbladder20. Here, we show that FG 
contrast agent is a progressive cholangiography for various adult mammals, allowing the detection of the bile 
duct and its characteristics without requiring special equipment.

Results
Visualization of the extrahepatic bile duct of adult mice, dogs and goats by fast green FCF 
(FG)
First, wild-type adult mice were used for progressive FG cholangiography. They were placed on a cholecystography 
table of our own design (Fig. 1B), and the biliary system was observed under a stereomicroscope immediately 
after FG injection (1 mg/kg bw, iv). As a result, the common hepatic and common bile ducts began to contrast 1–3 
minutes after FG injection (Fig. 1B’), and the FG was visible in all extrahepatic ducts, including the gallbladder 
and cystic duct by 10 min after FG injection (Fig. 1B’’). This suggests that the FG can be easily seen even in the 
extrahepatic ducts of the adult mice under this condition.

Next, we applied the FG cholangiography to the adult dogs (Fig.  1C). Unfortunately, after the first FG 
administration (0.5 mg/kg bw, iv), FG was only weakly detectable through the fatty tissues surrounding the 
duct wall in each of the hepatic and common bile ducts in the hilar region. During 10–20 min after the first FG 
administration, the fatty tissues around the bile duct walls were excised. The FG-labelled bile duct wall served 
as an indicator and facilitated surgical resection without damaging the bile duct walls (arrowheads in Fig. 1C’). 
These results suggested that this contrast agent was more suitable for the bile duct walls indicator during bile 
duct surgery in larger animals, such as dogs, than as a diagnostic contrast agent visible to the naked eye21.

Finally, FG cholangiography was performed before the euthanasia of adult goats for dissection training to 
evaluate its efficacy in preparing observation specimens of the biliary system for dissection. After administration 
of FG into the external jugular vein of adult goats (10 mg/kg bw, iv), they were euthanized 100 min later and 
necropsied the next day (Fig. 1D). In FG-treated goats, the extrahepatic bile duct system was clearly visible, 
whereas in goats not treated with FG, only the gallbladder was visible and the other bile duct systems were 
difficult to distinguish. These results showed that FG could image the bile duct for approximately 24 h after 
euthanasia and that it could be easily visualized. This has been shown to be useful in observing the bile duct in 
anatomy practice.

Progressive FG cholangiography in mouse models of bile duct disease
Next, we comparatively examined FG cholangiography in three mouse models of biliary disease (Fig. 2): (i) 
common bile duct ligated (BDL) mice, (ii) Mab21l1−/− mice with a contracted gallbladder of unknown cause20; 
Supplementary Fig. S1), and (iii) Sox17 heterozygous mice (Sox17+/− and Shh-cre; Sox17flox/− mice, both of which 
exhibit gallbladder wall hypoplasia;16–19).

In the BDL mice, FG cholangiography visualized the dilated lumen of the common bile duct upstream 
of the ligation site (Fig.  2A). Mab21l1−/− mice always show a contracted gallbladder in the normal feeding 
condition, albeit of proper bile accumulation in the fasted period (Supplementary Fig. S1). FG cholangiography 
in Mab21l1−/− mice (normal feeding) revealed that FG labelled the entire contracted gallbladder in some cases 
but only the proximal gallbladder region in others, suggesting some difference in the FG influx into the proximal 
and apical portions of the gallbladder between mutants.
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The Sox17+/− and Shh-cre; Sox17flox/− mice show severe gallbladder wall hypoplasia in their Sox17 gene-
dosage-dependent manner16. However, their gallbladders elongate in a normal direction as the liver grows16,22. 
FG cholangiography in Sox17+/− mice visualized ectopic formation of peribiliary glands (PBGs) in the proximal 
half of the gallbladder, characteristic of the cystic duct and hepatic ducts18,22. Moreover, FG cholangiography in 
Shh-cre; Sox17flox/− mice also visualize the narrow lumen of the slender gallbladder with severe gallbladder wall 

Fig. 1.  A novel cholangiography using Fast Green FCF (FG) in adult mice, dogs and goats. (A) 1 mg/ml FG 
solution in 1.5 ml tube. (B) Mouse anesthetized with isoflurane is on the original cholecystogram stand (white 
dotted line) during cholangiography. (B’) (higher magnified images of bile ducts at hepatic hilus) and (B’’) 
(a lower magnified image including the whole gallbladder) show the blue contrast images of the extrahepatic 
duct at 0, 1, 3, 10 and 15 min after FG administration (1 mg/kg bw). (C) In the laparotomy after the first FG 
injection (0.5 mg/kg bw; iv), the fat and connective tissues covering the extrahepatic bile ducts were removed 
(pseudo-surgery), and the bile duct images were photographed after additional FG injection (0.5 mg/kg bw 
at 20 min). Arrowheads indicate the blue contrasted regions visible after removing fat and connective tissue 
(white arrows, unremoved regions of extrahepatic duct hidden by the fatty tissue around FG-labeled bile 
duct). (D) FG (10 mg/kg bw) was administered via the external jugular vein and euthanized 100 min later. 
Necropsied the following day at an autopsy practice, Goats were euthanized 100 min after administration of FG 
(10 mg/kg bw) via the external jugular vein and then necropsied the next day in the dissection practice. In the 
FG-treated goat, all parts of the extrahepatic bile ducts contrasted in blue are clearly visible. Upper inset, bile in 
the gallbladder soaked in white paper. CBD common bile duct, GB gallbladder, HD hepatic duct, Li liver. Scale 
bars: 0.5 mm in (B’); 1 mm in (B’’).
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agenesis (Fig. 2D), suggesting the valuable tool of FG cholangiography to visualize not only the bile duct lumen 
but also the aberrant internal wall structure of the gallbladder disease models.

Video analysis of FG-labelled bile influx in the gallbladder of wild-type and mutant mice
To clarify the bile influx dynamics into the gallbladder of each genotype of mice, we performed a video analysis 
of the FG influx within the gallbladder of 12-hour fasted mice (Fig. 3A). The 12-hour fasted condition allows 
us to correct for the differences in gallbladder constriction between wild-type and mutant mice and to capture 
the FG-labelled bile flow in the bile-filled gallbladder easily. All mice with wild-type, Sox17+/− and Mab21l1−/− 
genotypes demonstrated bile accumulation in the gallbladder after 12-hour fasting (most left plate in Fig. 3B-D), 
albeit of the slender sac-like gallbladder of the Sox17+/− mice17. In all three genotypes, FG entered the gallbladder 
toward the apex and filled the entire internal lumen of the gallbladder within 5 min of FG influx (Fig. 3B-D). 
Even in the wild-type, the time required for FG to label the gallbladder up to the apex varied between individuals. 
This duration was inconsistent (Fig. 3B). However, the initial influx of freshly FG-labelled bile (blue) formed a 
well-defined border with the bile stored for 12 h (yellow) in wild-type and Mab21l1−/− mice (Fig. 3C). In Sox17+/− 
mice, on the other hand, the border with stored bile in the gallbladder was not well-defined, accompanied by 
rapid FG diffusion within the gallbladder (Fig. 3D).

Fig. 2.  FG cholangiography in the mouse biliary disease models of bile duct ligation (A), contracted 
gallbladder (B) and gallbladder wall hypoplasia (C, D). (A) In BDL mice, FG injection visualizes the luminal 
enlargement of the extrahepatic bile duct (white arrow, common bile duct ligation site). (B) Two Mab21l1−/− 
mice with a spontaneously contracted gallbladder showing the FG-labelled gallbladder in the entire region 
(left) or only in the proximal region (right). (C) In the Sox17+/− mice with hypoplastic gallbladder wall, FG 
contrast visualizes the ectopically formed peribiliary gland (PBG) in the proximal half of the gallbladder. (D) 
In the Shh-cre; Sox17flox/− mouse with gallbladder wall aplasia, FG contrast visualizes the presence of the long, 
narrow lumen of the presumptive gallbladder region (white arrowhead; blue dashed line, luminal wall). All 
mice were fed ad libitum, and images of sham and wild-type controls are also shown.  CBD common bile duct, 
GB gallbladder, HD hepatic duct, Li liver. Scale bars: 1 mm in A, B, and the left panel of C; 500 μm in the left 
panel of D; 200 μm in the right panels of (C) and (D).
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Fig. 3.  Video analysis of FG influx and diffusion in the gallbladder of wild-type, Mab21l1−/− and Sox17+/−mice 
fasted for 12 h. (A) FG was administered to the mice, fasted for 12 hours, and the kinetics of FG entry into 
the gallbladder were video recorded under a stereomicroscope. (B–D) Time laps images (0, 1, 2, 5 min) of FG 
influx in the gallbladders of wild-type (B), Mab21l1+/− (C) and Sox17+/− (D) mice. Each right inset (i.e., (B’), 
(C’), (D’)) shows a higher magnified view of the border between FG-labelled fresh bile (blue) and fully stored 
bile (yellow), as indicated by a white arrow (1 min after FG entry in left). The influx of FG-labelled fresh bile 
causes a two-layer separation with the stored bile in the gallbladder in wild-type and Mab21l1−/− mice but not 
Sox17+/− mice. GB gallbladder. Scale bars: 1 mm.
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Next, to analyze differences in influx patterns between wild-type and Sox17+/− mice, we measured FG density 
along the axial length of the gallbladder from proximal to distal at 30 s, 1 min, and 2 min after initial FG influx 
using Image-J (Fig. 4A). In wild-type mice, FG invaded the gallbladder toward the distal end while maintaining 
a well-defined boundary formed between stored bile and FG (left panels in Fig. 4B). In contrast, in Sox17+/− 
mice, FG density was gradually decreased from the entrance to the distal apex of the gallbladder, following 
a gradient toward the distal end during the first 2 min after influx (right panels in Fig. 4B). To correct for FG 
permeability in each gallbladder wall, we estimated the level of relative FG diffusion during the first 30  s at 
the base of the maximum FG density at 2 min after FG influx into the gallbladder (Supplementary Fig. S2). 
The initial spread of the relative FG density also formed a well-defined boundary with the stored bile area in 
the gallbladder of wild-type mice, in contrast to the absence of a boundary between FG and stored bile in the 
Sox17+/− mice (Fig. S2B). The mean diffusion velocity (mm/s) of the FG influx estimated during the first 30 s 
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in the gallbladder was significantly higher in the Sox17+/− mice than in wild-type mice (wild-type: 2.47 ± 0.31, 
Sox17+/−: 4.31 ± 2.52 mm/s; p < 0.05; n = 5 each). These results suggest that FG-enriched fresh bile may readily 
mix with conventional bile stored in the gallbladder in Sox17+/− mice compared to wild-type mice, potentially 
attributed to the distinctive characteristics of the stored bile.

In addition, we confirmed the distinct FG dynamics in the gallbladder bile prepared from the wild-type and 
Sox17+/− mice fasted for 12 h by using two in vitro systems of a bile drop-on- dish and a bile-filled glass capillary 
(Supplementary Fig. S3). In both drop and capillary systems, FG was found to move more quickly upward (in 
the direction opposite to gravity) in the wild-type bile, as compared with the Sox17+/− bile (Fig. S3A, B). In 
the drop-on-dish, FG maintained a clean circular shape on the upper surface of wild-type bile, whereas in the 
Sox17+/− bile, FG randomly diffused as a floating state (Fig. S3A). In the horizontal capillary, FG was found to 
move upward in the wild-type bile, whereas in the Sox17+/− bile, FG diffused in a floating state (Fig. S3B). In the 
vertical capillary, the FG boundary was more evident in stored bile of wild-type mice as compared with those of 
Sox17+/− mice (Fig. S3C). Such distinct FG dynamics in vitro may reflect the distinct FG influx patterns between 
wild-type and Sox17+/− mice (Fig. 4B).

Bile acid analysis in the gallbladder of wild-type and Sox17+/− mice
Since the main effect of the gallbladder wall on bile composition is the removal of water and inorganic 
electrolytes1,2, we finally measured the gallbladder bile composition in wild-type and Sox17+/− mice fasted for 12 h 
(Fig. 4C, D, Supplementally Table S1). Both cholesterol and total bile acid in gallbladder bile were significantly 
reduced by about three quarters in Sox17+/− mice compared to wild-type mice. The total and individual levels of 
unconjugated bile acids such as α, β, ω-muricholic acid (MCA) and cholic acid (CA) also showed a significant 
reduction in Sox17+/− mice compared to wild-type mice, resulting in an altered ratio of amino acid-conjugated 
and unconjugated bile acid composition in their gallbladder fluid between two genotypes (left in Fig.  4D). 
Interestingly, despite the significant reduction in unconjugated bile acids in Sox17+/− mice, each amino acid per 
total unconjugated bile acid (%) showed a similar composition between wild-type and Sox17+/− mice (right in 
Fig. 4D), suggesting a possible impairment of bile acid enrichment by the gallbladder wall of Sox17+/− mice19.

Discussion
In this study, we concluded that a novel cholangiography method using a common food dye Fast green FCF in 
adult mice, dogs, and goats yielded several applications (Fig. 1). These applications spanned from detecting the 
bile duct structures and aberrant gallbladder wall to guiding the extrahepatic bile duct in intraoperative and 
veterinary anatomy practice. FG administration allowed for visualization of the extrahepatic duct system in 
adult mice and dogs for approximately 15 min. Moreover, the extrahepatic bile ducts, labelled with FG, remained 
clearly visible in goats even after one day, making it a valuable tool for dissection practice in veterinary anatomy 
class. These findings suggest that FG is beneficial as a progressive cholangiographic contrast agent, applicable in 
both basic researches using mouse models and veterinary practices involving various mammals.

Indocyanine green (ICG) is widely used in medical imaging to enhance the visibility of bile duct structures 
or fluids during diagnostic procedures for human medical practice7. ICG requires a near-infrared camera for 
contrast, while FG enables contrast the extrahepatic bile ducts with the naked eye. Up to the present time, FG has 
mainly been used for coloring applications as a food dye. Toxicity tests conducted by the Joint FAO/WHO Expert 
Committee on Food Additives (JECFA) show no short- or long-term toxicity or carcinogenicity (JECFA Report). 
It is not carcinogenic in the International Agency for Research on Cancer (IARC) carcinogenic risk assessment 
(Group 3) (IARC Report), suggesting that FG is a safe food additive in Japan and the USA. ICG is also generally 
considered to be a safe cholangiographic agent. However, it can cause allergic reactions in rare cases, so the 
patient’s medical history and allergies must be recorded in detail before administration. If FG’s safety, including 
allergy, in intravenous infusion is confirmed, its use in clinical applications during surgery could be considered 
in the veterinary clinical field. FG is attracting attention as anti-inflammatory and anti-depressive effects to 
prevent postoperative cognitive dysfunction effects by reducing neuroinflammation, offering both diagnostic 
and therapeutic potential15. Moreover, FG is more effective for visualization with the naked eye during surgery 
in clinical veterinary medicine, where open rather than endoscopic surgery is still common.

FG cholangiography enabled the detection of various biliary abnormalities in mice with biliary system 
disorders. Initially, in mice with common bile duct ligation, the common hepatic duct (CHD) lumen dilated 

Fig. 4.  Morphometric analysis of FG density and bile acid analysis in the gallbladder of wild-type 
and Sox17+/−mice fasted for 12 h. (A) FG density (blue intensity) along the proximal-distal axis (each of three 
mice for wild-type and Sox17+/−mice) were measured at 0–2 min after FG entry into the gallbladder. (B) Line 
graphs showing FG dye intensity in the gallbladder of wild-type (three reddish lines on left) and Sox17+/− 
(three bluish lines on right) mice at 30 s, 1 and 2 min after FG influx into the gallbladder (x-axis, the length 
from the gallbladder-cystic duct border [mm]; y-axis, the absolute value of blue intensity [max value = 255]) 
(C, D). In (C), box plots show the amount of cholesterol (Chol) (left) and total bile acids (TBA) (right) in 
gallbladder bile in wild-type and Sox17+/− mice fasted for 12 h (n = 8 each). In (D), the bar graph shows the 
average ratio of unconjugated bile acids in TBA and the band graphs show the altered percentage of each bile 
acid (%) in the amino acid-conjugated (left) or -unconjugated (right) bile acid field between wild-type and 
Sox17+/− mice. *p < 0.05; **p < 0.01; p-values were calculated using Welch’s t-test. (E) Schematic representation 
of the different FG dynamics in the gallbladder of wild-type and Sox17+/− mice fasted for 12 h. FG influx forms 
a boundary layer with normally stored bile in the wild-type mice but not in the Sox17+/− gallbladder, indicating 
the abnormal properties of stored bile in Sox17+/− mice.

◂
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upstream of the obstructed site. In the contracted gallbladder of Mab21l1−/− mice, bile flow was impeded towards 
the apex of the shrinking gallbladder (Fig. 2). Moreover, FG administration into the Sox17 mutants could not 
only visualize a long and narrow lumen of the severe gallbladder wall agenesis of the Shh-cre; Sox17+/− mice, 
but also ectopically formed PBGs in the aberrant Sox17+/− gallbladders walls, a typical pathological character 
for human biliary atresia18. Therefore, FG cholangiography can be helpful for macro-anatomical observation/
visualization of bile flow in various mouse models.

Interestingly, we observed the formation of a well-defined border of the FG-labelled bile influx into the 
gallbladder in wild-type mice under a 12-hour fasting condition (Figs. 3B and 4B and E, S2). The bile in the 
gallbladders is concentrated through water uptake by the biliary epithelium, and the bile acid concentration 
in the bile sac is about 100 ~ 1000 times higher than in the hepatocytes1,23. In contrast to the specific gravity of 
gallbladder bile, which is about 1.0, the specific gravity of FG is 0.54 (ChemicalBook). Moreover, the specific 
viscosity of gallbladder bile is higher than that of hepatic bile2, together with a positive correlation between 
mucin and viscosity in gallbladder bile but not in hepatic bile23. Therefore, the influx of FG-enriched fresh bile 
may cause a two-layer separation of FG-labelled fresh bile in the gallbladder with fully stored bile, possibly due 
to the higher density/viscosity of the stored bile after 12 h compared to FG-enriched fresh bile.

On the other hand, during FG influx in Sox17+/− mice, fresh FG-labelled bile showed a gradient influx towards 
the apex without the well-defined border (Figs. 3B and 4B, S2). Moreover, in vitro FG diffusion assay in the drop-
on-dish / glass capillary showed a well-defined border formation of FG in the gallbladder bile drop prepared 
from wild-type, but not from Sox17+/− mice (Fig. S3), suggesting a more extensive mixing with conventional bile 
stored in the gallbladder in Sox17+/− mice compared to wild-type mice. The stored gallbladder bile of Sox17+/− 
mice showed a significant dilution of the bile acids together with a considerable reduction of unconjugated bile 
acids, leading to the possible different characteristics of the stored gallbladder fluid from those of wild-type 
mice (Fig.  4C-E). The Sox17+/− gallbladder, which exhibited hypoplastic walls, was partially replaced by the 
cystic and hepatic duct-like epithelia, including the PBGs18,22. Since the bile duct walls between the gallbladder 
and other bile ducts have been shown to be distinctly altered and modulated in bile secretion18 and involuntary 
contraction19, such replacement of non-gallbladder epithelia in the Sox17+/− mutants may possibly cause the 
aberrant characteristics of their stored bile, leading to rapid diffusion of FG-labeled fresh bile without a well-
defined border in the gallbladder. Further studies are needed to investigate the mechanisms of such altered bile 
acid and its fluid dynamics in the gallbladder of Sox17+/− mice.

In conclusion, FG, serving as a common food dye, exhibits the remarkable ability to provide progressive 
biliary contrast in adult mice and across various animal sizes – from small to medium. This versatility suggests 
its potential for extensive application as a visible contrast agent, eliminating the need for specialized equipment 
to guide the extrahepatic bile duct in veterinary clinical and anatomy practices. Beyond its current utility for 
imaging the biliary wall structure, FG may hold promise for the early detection of gallstones, cholecystitis, 
gallbladder cancer and mucoceles by discerning the nature of the gallbladder wall and its stored bile.

Materials and methods
Animals
Six-week-old male wild-type mice (C57B6J, ICR) were purchased from SLC Japan (Shizuoka, Japan) and bred 
in the animal room for at least one week before use. The wild-type mice (n = 9), Sox17+/− (i.e., Sox17+/−(GFP) 
and Sox17+(flox)/−; n = 5) and Shh-cre; Sox17flox/− mice (n = 5) mice, a mouse model of biliary atresia16–19, and 
Mab21L1−/− mice with a contracted gallbladder (cause unknown; nine-ten- weeks-old; n = 4;20) used in this 
study were obtained by breeding at an animal room of our laboratory. For stereomicroscopic video analysis of 
FG influx into the gallbladder, all wild-type and mutant mice were fasted 12 h before the experiments to achieve 
the same level of bile storage in the gallbladder. All mice were maintained on a lighting regime of 12:12 h light: 
dark with food and water supplied ad libitum unless otherwise stated. Two beagle dogs (six-years-old, 9–10 kg) 
purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan) were used after another surgical experimental use at 
laparotomy before being euthanized to donate for dissection. Four Shiba goats, weighing approximately 30 kg, 
raised at a farm affiliated with the Graduate School of Agricultural and Life Sciences of the University of Tokyo 
were used. All experiments were performed in accordance with the University of Tokyo Animal Experimentation 
Regulations. The approval of this study was obtained by the Institutional Animal Care and Use Committee of the 
Graduate School of Agricultural and Life Sciences, The University of Tokyo (approval numbers: P20-035, P22-
018, P21-132, P21-120 and P23-052). The study is reported in accordance with ARRIVE guidelines.

Progressive fast green FCF cholangiography and video analysis of adult mice
Fast Green FCF (FG) (Fig. 1A) was utilized in adult mice, dogs and goats. FG shows maximum biliary output 
20 min after administration, and 90.3–92.9% of the bile was excreted within 4 h in rat24 (50% lethal dose of FG is 
> 2000 mg/kg bw in orally administered rats and > 200 mg/kg bw in orally administered dogs) [16, and references 
therein]. In adult mice, intraperitoneal FG administration (30–100 mg/kg bw daily for 12 days before and after 
surgery) was also shown to improve postoperative cognitive function, rather than causing postoperative sequelae, 
by using various mouse behavioral tests15. As for the embryotoxicity, no significant changes in body/liver weight 
or survival rate just prior to birth were detected in the intrauterine embryos intraperitoneally injected with FG 
(10 mg/kg; i.p.) at embryonic day16.516.

As for FG cholangiography, the mice with free-fed or 12-hour fasting were used. As for stereomicroscope 
video analysis, mice were maintained under anesthesia with a 5% concentration of isoflurane. Each mouse was 
set on a handmade cushion and fixed their limbs with surgical tape on the hot plate (Fig. 1B) under SZX12 stereo 
microscope (OLYMPUS) equipped with the camera (DP80, OLYMPUS) and imaging software cellSens Standard 
version 1.16 (https://www.​olympus-life​science.com/​en/software​/cellsens/, OLYMPUS). After laparotomy, the 
cushion was positioned so the gallbladder, cystic duct, hilar common hepatic, and bile ducts were in the same 
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plane. The common bile duct ligation was performed at the middle position between the hilar position and the 
duodenum with nylon thread (7 − 0) before setting a cushion. After focusing the stereomicroscope onto the 
gallbladder and hilar hepatic duct, intravenous FG injection through the orbital venous plexus was performed, 
and the video was immediately recorded using cellSens. The mice were then euthanized by cervical dislocation 
under deep anesthesia.

Progressive FG cholangiography in adult dogs and goats
After premedication with intravenous administration of atropine (10  mg/kg bw, Nipro ES Pharma, Osaka, 
Japan) and fentanyl (3  mg/kg bw, Terumo Corporation, Tokyo, Japan), anesthesia of the dogs was induced 
by intravenous administration of propofol (5 to 10  mg/kg bw to effect, Nichi-Iko, Toyama, Japan), and was 
maintained by inhalation of isoflurane (DS Pharma Animal Health, Osaka, Japan). The dogs were placed supine 
on the operating table and the midline incision was made to expose the hilar hepatic duct and common bile 
duct. After FG injection (0.5  mg/kg bw; i.v. at cephalic vein), the connective tissue covering the outer walls 
of the cystic duct, hepatic duct, and common bile duct was excised. Approximately 20 min after the first FG 
injection, FG (0.5 mg/kg bw) was administered again, and FG cholangiography was performed. The dogs were 
then euthanized by exsanguination under deep anesthesia and donated for veterinary anatomical practice.

The Shiba goats were anesthetized via intravenous injection with isozol (10–15  mg/kg bw, Nichi-Iko 
Pharmaceutical Co., Ltd., Japan). For administration to the goats, FG (10 mg/kg bw) or saline was injected via the 
external jugular vein and cervical subcutaneous. The goats were euthanized under anesthesia by exsanguination 
100 min after administration. After storage at room temperature overnight, the goats were necropsied.

Morphometric analysis of FG influx in gallbladders in 12-hour fasted mice
The blue intensity of FG was measured using ImageJ25 on videos taken under the stereo microscope. In brief, 
the images at 30 s, 1 min and 2 min after FG influx were extracted from the videos. Afterwards, only the blue 
color signals were extracted from the images using Color deconvolution 1.7. The FG density from the cystic 
duct-gallbladder border (i.e., starting point) to the distal tip of the gallbladder was measured in each video 
image at three time points by using ImageJ (n = 5 in each wild-type or Sox17+/− genotype). Moreover, to eliminate 
permeability differences between sites along the gallbladder wall, we estimated the relative FG density during the 
first 30 s at the base of the maximum FG density at 2 min after FG influx into the gallbladder. The mean diffusion 
velocity (mm/s) of the FG influx (> 12.5% of baseline [100%]) was estimated during the first 30 s after the FG 
entered the gallbladder from the cystic duct.

In addition, to examine FG dynamics in biliary bile more directly, we prepared biliary bile from wild-type or 
Sox17+/− mice fated for 12 h and then placed 8 µl drops of bile on the Petri dish. 1 µl FG (5 mg/ml) was statically 
added into the bile drop using a glass microinjection pipette (n = 1 to 5 mice required for an 8 µl bile drop; see 
Fig. S3A). In another FG diffusion assay, the glass capillary (#2-000-010; Drummond Scientific Co., USA) was 
filled with the bile (1 µl of each gallbladder) and then placed horizontally/vertically using an adhesive plate (see 
Fig. S3B, C). 0.3 µl FG (1 mg/ml) was added to the end of the capillary. In these experiments, FG dynamics in the 
bile solution were carefully observed under a stereomicroscope from above, together with the naked eye from 
the side, and in some cases FG density was measured using ImageJ on video recordings.

Bile acid analysis
Gallbladder bile was prepared from the wild-type or Sox17+/− mice fated for 12 h (n = 8 for each genotype). The 
collected bile was frozen and stored at -80 °C. The bile acid analysis was performed according to our previous 
method using liquid chromatography-mass spectrometry (LS/MS)26,27. In brief, 1 µl of bile was diluted with 
999 µl of distilled water. 5 µl of the solution was injected into the LC/MS instrument.

Statistical analysis
All data are shown as mean ± standard deviation (SD). The diffusion velocity was subjected to a statistical analysis 
using a Mann-Whitney U test to identify superiority differences using SPSS software. The amount (mmol/L) and 
ratio (%) of each bile acid were also subjected to statistical analysis using the Welch’s t-test. A p-value ≤ 0.05 was 
considered indicative of statistical significance.

Data availability
The data presented in this study are available on request from the corresponding author.
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