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Abstract

Although the role of hydrophilic antioxidants in the development of hepatic insulin resistance and 

non-alcoholic fatty liver disease (NAFLD) has been well studied, the role of lipophilic 

antioxidants remains poorly characterized. A known lipophilic H2O2 scavenger is bilirubin, which 

can be oxidized to biliverdin and then reduced back to bilirubin by cytosolic biliverdin reductase 

(BLVRA). Oxidation of bilirubin to biliverdin inside mitochondria must be followed by the export 

of biliverdin to the cytosol, where biliverdin is reduced back to bilirubin. Thus, the putative 

mitochondrial exporter of biliverdin is expected to be a major determinant of bilirubin 

regeneration and intracellular H2O2 scavenging. Here, we identified ABCB10 as a mitochondrial 

biliverdin exporter. ABCB10 reconstituted into liposomes transported biliverdin and ABCB10 

deletion caused accumulation of biliverdin inside mitochondria. Obesity with insulin resistance 

upregulated hepatic ABCB10 expression in mice and elevated cytosolic and mitochondrial 

bilirubin content in an ABCB10-dependent manner. Revealing a maladaptive role of ABCB10 

driven bilirubin synthesis, hepatic ABCB10 deletion protected diet-induced obese mice from 

steatosis and hyperglycemia, improving insulin-mediated suppression of glucose production and 

decreasing lipogenic SREBP-1c expression. Protection was concurrent with enhanced 

mitochondrial function and increased inactivation of PTP1B, a phosphatase disrupting insulin 

signaling and elevating SREBP-1c expression. Restoration of cellular bilirubin content in 

ABCB10 KO hepatocytes reversed the improvements in mitochondrial function and PTP1B 

inactivation, demonstrating that bilirubin was the maladaptive effector linked to ABCB10 

function. Thus, we identified a fundamental transport process that amplifies intracellular bilirubin 

redox actions, which can exacerbate insulin resistance and steatosis in obesity.

One Sentence Summary:

ABCB10 in liver promotes hyperglycemia and steatosis.

INTRODUCTION:

H2O2 produced by mitochondria not only can damage cells, but it is a central molecule 

participating in signaling transduction as well (1). Consequently, pro- and anti-oxidant 

systems are key regulators of metabolism and can play tissue-specific roles. Liver is one of 

the tissues with the highest antioxidant capacity and largest variety of antioxidant systems. 

Both pro-oxidants and antioxidants are concurrently elevated in insulin resistant and 
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steatotic livers and are distributed to distinct microdomains based on their chemical 

properties. A well-studied antioxidant of the hydrophilic environment is glutathione. The 

lipophilic environment, which includes membranes, has its own antioxidant systems that are 

less studied. Among them are ubiquinol, melatonin, α-lipoic acid, and bilirubin (2). 

Bilirubin is a particularly interesting antioxidant due to its lipophilicity, cell-autonomous and 

ubiquitous production from heme degradation and its presence in different organelles (3, 4).

Heme is an essential cofactor present in all cell types, as it is part of mitochondrial 

cytochromes and oxygen carrier proteins. However, free heme is toxic, as it can cause 

oxidative damage (5). Consequently, all cells prevent heme-induced toxicity by degrading 

heme to biliverdin. Biliverdin is soluble and is transformed by cytosolic biliverdin reductase 

(BLVRA) to lipophilic bilirubin (6, 7). Bilirubin and biliverdin are both released from the 

cytosol to the bloodstream. Plasma bilirubin concentrations are higher (1–25 μM) than 

biliverdin (0.12–0.01 μM), which is explained by the efficient and ubiquitous conversion of 

biliverdin to bilirubin and the faster excretion of biliverdin. Indeed, biliverdin can be directly 

excreted to the bile (8), whereas solubilization of bilirubin is required for its efficient 

excretion. Bilirubin solubilization is achieved by conjugating bilirubin to glucuronic acids, a 

reaction catalyzed by UGT1A1 in the endoplasmic reticulum (ER) lumen of hepatocytes (9).

The lipophilicity of unconjugated bilirubin allows its passive diffusion through cellular 

membranes, including mitochondrial membranes (10). Kernicterus, a neurological disease 

resulting from excessive plasma bilirubin concentrations (>300μM), damages brain 

mitochondria (11). The detrimental effect of high bilirubin concentrations on mitochondrial 

function can be reproduced in vitro, as 100 μM bilirubin added to isolated mitochondria 

completely blocks their ATP synthesis capacity (12). In contrast, 100 μM biliverdin has no 

effects on isolated mitochondrial function (12). Moreover, bilirubin decreases mitochondrial 

OXPHOS efficiency (12), scavenges lipid peroxides and decreases H2O2 content at low 

micromolar, even nanomolar concentrations (6, 7).

Consequently, the intracellular pool of free bilirubin must be tightly regulated to prevent the 

toxic actions of bilirubin on mitochondria and execute its beneficial actions when needed. 

The lipophilic nature of bilirubin and higher hydrophilicity of biliverdin impose a 

mechanistic challenge on the regulation of their intracellular pools. Bilirubin can cross 

membranes by passive diffusion and equilibrate across the ER, mitochondria, and cytosol 

(10). When bilirubin scavenges H2O2, it is oxidized to form biliverdin, which cannot cross 

membranes easily. Indeed, there is functional evidence that an uncharacterized biliverdin 

exporter is present in the plasma membrane of hepatocytes and is required to export 

biliverdin to the bile (8). However, whether mitochondria export biliverdin is unknown. 

Biliverdin cannot be converted back to bilirubin in the mitochondrial matrix, as BLVRA is 

absent (13, 14). Therefore, mitochondria can regulate bilirubin synthesis by controlling the 

export of biliverdin. The regulation of mitochondrial biliverdin export and its consequences 

on the cellular pool of bilirubin, as well as on mitochondrial bilirubin content, are currently 

undefined.

The ATP binding cassette (ABC) transporter ABCB10 is located in the inner mitochondrial 

membrane (15–18) and is highly expressed in the liver and bone marrow. ABCB10 is 
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essential for hemoglobinization during primitive erythropoiesis and ABCB10 deletion 

causes defects in hemoglobin synthesis that are rescued by treatments with antioxidants. 

This rescue by antioxidants demonstrates that ABCB10 is not essential for heme synthesis 

per se, but rather protects from oxidative stress induced by high heme content (16). 

Hepatocytes are ranked second after differentiating erythrocytes as the cells with the highest 

rates of heme synthesis in their mitochondria (19). Disturbed heme homeostasis and changes 

in mitochondrial function in liver are associated with insulin resistance and fatty liver 

disease (20), and ABCB10 is the only gene that encodes for a mitochondrial transporter 

related to heme homeostasis with intronic variants associated with type 2 diabetes (21, 22). 

However, the function of ABCB10 in liver, its role in insulin resistance, and the cargo 

transported by ABCB10 are unknown.

Here, we demonstrate that ABCB10 is a mitochondrial biliverdin exporter that increases 

bilirubin production. We find that ABCB10 upregulation is necessary for the increase in 

mitochondrial bilirubin content induced by obesity, which leads to a redox state that 

promotes hepatic steatosis and insulin resistance. In all, we define a mitochondrial transport 

process that becomes maladaptive in obesity.

RESULTS

ABCB10 exports biliverdin, which increases bilirubin synthesis

ABCB10 has been mostly studied in differentiating red blood cells (15–18, 23). As the 

substrate exported by ABCB10 is unknown, the mechanism by which ABCB10 protected 

from oxidative damage is uncharacterized (16). However, previous data provided key 

insights about the nature of ABCB10 cargo. Treating ABCB10 knockout (KO) red blood cell 

precursors with antioxidants rescues heme biosynthesis, showing that ABCB10 is not 

essential to transport heme intermediates and heme itself (16, 24). Instead, the cargo 

transported by ABCB10 is expected to counteract oxidative stress and to be produced during 

heme synthesis.

In this context, the next logical molecules to test as ABCB10 cargo were the products of 

heme metabolism, biliverdin and its redox pair bilirubin (fig. S1A). ABC transporters 

harness energy from the hydrolysis of ATP to facilitate the conformational changes 

necessary to execute transport cycles. Thus, ABCB10 ATPase activity is expected to 

increase in the presence of its cargo (24, 25). We found that biliverdin, but not bilirubin, 

caused a 2-fold increase in ABCB10 ATPase activity in purified human ABCB10 

reconstituted into nanodiscs (Fig. 1A). Maximal ATPase activation was achieved at 

biliverdin concentrations of 2.5–5 μM with a Km of 143.6 nmols biliverdin/mg protein/min 

and a Vmax of 323 nmols Pi/mg protein/min (Fig. 1B). Moreover, other heme-related 

molecules previously hypothesized to be transported by ABCB10, including heme 

precursors aminolevulinic acid (ALA) and protoporphyrin IX, as well as hemin, did not 

change ABCB10 ATPase activity (26, 27). Altogether, these results support that biliverdin is 

the only heme-related candidate as cargo transported by ABCB10.

To directly determine whether ABCB10 transports biliverdin across membranes, we 

reconstituted human ABCB10 into sealed liposomes. For ABC transporters that carry a 
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substrate away from the ATP domain, cargo accumulation inside liposomes can be achieved 

by adding ATP in the incubation media. The reason is that ATP cannot cross the membrane 

of a sealed liposome and thus ATP is not accessible to transporters inserted in the opposite 

orientation. As a result, ABCB10 molecules with their ATP binding domain facing the 

incubation media will be the only ABCB10 molecules transporting cargos, allowing the 

cargo to accumulate inside liposomes (Fig. 1C).

With ATP in the media, we observed a linear increase in radioactive biliverdin accumulation 

in ABCB10-liposomes, approaching a plateau 15–30 minutes after adding radioactive 

biliverdin (Fig. 1D). In the absence of ATP, we detected a minor and linear increase in 

radioactive biliverdin content in liposomes. We attributed the ATP-independent increase in 

biliverdin accumulation to the expected binding of biliverdin to lipids and maybe to 

ABCB10 itself, but without being transported. This ATP-independent increase in biliverdin 

accumulation was subtracted to calculate the maximal amount of biliverdin transported by 

ABCB10. After 60 minutes of incubation, 135 nmols of biliverdin/mg ABCB10 protein 

accumulated into the liposomes (Fig. 1D). To further confirm the specificity of ABCB10-

mediated biliverdin transport, we tested the ability of the heme-related molecules, as well as 

unlabeled biliverdin, to compete for ABCB10-mediated labeled biliverdin uptake. As 

expected, un-labelled biliverdin (1 μM, 3-fold higher than labelled) blocked labelled 

biliverdin uptake, whereas the other physiological heme-related molecules did not (fig. S2). 

In all, these data support that the only heme-related molecule transported by ABCB10 is 

biliverdin.

As bilirubin is synthesized in the cytosol from biliverdin by BLVRA, our expectation was 

that ABCB10-mediated biliverdin export would increase cytosolic bilirubin production and 

availability (fig. S3). If this expectation was correct, ABCB10 gain-of-function would 

increase bilirubin content in the cytosol of hepatocytes. Then, higher cytosolic bilirubin 

availability would lead to an increase in mitochondrial bilirubin through passive diffusion 

across mitochondrial membranes (10). The availability of a fluorescent and reversible 

bilirubin sensor, the eel protein UnaG (4, 28) (Fig. 1E), allowed us to perform real-time 

measurements of cytosolic and mitochondrial bilirubin in live cells. UnaG was successfully 

targeted to the mitochondrial matrix of mouse primary hepatocytes, as shown by its co-

localization with TMRE (Fig. 1E). UnaG fluorescence successfully reported mitochondrial 

bilirubin content, as shown by the increase in UnaG fluorescence after adding bilirubin to 

the media (fig. S4A–B) (3, 4). Increasing ABCB10 expression in AML12 murine 

hepatocytes elevated both cytosolic and mitochondrial bilirubin content (Fig. 1F and fig. 

S5), supporting that ABCB10-mediated biliverdin export was sufficient to increase bilirubin 

synthesis.

Hepatic ABCB10 expression is higher in diet-induced obese mice and is associated with 
greater steatosis and insulin resistance

As insulin resistance induces hepatic redox stress and intronic ABCB10 variants are 

associated with type 2 diabetes in humans (21, 22), we analyzed hepatic Abcb10 expression 

in the Western diet-fed Hybrid Mouse Diversity Panel (HMDP). The HMDP is a collection 

of 102 mouse strains with obesity, insulin resistance, and hepatic steatosis (29). Abcb10 
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mRNA content in liver is elevated by Western diet feeding in 68 of the 102 HMDP strains, 

with 68 being the number of strains with matched chow diet feeding. The increase in 

ABCB10 expression ranged 2–10-fold depending on the strain (Fig. 1G). Analyzing the 102 

Western diet fed HMDP strains, we found a positive correlation between hepatic Abcb10 
expression and the severity of steatosis and insulin resistance (Fig. 1H and fig. S6A,B). 

Accordingly, liver Abcb10 expression showed positive and significant correlations with liver 

triglyceride content (p=0.0033), HOMA-IR values (p=0.0057), and fasting insulin 

concentrations (p=0.0008) (Fig. 1H and fig. S6A–C). Correlations were determined via 

midweight bicorrelation analyses as reported (29). No significant (p>0.05) correlations of 

liver Abcb10 expression with gonadal fat mass were detected (Fig. 1I and fig. S6D). Thus, 

hepatic ABCB10 upregulation was not a reflection of the different susceptibility among 

HMDP strains to develop obesity. Last, ABCB10 protein was also increased in liver from 

C57BL/6J mice fed a 45% high-fat diet (Fig. 1J).

ABCB10 is dispensable for normal hepatocyte function in mice

Liver is ranked second in the list of tissues with the highest ABCB10 content and heme 

synthesis rates (30). To determine the physiological relevance of ABCB10-mediated 

biliverdin export in hepatocytes, we first tested the effects of deleting ABCB10 in 

hepatocytes from control lean mice by generating Abcb10 liver-specific KO mice (LKO) 

(fig. S7). Abcb10 excision was confirmed by amplification of the Cre-excised Abcb10 
genomic sequence and elimination of ABCB10 protein from primary hepatocytes isolated 

from LKO mice (Fig. 2A,B). Phenotypically, LKO mice were healthy with normal body 

weight, glucose tolerance, hepatic lipid content, and mitochondrial function (Fig. 2C–G). In 

marked contrast to erythroid cells (16), ABCB10 is not essential for viability, mitochondrial 

function, or heme homeostasis in hepatocytes. If ABCB10 exported biliverdin in hepatocytes 

in vivo, biliverdin would accumulate in ABCB10 KO mitochondria. Relative quantifications 

of mitochondrial biliverdin content revealed a 79% increase in isolated mitochondria from 

LKO mice, showing that the absence of ABCB10 caused accumulation of biliverdin in 

mitochondria (Fig. 2H). As expected from a decrease in bilirubin synthesis induced by an 

abrogation of ABCB10-mediated biliverdin export, ABCB10 deletion decreased both 

cytosolic and mitochondrial bilirubin content in primary hepatocytes (Fig. 2I,J). These data 

indicate that mitochondrial biliverdin export by ABCB10 contributes to bilirubin production 

in mouse hepatocytes, and that neither ABCB10 deletion nor elevated mitochondrial 

biliverdin are deleterious for normal liver function in mice.

Hepatic ABCB10 deletion protects diet-induced obese mice from insulin resistance

The positive correlation between hepatic ABCB10 expression and insulin resistance 

suggested two possible roles for ABCB10: either ABCB10 exacerbates insulin resistance or 

ABCB10 ineffectively counteracts insulin resistance. Supporting the first role, ABCB10 

liver-specific KO (LKO) mice were protected from glucose intolerance induced by high-fat 

diet (HFD) and showed improved glucose clearance during a GTT without changes in 

insulinemia (Fig. 3A–B), as well as a prolonged action of insulin maintaining lower 

glycemia during an ITT (Fig. 3C). ABCB10 deletion decreased fasting glucose 

concentrations, without changing fasting insulin (Fig. 3D–E). A 7.2% decrease in body 
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weight without changes in food intake was observed in HFD-fed LKO mice, which was 

explained by lower fat mass (Fig. 3F–H).

The improvement in the glycemic profiles of LKO mice could be a result of a decrease in 

hepatic glucose production and an improvement in insulin action suppressing hepatic 

glucose production. Consequently, to test whether changes in hepatic glucose production in 

LKO mice were independent of decreased body weight, we used weight-matched HFD-fed 

LKO and WT mice (Fig. 3I) to perform hyperinsulinemic-.euglycemic clamps (Fig. 3J). 

These clamp experiments revealed that glucose infusion rates in weight-matched HFD-fed 

LKO mice were 48% higher than in WT littermates (Fig. 3K). Hepatic glucose production 

was markedly decreased and the ability of insulin to suppress hepatic glucose production 

was improved in HFD-fed LKO mice (Fig. 3L–M). Higher suppression of hepatic glucose 

production by insulin, without a change in insulin-stimulated glucose disappearance rates 

(Fig. 3N), indicated that protection from insulin resistance in LKO mice was largely 

restricted to the liver. Thus, these data support that ABCB10 deletion in liver might not 

protect muscle from insulin resistance.

ABCB10 impairs insulin signaling in primary human and mouse hepatocytes

Although hepatic glucose production rates can be determined by extrahepatic tissues, 

impaired insulin signal transduction in liver can augment hepatic glucose production and is a 

reliable biomarker of hepatocyte-autonomous insulin resistance (31–33). To determine 

whether ABCB10 deletion improved insulin sensitivity in a hepatocyte-autonomous manner, 

we isolated primary hepatocytes from weight-matched HFD-fed WT and ABCB10 LKO 

mice and determined insulin action ex vivo. To this end, we measured the effects of insulin 

treatment on the insulin receptor (INSR) and AKT phosphorylation in cultured primary 

hepatocytes. After five minutes treatment of 10 nM insulin, HFD-fed LKO primary 

hepatocytes showed a 2-fold improvement in the action of insulin increasing INSR 

Tyr1162/1163 and AKT Ser473 phosphorylation, when compared to hepatocytes from HFD-

fed WT littermates (Fig. 4A). In healthy primary human hepatocytes with ABCB10 knocked 

down (40%) (fig. S8A), a similar improvement in insulin action on INSR Tyr1162/1163 

phosphorylation was observed (Fig. 4B).

To test whether elevated ABCB10 function was sufficient to decrease insulin signaling in 

human hepatocytes, we used adenoviral transduction to increase ABCB10 expression (fig. 

S8B). The ability of insulin (10 nM) to induce INSR and AKT phosphorylation was 

decreased both in mouse AML12 and primary human hepatocytes with increased ABCB10 

expression (Fig. 4C,D). Last, we restored ABCB10 expression ex vivo via adenoviral 

transduction of primary hepatocytes isolated from HFD-fed ABCB10 LKO mice. We found 

that the improvement in insulin action phosphorylating INSR and AKT in LKO hepatocytes 

was reversed by ABCB10 re-expression (fig. S9).

Our data show that high ABCB10 expression promotes a hepatocyte-autonomous disruption 

in insulin signaling in mouse and human hepatocytes. Accordingly, ABCB10 deletion in 

HFD-fed mice improved insulin signaling, decreased hepatic glucose production, and 

increased the action of insulin suppressing hepatic glucose production in HFD-fed mice.

Shum et al. Page 7

Sci Transl Med. Author manuscript; available in PMC 2021 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hepatic ABCB10 deletion increases mitochondrial respiration, protects from steatosis, and 
counteracts hyperlipidemia in diet-induced obese mice

To investigate why HFD-fed ABCB10 LKO mice showed decreased fat mass, we measured 

their energy balance using CLAMS. No significant changes (p > 0.05) were detected in their 

food intake, fecal lipids (Fig. 5A, B), or total physical activity (fig. S10A). In contrast, we 

detected a significant (p < 0.05) increase in oxygen consumption (VO2) and energy 

expenditure (EE) in HFD-fed LKO mice at night (fed state) when using co-variate statistics 

to model VO2 and EE values at an equal body weight between genotypes (Fig. 5C, D). HFD-

fed LKO mice showed an elevation in carbohydrate oxidation, revealed by higher respiratory 

exchange rates (RER) at night (Fig. 5E). Thus, increased RER showed that the decrease in 

body fat in LKO mice was associated with increased carbohydrate expenditure, rather than 

elevated fat expenditure. Accordingly, we did not observe changes in circulating FGF21 in 

ABCB10 LKO mice (fig. S10B), a factor secreted by the liver that increases systemic energy 

expenditure by promoting fat oxidation (34).

Higher mitochondrial oxidative function in hepatocytes was previously shown to improve 

insulin signaling (20, 35). To test whether ABCB10 deletion increased mitochondrial 

function in diet-induced obese mice, we isolated mitochondria and primary hepatocytes 

from livers of HFD-fed ABCB10 LKO mice and measured their respiratory capacity. 

Respiration coupled to ATP synthesis was increased both in isolated mitochondria and in 

primary hepatocytes isolated from HFD-fed ABCB10 LKO mice (Fig. 5F, G). Maximal 

respiratory capacity was increased in primary hepatocytes from HFD-fed LKO mice as well 

(Fig. 5H). These changes in mitochondrial function occurred in the absence of changes in 

mitochondrial biogenesis markers, such as PGC-1α (PPARγ coactivator-1 alpha) or TFAM 

(Transcription factor A, mitochondrial) (fig. S10C), and without a coordinated upregulation 

in the subunits of mitochondrial complexes I, III, IV and V (Fig. 5I, J). Altogether, our data 

showed that ATP-synthesizing capacity (OXPHOS) was improved per unit of mitochondria 

with ABCB10 deleted. In this regard, we observed a 50% upregulation exclusively in 

complex II content (Fig. 5I, J). The specific upregulation of complex II in ABCB10 KO 

mitochondria suggests that bilirubin might not just be decreasing electron transfer activity as 

previously reported (12), but might decrease the total content of complex II as well. These 

data support that the regulation of complex II content could be an additional mechanism by 

which bilirubin is decreasing mitochondrial function and ROS production.

As hepatic steatosis is associated with insulin resistance and metabolic dysfunction, we 

measured lipid content and lipogenic gene expression in livers from HFD-fed LKO mice. 

Liver histology revealed decreased lipid droplet area in livers from HFD-fed LKO mice (Fig. 

5K), which was confirmed by the 40% reduction in total triglyceride (TG) content (Fig. 5L). 

Moreover, HFD-fed LKO mice showed a significant (p<0.05) reduction in plasma TG and 

VLDL concentrations and a non-significant (p>0.05) decrease in plasma cholesterol content 

(Fig. 5M–O). Last, HFD-fed LKO mice showed a 50% decrease in the mRNA content of the 

master regulator of lipogenesis Srebp1c and its downstream target, fatty acid synthase (Fasn) 

(Fig. 5P). Altogether, these data support that decreased hepatic triglyceride synthesis can 

contribute to protection from steatosis and hyperlipidemia in LKO mice.
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ABCB10 expression induced by high-fat diet hinders cytosolic and mitochondrial H2O2-
redox signaling by elevating cellular bilirubin content

Our data show that ABCB10 gain of function was sufficient to increase mitochondrial 

bilirubin content in hepatocytes. However, the effects on obesity and insulin resistance on 

mitochondrial bilirubin content have not been measured. Consistent with the increase in 

ABCB10 expression induced by high-fat diet (HFD), HFD feeding elevated both 

mitochondrial and cytosolic bilirubin content by 50%in isolated primary hepatocytes, and 

these HFD-induced increases were completely prevented by ABCB10 deletion (Fig. 6A, B). 

In addition, we validated that the total content of the bilirubin sensor UnaG was not altered 

by ABCB10 deletion (fig. S11), as expected given that UnaG was delivered via viral 

transduction. Furthermore, ABCB10 deletion did not change the content of proteins involved 

in heme catabolism (HMOX1), bilirubin synthesis (BLVRA) (fig. S12), or excretion 

(ABCC2) (fig. S13A). Moreover, the expression of the main enzyme involved in free 

bilirubin conjugation, UGT1A1, was not changed by ABCB10 deletion (fig. S13B). UGT 

activity, mostly determined by UGT1A1, showed a non-significant (p>0.05) decrease in 

ABCB10 KO livers, which could be reflecting an unsuccessful compensation trying to 

preserve free bilirubin content (fig. S13C). Altogether, these data support that a major driver 

of increased intrahepatic bilirubin content induced by HFD was bilirubin synthesis from 

mitochondrial biliverdin exported by ABCB10.

A major action of bilirubin is to decrease H2O2 content as well as mitochondrial OXPHOS, 

a source of H2O2. H2O2 released by mitochondria generates signals that improve insulin 

signaling and prevent hepatic steatosis (20, 36). Thus, as expected from decreased bilirubin 

content in ABCB10 KO hepatocytes, we explored whether ABCB10 deletion caused an 

increase in mitochondrial H2O2 release and H2O2-mediated actions regulating the activity of 

redox-sensitive proteins. Using ratiometric roGFP2 probes, we measured H2O2 and its 

action on the glutathione redox state (GSSG/GSH) in live primary murine hepatocytes. 

Concurrently with higher mitochondrial and cytosolic H2O2 content (Fig. 6C–D), both 

mitochondrial and cytosolic GSSG/GSH were increased in live hepatocytes isolated from 

HFD-fed LKO mice (Fig. 6E–F). The magnitude of the elevation in H2O2 content and in the 

GSSG/GSH ratio (ranging 25–40%), together with improved mitochondrial respiration, 

show that the increase in H2O2 induced by hepatic ABCB10 deletion was not in the toxic 

range.

Protein Tyrosine Phosphatase 1B is increased by HFD-feeding and plays a dual maladaptive 

action: PTP1B directly dephosphorylates Tyr1162/1163 in INSR, blocking insulin signaling, 

and activates a different signaling cascade that increases Srebp1c expression (37–39). 

Furthermore, PTP1B oxidative inactivation is one of the mechanisms by which 

mitochondrial H2O2 release was demonstrated to protect from insulin resistance and hepatic 

steatosis (20). Consequently, we determined the effects of ABCB10 deletion in HFD fed 

mice on PTP1B activity. By immunoprecipitating endogenous PTP1B from total lysates of 

primary hepatocytes, we found that HFD-fed ABCB10 LKO mice showed a ~30% decrease 

in PTP1B phosphatase activity (Fig. 6G).

In sum, ABCB10 driven increases in cellular bilirubin content generate a redox state 

favoring insulin resistance and steatosis, by disrupting mitochondrial H2O2 actions on 
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insulin signaling (fig. S14 ). To determine the causal role of bilirubin in these redox changes, 

we next aimed to restore bilirubin content in ABCB10 KO hepatocytes and test its effects on 

redox and PTP1B activity (Fig. 7A).

Bilirubin supplementation reverses the redox benefits induced by ABCB10 deletion in diet-
induced obese mice

Supplementing primary hepatocytes isolated from HFD-fed LKO mice with physiological 

bilirubin concentrations (10 μM) effectively restored mitochondrial and cytosolic bilirubin to 

WT concentrations (Fig. 7A and fig. S4C). Moreover, the slope of the fold increase in UnaG 

fluorescence over time after adding bilirubin was the same in WT and LKO hepatocytes (fig. 

S4A,B), supporting that the capacity of extracellular bilirubin to reach both the cytosol and 

the mitochondrial matrix was not changed by ABCB10 deletion. One could hypothesize that 

the lower content of bilirubin in LKO could accelerate the entry of bilirubin into 

hepatocytes. However, our data showing the absence of an acceleration suggests that the 

occupancy of bilirubin acceptor(s) by other competing molecules could be increased by 

ABCB10 deletion, or that intracellular bilirubin content is not a parameter strongly 

determining bilirubin entry rates.

We next tested the relationship between decreased bilirubin and the redox changes induced 

by ABCB10 deletion. Restoring bilirubin in HFD-fed LKO hepatocytes brought 

mitochondrial H2O2 content and GSSG/GSH back to HFD-fed WT values (Fig. 7B, C). In 

WT hepatocytes, HFD-feeding significantly (p<0.05) increased only cytosolic H2O2 content 

and, accordingly, bilirubin supplementation significantly (p<0.05) decreased only cytosolic 

H2O2 in HFD-fed WT hepatocytes (Figs. 6C, 7B).

As ABCB10 deletion increased mitochondrial OXPHOS, which can elevate H2O2 release, 

we tested whether restoring bilirubin content could reverse the positive effects on 

mitochondrial respiration observed in ABCB10 KO hepatocytes. Bilirubin 10 μM reversed 

the increase in mitochondrial OXPHOS observed in primary hepatocytes from HFD-fed 

ABCB10 LKO mice without changing OXPHOS in WT hepatocytes (Fig. 7D–E). The acute 

nature of bilirubin actions on mitochondria was further supported by the reversal of 

increased respiration when bilirubin was added to liver mitochondria isolated from HFD-fed 

LKO mice (Fig. 7F).

We determined whether bilirubin-mediated reversal of ABCB10 KO actions on 

mitochondrial redox impacted PTP1B activity. Bilirubin induced a non-significant (p > 0.05) 

increase in PTP1B activity in WT hepatocytes from HFD mice (Fig. 7G), consistent with 

bilirubin decreasing cytosolic H2O2 content (Fig. 7B) and thus PTP1B oxidative inactivation 

(40). Last, the same bilirubin treatments completely reversed the reduction of PTP1B 

activity observed in ABCB10 KO hepatocytes isolated from HFD-fed mice (Fig. 7G). 

Altogether, these results show that bilirubin is the major effector of ABCB10-mediated 

redox actions in hepatocytes from HFD-fed mice (fig. S15).
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DISCUSSION

We have identified that ABCB10 exports biliverdin out of the mitochondria to amplify 

bilirubin synthesis. Our cell-free approach using human ABCB10 reconstituted in vesicles 

demonstrates that ABCB10 transports biliverdin from the matrix to the intermembrane space 

(IMS) domain of ABCB10. Mitochondrial biliverdin export was confirmed in vivo by the 

accumulation of biliverdin in ABCB10 KO mitochondria isolated from mouse liver. Up to 

this study, it was known that ABCB10 supported hemoglobin synthesis in differentiating 

erythrocytes, by preventing oxidative damage associated with heme synthesis (16, 30). Thus, 

how does biliverdin export then protect from oxidative damage?

We find that mitochondrial biliverdin export executed by ABCB10 increases the availability 

of biliverdin destined for bilirubin synthesis, as the enzyme transforming biliverdin to 

bilirubin is located in the cytosol (BLVRA). Bilirubin is an effective antioxidant that 

scavenges H2O2 and, due to its lipophilic nature, effectively crosses mitochondrial 

membranes (10). Accordingly, elevating ABCB10 expression is sufficient to increase 

cytosolic and mitochondrial bilirubin content. Indeed, BLVRA can be associated with the 

cytosolic side of the ER (41, 42), an organelle with tight interactions with mitochondria in 

liver from insulin resistant mice (43). This tight interaction means that biliverdin exported by 

mitochondria can be readily transformed to bilirubin in ER-mitochondria contact areas, a 

microdomain that could facilitate a preferential trafficking of bilirubin to mitochondria.

Initially, we expected that hepatic ABCB10 deletion would exacerbate insulin resistance and 

steatosis in obese mice by increasing oxidative damage and disrupting insulin signaling (44, 

45). However, we obtained the opposite results. Mitochondrial OXPHOS and insulin 

signaling were improved in hepatocytes from diet-induced obese ABCB10 LKO mice, 

concurrent with mild increases in mitochondrial and cytosolic H2O2 content. Our study is 

not the first example showing that a protein that hinders H2O2 actions in hepatocytes 

promotes insulin resistance and steatosis. Hepatocyte-specific deletion of glutathione 

peroxidase 1 (GPX1 LKO mice), a mitochondrial and cytosolic enzyme that removes H2O2, 

and hepatocyte-specific decreases in cytosolic biliverdin production achieved by deleting 

heme oxygenase 1 (HMOX1 LKO mice) induced the same benefits as ABCB10 deletion. In 

GPX1 LKO and HMOX1 LKO mice, an improvement in insulin sensitivity was explained 

by the post-translational oxidative inactivation of the phosphatase PTP1B (20, 36).

PTP1B is maladaptive in obesity, as it blocks insulin signaling transduction and promotes 

lipid synthesis in liver (37, 46). The increase in mitochondrial H2O2 release as a result of 

GPX1 and HMOX1 deletion leads to the oxidative inactivation of the catalytic cysteine in 

PTP1B. Hepatocyte-specific deletion or 50% downregulation of PTP1B activity is sufficient 

to protect mice from diet-induced obesity insulin resistance and steatosis (37, 46). 

Accordingly, we found that ABCB10 deletion decreased PTP1B phosphatase activity (30%) 

in hepatocytes from HFD fed mice, similarly to what was reported for GPX1 and HMOX1 

deletion. However, the benefits induced by hepatic ABCB10 deletion on metabolic health 

are greater when compared to PTP1B deletion (37). These phenotypic differences support 

that ABCB10 deletion induces additional benefits beyond PTP1B inactivation. We propose 

that the increase in mitochondria function and energy expenditure observed in ABCB10 
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LKO mice are responsible for these additional benefits. In this regard, we demonstrated that 

decreased mitochondrial bilirubin content induced by ABCB10 deletion is responsible for 

improved mitochondrial function, a benefit that is not expected when PTP1B is deleted.

Other approaches inducing systemic increases in heme catabolism or in plasma bilirubin 

were shown to protect from metabolic dysfunction in obesity (47). However, mitochondrial 

bilirubin content was not measured in this study, meaning that it is possible that 

mitochondrial bilirubin was decreased by these other approaches. In this regard, bilirubin 

generated from mitochondrial biliverdin might preferentially act on different subcellular 

sites than imported bilirubin or bilirubin generated from cytosolic biliverdin. This 

preferential action could be achieved by confining bilirubin to a microdomain (ER-

mitochondria contact areas) to restrict its action on specific targets. Thus, we propose that 

mechanisms controlling BLVRA trafficking to different cytosolic microdomains might be a 

major determinant of adapative and maladaptive bilirubin actions.

Controversy exists on whether bilirubin can be synthesized in the mitochondrial matrix, with 

one study detecting BLVRA in the inner mitochondrial membrane (48). This study did not 

determine whether the catalytic domain of BLVRA responsible for bilirubin synthesis was 

facing the matrix or the intermembrane space (IMS) (48). Indeed, the authors showed that 

isolated liver mitochondria can transform exogenous biliverdin to bilirubin. The 

transformation of exogenously added biliverdin supports that, if BLVRA was located in the 

inner membrane, the domain responsible for bilirubin synthesis could be facing the IMS to 

access exogenous biliverdin more easily. Moreover, it is unknown how BLVRA translocates 

from the cytosol to the inner membrane, as no mitochondrial targeting sequence is present in 

BLVRA. Last, other independent studies could not reproduce BLVRA detection in 

mitochondria, including MitoCarta (13, 14). Our data showing the existence of an active 

mitochondrial biliverdin export supports that bilirubin is not synthesized in the matrix. Lack 

of matrix bilirubin synthesis or in the inner membrane face of the IMS could be justified by 

the need to prevent bilirubin bursts damaging the mitochondrial inner membrane. Bilirubin 

is a lipophilic molecule that can strongly bind to membranes and fatty acid binding proteins. 

Indeed, bilirubin can make the membrane leaky to protons at low concentrations and 

completely block electron transfer at higher concentrations (12).

The maladaptive and non-essential role of hepatic ABCB10 function further supports that 

bilirubin is the major effector of ABCB10 actions. Bilirubin availability in hepatocytes in 
vivo cannot be severely impaired by eliminating ABCB10-mediated biliverdin export. 

ABCB10 KO hepatocytes can still synthesize bilirubin from biliverdin generated in the 

cytosol and import bilirubin from the blood (70% of bilirubin synthesis is extrahepatic) (9). 

Moreover, our data show that biliverdin accumulation in liver mitochondria induced by 

ABCB10 deletion is not toxic in mice. This conclusion can apply to erythroid cells as well, 

as the essential role of ABCB10 supporting heme synthesis in erythroid cells was rescued by 

antioxidant treatments (16). Consequently, heme biosynthesis and respiration occur in 

ABCB10 KO erythroid mitochondria accumulating biliverdin when oxidative damage is 

prevented. The role of bilirubin actions in erythroid cells remains largely uncharacterized, as 

the assumption is that heme molecules synthesized in erythroid mitochondria are all 
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exported to produce hemoglobin and none of them are degraded. Our study could potentially 

change our understanding of mitochondrial heme fate during erythroid differentiation.

As ABCB10 is dispensable for mouse liver function, is maladaptive in murine obesity, and 

its role exporting biliverdin and modulating insulin signaling is conserved in humans, we 

propose that hepatocyte-restricted targeting of ABCB10 holds promise as an approach to be 

tested to counteract hepatic insulin resistance and steatosis. The main limitation of our study 

is that the role of ABCB10 in mouse models of more severe forms of liver disease was not 

determined. Thus, it is a possibility that ABCB10 could be playing a protective role when 

liver damage is induced by something different than a high-fat diet model of obesity. In 

addition, the mechanism by which bilirubin slows down OXPHOS directly in mitochondria 

remains unidentified, but should involve saturable binding sites.

Materials and Methods

Study design.

The aim of this study was to examine the substrate transported by ABCB10, as well as the 

role of ABCB10 in the development of insulin resistance and steatosis. To this end, we used 

ABCB10 reconstituted into liposomes and nanodiscs, hepatocyte-specific ABCB10 KO 

mice, isolated mouse primary hepatocytes, human primary hepatocytes, and AML12 murine 

hepatocytes. We used fluorescent sensors to quantify bilirubin, H2O2, and GSSG/GSH in 

intact hepatocytes to determine the role of ABCB10 regulating the redox state and bilirubin 

compartmentalization in live cells. All experiments were approved by IACUC at Boston 

University and by ARC at UCLA. For mouse studies, a power analysis was used to calculate 

the sample sizes required. For in vitro studies, a minimum of three independent experiments 

were performed and the numbers of independent experiments (n) are presented in the figure 

legends.

Abcb10Wt/flox mice generation.

Targeted C57BL/6J ES cells with Abcb10 containing loxP sites flanking exons 2–3 and a 

neomycin cassette flanked by Frt sites were generated by Genoway. Targeted ES cells were 

injected and implanted in C57BL/6J-Tyrc-2J/J (albino) females at the Boston University 

Mouse Transgenic Core, directed by Gregory L. Martin and Katya Ravid. Seven male 

chimeras containing floxed ABCB10 were identified by coat color and bred with C57BL/6J 

FLP recombinase females from Jackson (B6.Cg-Tg(ACTFLPe)9205Dym/J) to excise the 

neomycin cassette. The offspring were bred with wild type C57BL/6J, to obtain 

Abcb10wt/flox mice without FLP recombinase. Abcb10wt/flox mice were paired with B6.Cg-

Tg(Alb-cre)21Mgn/J purchased from Jackson, to generate ABCB10 liver-specific KO mice. 

Groups analyzed were offspring littermates from breeding pairs between Abcb10flox/flox; 
Alb-Cre−/− with Abcb10wt/flox; Alb-Cre+/−. Wild type mice (WT) are Abcb10flox/flox and 

Abcb10wt/flox mice (no Cre) and ABCB10-LKO are Abcb10flox/flox; Alb-Cre+/−.

Mice, diets, metabolic and body composition measurements

Mice were provided with water and food ad libitum, housed 2–5 mice per cage, 12h 

light:dark cycle and at a room temperature of 22–24ºC. Obesity and insulin resistance were 
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induced by high-fat diet feeding (D12451, Research Diets, 45 kcal % fat). Lean controls 

were mice fed a chow diet for the same period of time. Male mice were introduced to the 

diets after weaning (3–4 weeks of age). Body weight and food intake were monitored 

weekly. Glucose tolerance tests (GTT), Insulin tolerance tests (ITT) and metabolic cage 

measurements (CLAMS) were sequentially performed in the same cohorts of mice. Mice 

were left 2 weeks to recover between GTT and ITT measurements. ITTs were performed at 

26 weeks and GTTs at 28 weeks of diet. At 30 weeks of diet, lean and fat mass were 

measured using Echo MRI, using a known mass of canola oil for calibration purposes, 

followed by 5 days of metabolic cage measurements. Additional cohorts of mice were used 

at 30 weeks to perform hyperinsulinemic-euglycemic clamps and isolate primary 

hepatocytes. Mice were left to recover from the metabolic cage analyses for 1 week and then 

euthanized, with plasma and tissues harvested for biochemical analyses. Body weight, GTT, 

ITT, and hyperinsulinemic clamps confirmed that protection from high-fat diet in LKO mice 

was preserved between 26–32 weeks of HFD feeding.

Statistical analyses

Data were tested for normality using Shapiro-Wilk. Excel, Graph Pad 8, and Sigma Plot 14.0 

were used for statistical analyses, which included Student’s t-tests or Mann-Whitney when 

comparing two groups, one-way ANOVA with Tukey or two-way ANOVA with Tukey or 

Holm-Sidak post hoc, when comparing multiple groups of samples. ANCOVA was 

performed with Sigma Plot 14, Systat Software Inc. using the MMPC website: https://

www.mmpc.org/shared/regression.aspx. Chemical structures of bilirubin and biliverdin were 

taken from PubChem and drawn with ChemDoodle software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. ABCB10 exports mitochondrial biliverdin to increase bilirubin synthesis and is positively 
associated with insulin resistance and steatosis.
(A) ATPase activity of ABCB10 reconstituted into nanodiscs in the presence of biliverdin 

(BV, 5 μM) or bilirubin (BR, 5 μM). n=3 independent experiments. (B) Michaelis-Menten 

plot of ABCB10 ATPase activity with increasing biliverdin concentrations. N=7 independent 

experiments. (C) Scheme of ABCB10 orientation in sealed liposomes. (D) 3[H]-biliverdin 

accumulation into sealed ABCB10-liposomes determined with or without ATP for the 

indicated times. Graph plotted using one-phase association equation, mean of n=5 
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independent transport experiments ± SEM, from two independent protein and liposome 

preparations. (E) UnaG-Flag protein fluorescence upon reversible binding to bilirubin, with 

high-resolution confocal images of primary mouse hepatocytes expressing the bilirubin 

sensor in mitochondria (Mito-UnaG or mUnaG) showing co-localization with the 

mitochondrial dye TMRE. Scale bar, 20 μm. (F) AML12 mouse hepatocytes co-transduced 

with adenovirus encoding LacZ or ABCB10 with cytosolic UnaG (cUnaG) or mUnaG to 

measure bilirubin, n=3–5 independent experiments. (G) Hepatic Abcb10 mRNA content 

measured in 68 strains (x axis) of the Hybrid Mouse Diversity Panel (HMDP) fed chow 

(blue) or Western diet (red), including C57BL/6J (dashed line). (H) Biweight midcorrelation 

values between hepatic ABCB10 transcript content with the metabolic trait measured in the 

Western diet-fed HMDP mice, with nominal p values shown (n=102 strains). (I) ABCB10 

expression in liver lysates from WT mice fed a HFD (45% Kcal as fat). n=9 mice per group; 

Mann-Whitney U test; *p<0.05; **p<0.01; ***p<0.001.
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Fig. 2. ABCB10-mediated bilirubin synthesis is dispensable for normal hepatocyte function in 
control mice.
(A) PCR product of the genomic fragment resulting from Cre-mediated excision of 

Abcb10flox/flox, determined in extracts of hepatocytes isolated from ABCB10-LKO mice; 

one mouse per lane. (B) ABCB10 protein measured in lysates from isolated primary 

hepatocytes, with an unspecific band close to ABCB10 marked with an asterisk*, one mouse 

per lane. Measurements in WT and ABCB10-LKO mice after 28 weeks of chow diet of (C) 

body weight and (D) blood glucose content during an i.p. glucose tolerance test (GTT) after 

16h fast. n=5–8 male mice. (E) Liver triglyceride (TG) content in total liver lipid extracts. 

(F-G) Oxygen consumption rates (OCR) of isolated liver mitochondria from WT and 

ABCB10 LKO littermates under state 2 (leak), state 3 (maximal ATP synthesis), state 4o 

(leak after oligomycin injection), maximal respiratory capacity (FCCP), and non-respiration 

OCR (antimycin A, AA), fueled by pyruvate + malate (F) or by succinate + rotenone (G). 
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n=5–6 mice/group. (H) Mitochondrial biliverdin content measured by LC/MS in liver 

mitochondria isolated from WT and ABCB10 LKO. n=5 mice/group. Student’s t-test 

**p<0.01 (I) Primary hepatocytes from lean (chow diet) WT or ABCB10-LKO mice 

transduced with adenovirus encoding cytosolic UnaG (cUnaG), to measure cytosolic 

bilirubin content (Student’s t-test; *p<0.05) or (J) with adenovirus encoding mitochondrial 

matrix-targeted UnaG (mUnaG). Mann-Whitney U test; *p<0.05. n=4–6 mice. Results are 

presented as mean ± SEM.
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Fig. 3. Hepatic ABCB10 deletion protects from HFD-induced insulin resistance and increases 
insulin-mediated suppression of hepatic glucose production.
(A-N) WT and ABCB10 LKO male mice were fed a HFD and (A) blood glucose and (B) 

plasma insulin were measured after 16h fasting during GTT at 28 weeks of diet; Two-way 

ANOVA; *p<0.05, ***p<0.001, n=9–17 mice per group. (C) Insulin tolerance test (ITT) 

performed after a 6h fast at 26 weeks of HFD. Two-way ANOVA; *p<0.05, n=11–19 mice 

per group. (D) Fasting glycemia and (E), fasting insulinemia values from panels A and B. 

(F) Body weight of WT and LKO mice after 30 weeks of HFD. N=9–23 mice per group; 

Student’s t-test, *p < 0.05 **p<0.01. (G) Lean and fat mass of HFD-fed WT and LKO mice 

determined by Echo-MRI at 30 weeks of diet. N=9–13 mice/group Student’s t-test, *p < 

0.05. (H) Daily food intake in WT or ABCB10 LKO mice. (I-N), Hyperinsulinemic-

euglycemic clamps in weight-matched HFD-fed WT and ABCB10-LKO mice at 30 weeks 

of diet, n=5–6 mice/group. (I) Body weight of clamped mice with (J) blood glucose 

concentration at basal state and during the clamps. (K) Glucose infusion rates (GIR), 

Student’s t-test, *p<0.05. (L) Hepatic glucose production (HGP), Student’s t-test, *p<0.05. 

(M) Insulin suppression of HGP, Student’s t-test, *p<0.05. (N), Insulin-stimulated glucose 

disappearance rate (IS-GDR). Results are presented as mean ± SEM.
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Fig. 4. ABCB10 is sufficient to impair insulin signaling in mouse and human primary 
hepatocytes.
(A) Western blots detecting pSer473 AKT and pTyr1162/1163 INSR in total lysates of 

primary hepatocytes isolated from HFD-fed WT and LKO mice. Hepatocytes were serum-

starved (o/n) and treated with 10 nM insulin for the indicated times. n=4–5 independent 

experiments. (B) Human hepatocytes were transduced with lentivirus encoding shControl 

(sh001) or shABCB10. Two days after transduction, hepatocytes were serum-starved (6h) 

and treated with 10 nM insulin for the indicated times. Western blots of pSer473 AKT and 
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pIR Tyr1162/1163 in total lysates. n=4 independent experiments. (C) Mouse AML12 

hepatocytes were transduced with Adenovirus (Ad) encoding LacZ or ABCB10. Two days 

after transduction, hepatocytes were serum-starved (6h) and treated with 10 nM insulin for 

the indicated times. Western blots of pSer473 AKT and pTyr1162/1163 INSR, n=4–6 

independent experiments. (D) Human primary hepatocytes transduced with Ad-LacZ and 

Ad-ABCB10. Two days after transduction, hepatocytes were serum-starved (6h) and treated 

with 10 nM insulin for the indicated times. Western blots detecting pSer473 Akt and 

pTyr1162/1163 INSR in total lysates. n=3–5 independent experiments. Mean ± SEM, 

*p<0.05 One-way ANOVA.
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Fig. 5. Hepatic ABCB10 deletion increases mitochondrial energy expenditure and protects from 
hepatic steatosis and hyperlipidemia induced by high-fat diet.
(A-O) Measurements in WT and ABCB10-LKO male mice fed a high-fat diet (HFD) for 

30–32 weeks. (A) Food intake of each individual mouse over a 48h period and (B) 

triglyceride (TG) content measured in feces collected in the metabolic cages (n=8–12 mice). 

(C) Co-variate analysis of VO2 and (D) energy expenditure (EE) versus total body weight 

measured using CLAMS. Dashed lines represent the average body weight values modeled to 

determine VO2 and EE in each group, *p<0.05 using ANCOVA, n=8–13 mice/group. (E) 

Respiratory exchange ratio (RER), *p<0.05, Student’s t test; n=8–13 mice/group. (F) 

Oxygen consumption rates (OCR) from isolated liver mitochondria under state 2 (leak) and 

state 3 (maximal ATP synthesis) fueled by pyruvate (Pyr) and malate (Mal). n=10–12 mice/

group, **p<0.01, Student’s t-test. (G) OCR traces showing basal, ATP-synthesizing 

(oligomycin sensitive), and maximal respiration (induced by FCCP) and (H) their bar graph 

quantification measured in intact primary hepatocytes isolated from n=5 mice/group; 
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*p<0.05, Student’s t-test. (I-J) Mitochondrial complex I to V subunits protein content in 

total liver lysates, with vinculin as loading control. n=7–13 mice/group. *p<0.05, Student’s 

t-test WT vs LKO. (K) Hematoxylin & eosin staining of liver sections. Scale bar, 100 μm. 

(L) Liver triglyceride content in total liver lipid extracts. n=8–14 mice/ group; *p<0.05, 

Student’s t-test. (M) Plasma triglyceride, (N) plasma very-low-density lipoprotein (VLDL) 

and (O) plasma total cholesterol concentration. n=10–21 mice per group. *p<0.05, Student’s 

t-test. (P) Expression of lipogenic genes Srebp1c, Fasn, Atgl, Pparγ2, Scd1 measured by 

qPCR of cDNA retrotranscribed from HFD fed-WT and LKO mouse livers. n=7–15 mice/ 

group. *p<0.05, Student’s t-test. Results presented as mean ± SEM.
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Fig. 6. Hepatic ABCB10 deletion increases mitochondrial H2O2 release and inactivates PTP1B, a 
phosphatase promoting hepatic insulin resistance and steatosis.
(A-B) Primary hepatocytes from lean (chow diet) and HFD-fed WT and ABCB10-LKO 

mice transduced with adenovirus encoding cytosolic UnaG (cUnaG), to measure cytosolic 

bilirubin content, or encoding mitochondrial matrix-targeted UnaG (mUnaG), to measure 

mitochondrial bilirubin. n=5–8 mice/group and independent experiments. Scale bar, 100 μm. 

Two-way ANOVA; *p<0.05, **p<0.01, ***p<0.001. (C-F) Primary hepatocytes isolated 

from WT and ABCB10-LKO mice fed a HFD for 30 weeks and transduced with adenovirus 
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encoding (C) Cyto-roGFP2-Orp1, measuring cytosolic H2O2 content, (D) Mito-roGFP2-

Orp1, measuring mitochondrial matrix H2O2 content, (E) Cyto-Grx1-roGFP2 measuring 

cytosolic GSSG/GSH or (F) Mito-Grx1-roGFP2 measuring mitochondrial GSSG/GSH. The 

ratio of green fluorescence emitted by oxidized roGFP2 divided by reduced roGFP2 is 

proportional to H2O2 content (Orp1) and GSSG/GSH (Grx1) respectively. Scale bar, 100 

μm. n=4–9 mice/group and independent isolations; *p<0.05, **p<0.01, Two-way ANOVA. 

(G) PTP1B activity measured in primary hepatocytes isolated from HFD-fed WT and 

ABCB10-LKO mice by immunoprecipitating PTP1B and measuring its phosphatase activity. 

n=5 mice/group and independent isolations; *p<0.05, Mann-Whitney U test. Results 

presented as mean ± SEM.
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Fig. 7. Bilirubin supplementation reverses the redox benefits induced by hepatic ABCB10 
deletion in diet-induced obese mice.
(A) Live imaging of cUnaG and mUnaG average fluorescence intensity to quantify cytosolic 

and mitochondrial bilirubin in hepatocytes isolated from HFD-fed ABCB10 LKO mice and 

then treated with vehicle (DMSO) and 10 μM bilirubin. Effects of the same bilirubin 

treatments on (B) cytosolic and mitochondrial matrix H2O2 content and (C) Grx1-roGFP2 

and mito-Grx1-roGFP2 measuring cytosolic and mitochondrial GSSG/GSH. n = 3–8 mice/

group. *p<0.05; Two-way ANOVA. (D) Respiration traces of primary hepatocytes treated 

with vehicle (DMSO) or 10 μM bilirubin (16h), isolated from HFD-fed WT and ABCB10 

LKO mice. (E) Bar graph of respiration traces in (D) ± SEM. n=3–7 mice/group. Two-way 

ANOVA: *p<0.05 (F) Liver mitochondria isolated from HFD-fed WT and ABCB10 LKO 

mice respiring under state 2 (leak) and state 3 (maximal ATP synthesis) fueled by pyruvate 

(Pyr) and malate (Mal), with vehicle (DMSO) or 10 μM bilirubin (BR). n=5–11 mice/group. 

Two-way ANOVA; **p<0.01. (G) Phosphatase activity measured in immunoprecipitated 

PTP1B from primary hepatocytes treated with vehicle (DMSO) or 10 μM bilirubin (BR) 
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(16h) and isolated from HFD-fed WT and ABCB10 LKO mice. n= 4–5 mice/group. Two-

way ANOVA, *p<0.05. Results presented as mean ± SEM.
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