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Abstract: 

Omega-3 fatty acids from fish oil reduce triglyceride levels in mammals, yet the mechanisms underlying this 

effect have not been fully clarified despite the clinical use of omega-3 ethyl esters to treat severe 

hypertriglyceridemia and reduce cardiovascular disease risk in humans. Here we identified in bile a class of 

hypotriglyceridemic omega-3 fatty acid-derived N-acyl taurines (NATs) that, after dietary omega-3 fatty acid 

supplementation, increased to concentrations similar to those of steroidal bile acids. The biliary docosahexaenoic 

acid (DHA) containing NAT, C22:6 NAT, was increased in human and mouse plasma after dietary omega-3 fatty 

acid supplementation and potently inhibited intestinal triacylglycerol hydrolysis and lipid absorption. Supporting 

this observation, genetic elevation of endogenous NAT levels in mice impaired lipid absorption, while selective 

augmentation of C22:6 NAT levels protected against hypertriglyceridemia and fatty liver. When administered 

pharmacologically, C22:6 NAT accumulated in bile and reduced high fat diet-induced, but not sucrose-induced, 

hepatic lipid accumulation in mice, suggesting that C22:6 NAT was a negative feedback mediator that limited 

excess intestinal lipid absorption. Thus, biliary omega-3 NATs may contribute to the hypotriglyceridemic 

mechanism of action of fish oil and could influence the design of more potent omega-3 fatty acid-based 

therapeutics.  
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Graphical Abstract 
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Introduction 

 

Omega-3 fatty acids are essential to many cellular functions but are not made by mammals and instead are found 

in highest abundance in fatty fish and fish oil supplements (1). When consumed in pharmacologic doses, omega-

3 fatty acids and their synthetic derivatives markedly reduce circulating triacylglycerol (TAG) levels and liver TAG 

in humans (2, 3), and are effective in treating severe hypertriglyceridemia (4). The essential omega-3 fatty acids, 

eicosapentaenoic acid (EPA; C20:5) and docosahexaenoic acid (DHA; C22:6), reduce TAG and inflammation in 

part by decreasing lipid synthesis, increasing fatty acid oxidation, inhibiting adipocyte lipolysis, and displacing the 

omega-6 fatty acid, arachidonic acid (C20:4) from phospholipids, thereby preventing pro-inflammatory mediator 

synthesis (1). An EPA derivative, ethyl eicosapentaenoic acid, also protects against ischemic events in high-risk 

patients with elevated triglycerides (5) while a liver-targeted analogue of EPA, icosabutate, improves circulating 

and hepatic lipid profiles, reduces inflammation and fibrosis, and is currently in human trials to treat non-

alcoholic steatohepatitis (NASH) (6). NASH is a common consequence of chronic non-alcoholic fatty liver disease 

(NAFLD), a malady present in roughly 25% of the global population that is expected to increase further alongside 

the metabolic syndrome (7). Nevertheless, despite their therapeutic utility and expanding clinical applications, 

how omega-3 fatty acids and their derivatives improve triglyceride homeostasis has not been fully elucidated. A 

better understanding of these mechanisms of action could point the way to increasingly potent and effective 

omega-3 based therapeutics.  

 

We hypothesized that N-acyl taurines (NATs), amphipathic lipids comprised of a variable fatty acyl chain and 

taurine, might contribute to the triglyceride lowering effects of omega-3 fatty acids in vivo. We postulated this 

because, even though the proportion of omega-3 fatty acids in in hepatic lipids is low, a DHA-derived NAT (C22:6 

NAT) is the most abundant NAT species in liver at baseline and after pharmacological inhibition of NAT 
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degradation (8, 9). The unusual enrichment of omega-3 fatty acyl chains in NATs and their high turnover in liver 

suggests an undefined biological role potentially related to polyunsaturated fatty acid (PUFA) homeostasis.  

 

NATs are found in multiple tissues, undergo rapid clearance in liver, and are hydrolyzed by the enzyme fatty acid 

amide hydrolase (FAAH) (10). FAAH degrades several classes of acyl amides beyond NATs, including N-acyl 

ethanolamines (NAEs), which include several biologically active molecules (11–13). A conventional loss of 

function model for FAAH causes accumulation of both NAEs and NATs, making it impossible to disentangle the 

function of these classes of molecules in this model. Previously, we reported the generation and evaluation of a 

mouse model carrying a point mutation in FAAH (FAAH S268D). FAAH S268D mice degrade NAEs normally, but 

are unable to hydrolyze NATs, causing NATs to accumulate (9), thus allowing us to characterize the function of 

NATs in vivo. The conventional FAAH knockout mouse, with high NATs and NAEs, rapidly develops fatty liver and 

becomes insulin resistant (14, 15). In contrast, FAAH S268D mice with elevated endogenous NATs alone display 

improved insulin sensitivity and increased GLP-1 secretion. Similarly, acute treatment with C18:1 NAT increases 

secretion of glucoregulatory hormones, improves glucose tolerance and decreases food intake (9).  

 

In mouse liver, the NAT lipid family is enriched in polyunsaturated acyl-chains, and these species increase the 

most when FAAH activity is limited (8, 9), despite the very low abundance of omega-3 fatty acids relative to other 

fatty acids. These observations led us to explore the physiology of PUFA-containing NATs in vivo by increasing 

substrate availability through omega-3 fatty acid-rich fish oil feeding as well as exogenous treatment of specific 

NATs. We found that the DHA-containing NAT, C22:6 NAT, greatly increases with omega-3 fatty acid 

supplementation, especially in bile. Of note, in the 1960s, medium-chain NATs were found to be the primary 

emulsifier in crayfish digestive juice (16), suggesting an importance in digestion and intestinal function. However, 

the presence and function of NATs in mammalian bile has not been previously explored. We hypothesized that 
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C22:6 NAT would mediate some proportion of the beneficial effects of omega-3 fatty acid supplementation, 

including lowering hepatic and plasma TAG. Congruent with this idea, C22:6 NAT limited lipid absorption in both 

wildtype and FAAH S268D mice and prevented high fat diet (HFD)-mediated hepatic lipid accumulation in FAAH 

S268D mice. The action of C22:6 NAT in FAAH S268D mice, which cannot degrade NATs normally, indicates that 

this intact molecule, rather than its DHA and taurine components, confers beneficial effects on fatty liver and 

hypertriglyceridemia.  
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Results 

NATs are enriched in bile and omega-3 FA supplementation increases C22:6 NAT amount  

We previously showed that NATs containing polyunsaturated acyl chains are abundant in liver and plasma and 

greatly increase with impaired NAT hydrolysis, and these species could be metabolites that mediate positive 

phenotypes, such as high GLP-1 secretion (9). Standard rodent chow contains very little EPA or DHA so substrate 

could limit the amount of NAT made from these PUFAs. To overcome this limit, C57Bl/6NTac mice were fed a 

high fat diet (45% kcal fat) containing primarily lard (HFD) or 20% kcal from menhaden fish oil (approximately 5% 

of kcal from EPA/DHA). Because NATs are taurine-conjugated amphipathic lipids, similar to steroidal bile acids, 

we examined the metabolome of bile to check for the presence of NATs (Figure 1A). Interestingly, we found that 

NATs are highly concentrated in bile relative to plasma, regardless of diet, (Figure 1B-C), reaching concentrations 

in the range of steroidal bile acids. In fish oil-fed mice, primarily PUFA-containing NATs were elevated in both 

bile and plasma, indicating a strong substrate preference (Figure 1B-C). Species containing unusual acyl chains, 

such as C22:7 NAT, were detected but structure, such as branching of the acyl chain, was not determined due to 

lack of standards and difficulty in synthesis. Humans that consumed EPA/DHA supplements (13.1 g/wk for 12 

months) (17) showed plasma C20:5 NAT and C22:6 NAT were elevated over baseline without altering C18:1 NAT 

concentration (Figure 1D). This data shows that C22:6 NAT amount greatly increases with DHA supplementation 

in both mice and humans, indicating potential substrate preference in synthesis, and that C22:6 NAT is 

concentrated in the bile, potentially for disposal to control hepatic DHA concentrations or to regulate intestinal 

function.  

 

C22:6 NAT lowers lipid absorption through inhibiting TAG degradation 

In order to understand if increasing NATs in bile affects dietary lipid absorption, C57Bl/6NTac mice were fed HFD 

or fish oil diet for 2 weeks and then subjected to an oil absorption test. Fish oil feeding slowed TAG appearance 
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after oil gavage (Figure 2A), but did not change secretion of endogenous TAG as indicated by very low-density 

lipoprotein (VLDL) (Figure 2B). Because biliary NATs were greatly altered by fish oil feeding we tested whether a 

specific NAT could be responsible for slowing lipid absorption. Mice were given an oil gavage with a [3H]triolein 

tracer with or without purified C18:1 NAT, C20:4 NAT, or C22:6 NAT. Interestingly, of the tested NATs, only C22:6 

NAT decreased plasma radioactivity 2 h after oil (Figure 2B, C). C22:6 NAT also lowered the amount of radiolabel 

found in intestinal cells, indicating that the lipid had not been able to be taken up into enterocytes (Figure 2E). 

To determine if the deficiency was due to impaired fatty acid uptake into enterocytes or to low TAG hydrolysis, 

mice were given an oil gavage with [14C]oleic acid ± C22:6 NAT. C22:6 NAT did not impair appearance of plasma 

or intestinal fatty acid (Figure 2F-G), indicating that intestinal uptake of lipids is not impaired. Unlike the weight 

loss drug Orlistat (18),C22:6 NAT did not directly impair pancreatic lipase activity (Figure 2H). C22:6 NAT did 

reduce TAG hydrolysis in a lipid emulsion (Figure 2I), and  when added to bovine bile, C22:6 NAT reduced the size 

of micelles (Figure 2J), which can inhibit lipase activation (19). Taken together, this data indicates that the specific 

increase of C22:6 NAT in the intestine decreases lipid absorption by impairing TAG hydrolysis.  

 

Genetic ablation of NAT hydrolysis impairs lipid absorption 

FAAH-S268D mice cannot hydrolyze NATs and display elevated plasma and hepatic NATs (9). Here, we observed 

elevated NATs in bile from FAAH-S268D mice, particularly PUFA-containing NATs (Figure 3A), similar to fish oil-

fed wildtype mice (Figure 1A). Impaired lipid absorption with normal VLDL secretion was also observed in the 

FAAH S268D mice (Figure 3B-C), and fecal acylglycerol, including TAG and monoacylglyerol,  was elevated in 

FAAH-S268D mice after 4 wk of feeding a very high fat diet (60% fat diet) (Figure 3D). The impairment in 

absorption was specific to lipids, as maltodextrin was digested and absorbed as glucose at normal rates (Figure 

3E). Further, intestinal permeability and upper gut transit speed were not altered (Figure 3F-G). The lipid 

absorption defect in FAAH-S268D mice likely was not due to altered steroidal bile acids as bile secretion was 
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higher (Figure 3H), and steroidal bile acid content (Figure 3I) and bile acid synthesis gene expression were normal 

(Figure 3J). Thus, the change in composition and quantity of NATs in bile is a likely cause of altered lipid 

absorption in the FAAH-S268D mice. 

 

Impaired NAT hydrolysis alters whole-body energetics 

Despite a deficiency in lipid absorption, chow-fed FAAH-S268D mice displayed normal body weight and 

composition at 10-12 weeks of age (Figure 4A). Food intake and physical activity were also not altered in FAAH-

S268D mice compared to FAAH-WT mice (Figure 4B-C). Interestingly, oxygen consumption and carbon dioxide 

output were low, leading to low energy expenditure values (Figure 4D-G). This low energy expenditure may 

compensate for a calorie deficit due to low lipid absorption.  

 

Fish oil feeding of FAAH S268D mice prevents hypertriglyceridemia and hepatic lipid accumulation. 

FAAH-S268D mice were next fed a moderately high fat diet (45% kcal fat) or matched fish oil diet to determine 

if omega-3 fatty acid supplementation could further increase C22:6 NAT and increase its effects. Fish oil feeding 

significantly increased many species of NATs (Supplementary Figure 1) with large increases in biliary and plasma 

C22:6 NAT (Figure 5A-B). Fish oil-fed FAAH-WT mice displayed similar levels of plasma and biliary C22:6 NAT to 

HFD-fed FAAH-S268D mice, which cannot hydrolyze NATs. Interestingly, the defect in lipid absorption was less 

pronounced in HFD-fed FAAH S268D mice (Figure 5C) than chow-fed (Figure 3B) indicating some compensation 

to normalize lipid absorption is possible on a moderate fat diet. However, fish oil-fed FAAH-S268D mice displayed 

lower plasma TAG after oil meal than FAAH-WT mice, without altering VLDL secretion (Figure 5C-D), indicating 

an impairment in lipid absorption. 
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Despite impaired lipid absorption, FAAH-S268D mice gained weight normally on both the HFD and fish oil diets 

(Figure 5E). Food intake was not different in the first 3 days of diet feeding (Supplementary Figure 1). In both 

genotypes, fish oil feeding caused expected effects, such as lower fat mass (Figure 5F-G) and plasma cholesterol 

(Figure 5H). Interestingly, with fish oil feeding, FAAH-S268D mice had higher lean mass than other groups (Figure 

5F), and FAAH S268D mice displayed low plasma TAG, regardless of diet (Figure 5I). Fish oil-feeding decreased 

liver TAG in both genotypes, but FAAH-S268D livers were more greatly protected, containing less than half the 

TAG measured in FAAH-WT livers (Figure 5L). No genotype differences were found in hepatic expression of 

inflammatory markers or genes that regulate lipid metabolism, possibly indicating a mechanism other than 

altered fatty acid oxidation or synthesis (Figure 5M). Taken together, these data indicate that highly increasing 

PUFA-containing NATs allows mice to gain weight normally while being protected from developing fatty liver, 

potentially due to impaired dietary lipid absorption. Seeing the greatest effects in mice unable to break down 

NATs demonstrates that NATs themselves may be the beneficial molecules.  

 

C22:6 NAT treatment of FAAH S268D mice mimics effects of fish oil feeding. 

Because C22:6 NAT was the only tested NAT able to impair lipid absorption (Figure2C-D) and was highly elevated 

with fish oil feeding, we tested if treating FAAH-S268D mice with exogenous C22:6 NAT could have a similar effect 

as fish oil feeding. After subcutaneous injection, C22:6 NAT peaked in plasma after 30 min (Figure 6A), and the 

C22:6 NAT concentration in bile rose until the last tested point of 2 h (Figure 6B), indicating that when FAAH-

mediated NAT hydrolysis is impaired, NATs can be cleared from plasma into bile. When FAAH-S268D mice were 

given a lipid absorption test 2 h after C22:6 NAT injection, TAG appearance was diminished 2 and 4 h after oil, 

indicating lipid absorption was impaired (Figure 6C) similar to dosing C22:6 NAT directly with the meal (Figure 

2C).  
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In a study of chronic treatment, FAAH-S268D mice were fed the high fat diet (45% kcal fat) and received a daily 

subcutaneous injection of vehicle (PBS) or C22:6 NAT (10 mg/kg) for 2 wk. C22:6 NAT treatment did not 

significantly affect weight gain or inguinal adipose weight, but decreased gonadal adipose weight (Figure 6D-F). 

Consistent with fish oil feeding in FAAH-S268D mice, C22:6 NAT treatment lowered plasma TAG and glucose and 

tended to lower plasma cholesterol (Figure 6G-I). No treatment differences were seen for non-esterified fatty 

acids (NEFA) (Figure 6J) or ketones (Figure 6K). C22:6 NAT-treated mice  had 37% less hepatic TAG (Figure 6L), 

indicating that C22:6 NAT in part explains the effect of fish oil in a model of delayed NAT hydrolysis. No signs of 

fibrosis, inflammation, or necrosis were seen with either treatment (Figure 6M). C22:6 NAT had no observed 

effect in wildtype mice (data not shown), likely due to rapid hydrolysis and limited excretion in bile. Overall, in a 

model of prolonged NAT circulation and biliary content, C22:6 NAT treatment was able to diminish HFD-induced 

fatty liver development and improve several blood parameters without altering weight gain. 

 

High sucrose diet prevents C22:6 NAT-mediated protection against fatty liver  

To this point, we have shown that C22:6 NAT caused lipid malabsorption and opposed HFD-induced fatty liver. 

We reasoned that the lipid malabsorption is responsible for decreased hepatic lipid deposition; however, we 

have not ruled out that C22:6 NAT may directly affect lipid metabolism in the liver. To determine if C22:6 NAT-

mediated lipid malabsorption was necessary to prevent fatty liver, FAAH-S268D mice were fed a high sucrose 

diet (HSD) to induce fatty liver from carbohydrate consumption instead of dietary lipid absorption. With HSD, 

body weight gain, gonadal adipose weight, food intake, and plasma measures were unaltered by C22:6 NAT 

treatment (Figure 7A-D). Importantly, HSD-fed FAAH-S268D mice treated with C22:6 NAT were no longer 

protected from liver TAG accumulation (Figure 7E), indicating that dietary lipid is key to C22:6 NAT protection.  
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GLP-1 increases in models of impaired lipid absorption (20, 21) and can have beneficial effects on metabolism, 

including diminishing fatty liver (22, 23). We tested whether C22:6 NAT could increase GLP-1 secretion. Two 

hours after injection of C22:6 NAT or vehicle, FAAH-S268D mice were given a meal of glucose alone or a high fat 

meal and blood was collected 30 min later. As expected, C22:6 NAT treatment lowered plasma TAG after high 

fat meal (Figure 7F), consistent with impaired lipid absorption (Figure 2C, 6C). Glucose and insulin levels were 

unaltered with treatment (Figure 7G, I). Plasma GLP-1 was elevated in mice treated with C22:6 NAT and a high 

fat meal, but not glucose alone (Figure 7H), indicating that intestinal lipids were necessary to increased GLP-1 

secretion, either due to direct stimulation by the dietary lipid or through co-stimulation of receptors with C22:6 

NAT.  
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Discussion 

Omega-3 fatty acids are essential for development and can regulate many parameters within the cell, including 

inflammation and fatty acid oxidation (1) and have been implicated in improving plasma and liver TAG (2, 3) and 

decreasing cardiovascular disease risk (5). However, the mechanisms for these benefits are incompletely 

understood. Here we show a potentially novel pathway for DHA metabolism, where DHA is conjugated to taurine 

to form C22:6 NAT, which is then secreted into bile to regulate lipid absorption. C22:6 NAT is an understudied 

lipid metabolite that may mediate some of the beneficial effects of high DHA intake, such as lowering plasma 

and liver TAG. In using a model of impaired NAT hydrolysis, we show that treatment with C22:6 NAT itself, and 

not its components, DHA or taurine, is capable of preventing high fat diet-induced hepatic lipid accumulation 

and lowering plasma TAG. Elevated liver and plasma TAG are risk factors for cardiometabolic diseases, so 

understanding the mechanisms behind the existing omega-3 fatty acid-based treatments can improve future 

treatments for cardiovascular disease and NAFLD.  

NATs are similar to steroidal bile acids in that both can signal through receptors at low concentrations and can 

be excreted in large quantities in bile to regulate lipid absorption (9, 24). The biliary NAT concentrations seen 

here when mice are given a fish oil-containing diet are in the range of steroidal bile acids, an impressive amount 

for a class of molecules that has not been previously described in mammalian bile. This high concentration of 

PUFA-containing NATs could indicate that biliary excretion is a way to minimize oxidative stress in times of excess 

PUFA consumption or be a feedback mechanism to limit the amount of lipids that are taken in when the need 

for essential fatty acids has already been met. Excreting NATs into bile could be an evolutionarily conserved 

pathway as crustaceans, which lack sufficient cholesterol-based bile acids (25), use medium-chain NATs as the 

primary emulsifier in digestive juice, their equivalent to pancreatic secretions and bile (26). Interestingly, it 

appears that there is a species difference in acyl chain with mammals conjugating taurine to very long chain fatty 
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acids. This switch likely alters the chemical properties of the NATs, thus probably also changing the functionality 

of the NATs in the intestine, as evidenced by high levels of C22:6 NAT actually impairing lipid absorption in mice.  

 

We present here a model of moderately impaired lipid absorption, hypometabolism and normal weight gain but 

protection from fatty liver development. Separating weight gain and fatty liver is useful for NAFLD research, as 

low weight gain or weight loss is often a confounding factor in NAFLD development (27). Other models of 

impaired lipid absorption, such as mice lacking Mogat2 (21) or Cyp8b1 (20), are unable to gain weight normally 

with HFD feeding, thus preventing conclusions about the importance of limited lipid absorption directly on 

metabolic parameters. The models of high C22:6 NAT here indicate that impairing lipid absorption is capable of 

improving metabolic health, even while gaining weight and adipose mass. This information could indicate that 

treatment by moderating lipid absorption, without causing weight loss or side effects like steatorrhea, could still 

have benefits to NAFLD.  

 

Metabolically, mice lacking FAAH are susceptible to high fat diet-induced hepatic lipid accumulation insulin 

resistance, and hypometabolism, and this phenotype has been primarily attributed to the NAEs (14), despite the 

concurrent high concentration of NATs. Here, we show that FAAH-S268D mice are no more susceptible to weight 

gain and fatty liver than FAAH-WT, and are more protected from fatty liver development by fish oil feeding, 

indicating that NAEs are likely responsible for these detrimental phenotypes seen in the FAAH-KO mice. However, 

FAAH-S268D mice do show signs of hypometabolism, similar to the FAAH-KO mice (14), which could contribute 

to weight gain even with lower caloric intake due to impaired lipid absorption. It is currently unclear if this 

hypometabolism is a consequence of impaired lipid absorption or due to developmental differences. The role of 

C22:6 NAT in lowering lipid absorption and protecting mice from development of fatty liver is distinct from any 

known role of other FAAH substrates and is likely due to the chemical properties of C22:6 NAT. As a charged 
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amphipathic molecule, C22:6 NAT can work as a detergent at high concentrations, a function that neutral NAEs 

are unable to perform, thus allowing us to tease out the functions of NAEs and NATs more clearly.  

 

Interestingly, the acyl chain seems to play a large part in determining a NAT’s biological function. C18:1 NAT and 

C20:4 NAT are unable to lower lipid absorption (Figure 2B), unlike C22:6 NAT. Also, C22:6 NAT does not directly 

stimulate GLP-1 secretion (Figure 7H), unlike C18:1 NAT (9). Omega-3 fatty acid supplementation also increased 

C20:5 NAT, albeit to markedly lower levels than C22:6 NAT. This EPA-derived species will be of interest in the 

future as EPA and its analogues reduce triglycerides and cardiovascular disease risk (5) and are preferred over 

DHA supplementation due to potential increased LDL cholesterol with DHA treatment (28, 29). Therefore, the 

biological effects of C20:5 NAT could be different from that of C22:6 NAT or C20:5 NAT could work through 

different mechanisms, despite both C22:6 NAT and C20:5 NAT increasing with omega-3 fatty acid 

supplementation. DHA or EPA incorporation into NATs could also affect levels of pro-resolving mediators such 

as resolvins or maresin 1, a hydroxylated derivative of DHA, which protects against mice against non-alcoholic 

steatohepatitis (30, 31). Identification of the yet uncertain in vivo NAT synthase could lead to inhibitor-based 

approaches to augment the levels of these protective metabolites. These possibilities make the elevation of 

C20:5 NAT, alone or in combination with C22:6 NAT, an interesting future study to further explore the 

mechanisms of the beneficial effects of omega-3 fatty acid supplementation.  

 

Because human and murine plasma C22:6 NAT increases with omega-3 fatty acid supplementation, future 

studies should determine if DHA supplementation also increases biliary C22:6 NAT in humans, as this could 

increase our understanding of how omega-3 fatty acids provide benefit. Studies with high omega-3 fatty acid 

supplementation (approximately 4 g/d) show that fish oil can inhibit lipid absorption in humans (32, 33). Further, 

pharmacological administration of C22:6 NAT in humans could be a way to slow lipid absorption, which can 
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increase GLP-1 secretion and satiety (34), as well as provide the essential fatty acid DHA and taurine upon 

hydrolysis.  

 

In conclusion, C22:6 NAT is a DHA-derived metabolite that can limit lipid absorption and prevent hepatic lipid 

accumulation, providing insight into potentially novel mechanisms for beneficial effects of omega-3 fatty acids 

and presenting interesting avenues of treatment for hyperlipidemia and NAFLD.  
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Methods  

Materials 

All chemicals were sourced from Merck/Sigma-Aldrich, unless otherwise specified. Radioactive isotopes were 

provided by Perkin-Elmer. C18:1 NAT was synthesized as described (9). C20:4 NAT and C22:6 NAT were 

synthesized using the same method as C18:1 NAT by reacting the appropriate acyl-chloride with taurine 

(Supplemental Methods). Both were purified over a silica gel with methanol as an eluent. Fractions containing 

product were concentrated under reduced pressure. The products’ characterization is provided in the 

supplement. 

 

NAT quantification in plasma and bile 

Plasma (150 µL) was extracted as previously described(9) and injected at 10 µL in a random order. Bile (2.5 µL) 

was diluted with 47.5 µL of C15:0 NAT (5 pmol) in a Phenomenex Verex 9 mm vial and injected at 2.5 µL in a 

random order. In all cases, NATs were separated using a Waters HSS T3 C18 column (2.1 x 100 mm, 1.7 µm) and 

detected using a Bruker Impact II QTOF operated in full scan (m/z: 50 – 1000), negative ion mode as described(9). 

C18:1 NAT, C20:4 NAT, and C22:6 NAT were quantified using an internal standard normalized standard curve 

with C15:0 NAT serving as the internal standard. In plasma, the standard curve concentrations were as 

described(9). In bile, the standard curve ranged in concentration from 0.025 µM to 15 µM. All other NATs were 

identified and quantified as previously described(9). With the exception of C20:5 NAT, NATs were detected using 

XCMS Online (35). C20:5 NAT was detected using Bruker QuantAnalysis software. All NATs were quantified based 

upon C18:1 NAT concentrations. 

 

Animal care  
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Male C57Bl/6NTac mice were obtained from Taconic at 6-8 wk of age. FAAH-S268D mice on a C57Bl/6 

background were generated as described(9). Mice were housed in a specific-pathogen free environment on 12 

h light/dark cycle, and experiments were performed during the light cycle. Mice were maintained on regular 

chow and had free access to food and water unless otherwise specified. Male mice, between ages of 7-15 weeks, 

were used for experiments, unless otherwise specified. For intestinal permeability studies, mice were gavaged 

with 600 mg/kg FITC-dextran in water, blood was collected 4 h later, and plasma fluorescence was measured. 

For gut transit studies, mice were fasted for 3 h before gavage with a mixed meal (60% glucose, 20% casein, 20% 

emulsified soybean oil by kcal) with 10% charcoal (w/v). Intestinal length and distance to distal charcoal front 

were measured 30 min after gavage. For complex carbohydrate absorption, mice were fasted for 6 h starting 2 

h into the light cycle. Mice were given an oral gavage of 2 g/kg BW maltodextrin. Blood glucose was measured 

at indicated time points using the AlphaTrak 2 glucometer (Zoetis). For fecal lipid studies, mice were fed a high 

fat diet (60% kcal fat; Research Diets D12492) for 4 wk. For fish oil diet studies, mice were fed a high fat diet 

containing fish oil (45% kcal from fat; 20% kcal from fish oil; 0.002% tert-butylhydroquinone; Research Diets 

D18052302) or matched lard-based diet (Research Diets D18052303). For carbohydrate-induced fatty liver 

studies, mice were given a high sucrose diet (60% kcal from sucrose; Research Diets D02022703). Body 

composition was measured by magnetic resonance imaging. Indirect gas calorimetry and food intake were 

measured with individually housed mice in metabolic chambers (TSE Systems). For NAT treatment, C22:6 NAT 

was solubilized in phosphate buffered saline (PBS) and injected subcutaneously at a dose of 10 mg/kg within 1 h 

of the start of the dark cycle. For the C22:6 NAT time course, mice were fasted 4 h before injection and tissues 

collected at indicated time points. For tissue collection, mice were deeply anesthetized with pentobarbital, 

exsanguinated into a tube containing EDTA, and tissues were snap frozen. For diet and treatment studies, mice 

were fasted 4 h before collection of blood and tissues. GLP-1 secretion was measured in FAAH S268D mice fasted 

for 12 h, starting 4 h into the dark cycle. Mice were treated subcutaneously with C22:6 NAT or vehicle and given 
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a high fat meal (60% emulsified soybean oil, 30% glucose, 10% casein by kcal) 2 h later, and blood was collected 

30 min after meal. GLP-1 was measured by ELISA (Mercodia). 

 

Lipid absorption 

For lipid absorption studies, mice were fasted 4 h, starting 2 h into the light cycle. Mice were lightly anesthetized 

with isofluorane before intravenous (i.v.) injection of 15% tyloxapol (3.3 ul/g) to prevent uptake of lipids into 

tissues. Blood was collected from tail nick 15 min later, and mice were then given an oral gavage of either olive 

or sunflower oil (time 0). VLDL secretion was measured in the same way, but without the oil meal and tyloxapol 

injection counted as time 0. For tracer studies, [3H]triolein or [14C]oleic acid (5 µCi) was added to olive oil along 

with indicated NAT or vehicle (0.1% DMSO). Blood was collected at 1 and 2 h after oil gavage, and intestine was 

flushed with 0.5 mM taurocholate before being cut into 2 cm sections and dissolved in 1 N sodium hydroxide at 

65 degrees. Radioactivity was measured using a scintillation counter.  For non-tracer studies, blood was collected 

1, 2, and 4 h after oil gavage, and TAG was measured in plasma using a colorimetric assay (Randox). VLDL 

secretion was measured in the same way as lipid absorption but without the oral gavage of oil.  

 

Lipase activity and TAG hydrolysis assays 

Lipase activity was determined using purified porcine pancreatic lipase (5 µg/reaction) in 50 mM sodium 

phosphate, pH 8.0, 5 mM deoxycholate, 10% isopropanol with 160 µM 4-nitrophenyl palmitate (4-NPP) and 100 

µM C18:1 NAT, C20:4 NAT, or C22:6 NAT(36). Reactions were read every at 410 nm every minute for 10 min. TAG 

hydrolysis was determined as described(37). Briefly, porcine pancreatic lipase was dissolved in 10 mM Tris (pH 

8.0), 0.15 M NaCl, 1mM CaCl2. Colipase was dissolved in 10 mM Tris (pH 8.0) and 0.15 M NaCl. Trace [3H]triolein 

(7.5 µCi/ml) was added to 0.4 mM triolein in assay buffer containing 30 mM Tris (pH 8.0), 1.0 mM CaCl2 and 6 

mM taurodeoxycholate and sonicated for 10 min. NATs (100 µM) were added, and the emulsion was vortexed.  
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Reactions were started by adding 50 ng lipase and 0.5 µg colipase and incubated at room temperature for 10 

min. The reaction was stopped by adding extraction solvent (chloroform/methanol/heptane; 12.5/14/10; v/v/v) 

and 50 mM sodium carbonate (pH 10.5). A portion of the upper phase was counted in a scintillation counter. 

  

Micelle imaging using cryo-electron microscopy in bovine bile 

Dried, unfractionated bovine bile (Sigma-Aldrich, catalog number: B3883) was suspended in buffer (30 mM Tris 

(pH 8), 1 mM CaCl2) at a concentration of 86.96 g/L. After brief vortexing (~3 s, top speed) and centrifugation 

(≥20,000 x g, 5 minutes), 25 µL of supernatant was combined with either 25 µL of buffer or 25 µL of buffer 

containing 25 nmol of sodiated C22:6 NAT. The samples were vortexed briefly (~3 s, top speed) then allowed to 

rest at ambient temperature (approximately 20 °C) for >1 h prior to preparation for cryo-electron microscopy. 

3 µL of sample was placed onto a glow discharged grid (Quantifoil Holey Carbon Film, 200 mesh Cu) and 

prepared for cryo-EM using a Vitrobottm Mark IV (Thermo Fisher Scientific). Samples were analyzed at a 

magnification of 29,000x using a Tecnai G2 20 TWIN (Thermo Fisher Scientific). Micelle size and number were 

quantified using Image J (38). 

 

Bile collection 

For bile secretion rates, murine bile was collected by cannulating the common bile duct after placing a clamp on 

the cystic duct to prevent flow of bile from the gall bladder. Bile was collected in pre-weighed tubes for 20 min 

and stored at -20 ⁰C until further analysis. For all other studies, bile was collected from the gall bladder.  

 

LC-MS Bile Acid Quantitation in Bile 
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Bile diluted 1/400th methanol was diluted to either 1/1,200th or 1/36,000th in a Phenomenex Verex 9 mm vial 

containing internal standard solution (0.3 µM of D4 taurolithocholic acid-d4 (TLCA-d4), D4 taurodeoxycholic acid-

d4 (TDCA-d4), D6 deoxycholic acid-d6 (DCA-d6), D5 cholic acid-d5 (CA-d5), D4 taurocholic acid-d4 (TCA-d4), D4 

tauroursodeoxycholic acid-d4 (TUDCA-d4), D4 taurodeoxycholic acid-d4 (TDCA-d4), D5 lithocholic acid-d5 (LCA-

d5), and D4 chenodeoxycholic acid-d4 (CDCA-d4)) in water. Steroidal bile acids were detected and quantified as 

previously described(39).  

 

Plasma, liver, and fecal lipids 

Plasma TAG, glucose, and cholesterol were measured using colorimetric assays (Randox). Plasma ketones were 

measured using a colorometric assay (Sigma). Lipids were extracted from liver or dried feces using a chloroform-

methanol extraction (chloroform:methanol:water; 1:1:0.875). Lipids were resolubilized in absolute ethanol and 

measured using a colorimetric assay (Randox).  

 

Histological analysis 

A portion of the left lobe of the liver was fix in 4% paraformaldehyde overnight, paraffin-embedded and 

sectioned. Sections were then stained with hematoxylin-eosin (HE) or Sirius red and scored for lipid droplet area, 

inflammation, necrosis, and fibrosis by trained histologists blinded to experimental groups. Lipid droplet area 

was estimated at 10x magnification in HE-stained sections, and the following scoring was used: 0: <2%; 1: 2-5%; 

2: >5%.  

 

Statistics 

Data are represented as mean ± standard error of the mean (SEM). Statistical analysis was performed using 

GraphPad Prism, versions 7 and 8. Significance was determined by two-tailed Student’s t-tests, 1-way ANOVA or 
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2-way ANOVA with Bonferroni’s multiple comparisons test where appropriate. To compare multiple samples to 

the control, a multiple comparison-corrected Dunnett’s test was used following 1-way ANOVA. Micelle size was 

compared using a Mann-Whitney test. A P-value <0.05 was considered statistically significant. Significantly 

different NATs were determined using MetaboAnalyst 4.0 (40). In cases in which two conditions were compared, 

a false-discovery rate (FDR < 0.05) corrected t-test was used. In the case of comparisons of both diets and 

genotypes, a two-way, independent ANOVA corrected with FDR (FDR < 0.05) was performed to identify 

significantly different NATs as a function of fish oil diet. 

 

Study approval 

Human plasma was collected as described with approval by the Suffolk Local Research Ethics Committee 

(approval 05/Q0102/181) (17). Written informed consent was received from participants prior to inclusion in the 

study. All murine protocols were approved by the Danish Animal Experiments Inspectorate and comply with the 

ARRIVE standards. 
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Figure 1. NATs are enriched in bile and omega-3 FA supplementation increases C22:6 NAT amount. A) 

Representative chromatogram of murine bile after 3 d of lard-based HFD or fish oil diet. The indicated peaks 

contain steroidal bile acids or C22:6 and C22:7 NATs. Insets show structures of taurine-conjugated biliary lipids: 

taurocholate and C22:6-NAT. B-C) Biliary and plasma NATs after 3 d of HFD or fish oil feeding (n=8-10). D) Human 

plasma after EPA/DHA supplementation (13.1 g/wk) or placebo oil (n=14). Data presented as mean ±SEM.  *p-

value<0.05 between treatments by FDR-corrected t-test (A-C) or 2-way ANOVA (D).  
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Figure 2. C22:6 NAT lowers lipid absorption by inhibiting TAG degradation. A-B) Plasma TAG with gavage of olive 

oil (lipid absorption; n=11-12) or after inhibition of lipoprotein lipase alone (VLDL secretion; n=4). C-E) 3H in 

plasma or small intestine after lipoprotein lipase inhibition and oral gavage of oil with [3H]triolein ±  100 µM NAT 

(n=4-7). F-G) 14C in plasma or small intestine after lipoprotein lipase inhibition and oral gavage of oil with 

[14C]oleic acid ± 100 µM C22:6 NAT (n=7-8). H) Lipase activity measured using 4-nitrophenyl palmitate ± 100 µM 

NAT (n=2 separate experiments in triplicate). I) Lipase-mediated TAG hydrolysis measured using [3H]triolein in a 

taurocholate emulsion ±  100 µM NAT (n=3 separate experiments in triplicate).  J) Representative images and 

quantification of size of bovine bile micelles ±  500 µM C22:6 NAT imaged by cryo-electron microscopy. Micelles 

are the small, dark circles. n=96 (vehicle) and 772 (C22:6 NAT). Scale bar represents 200 nm. Data presented as 

mean ±SEM.  *p-value<0.05 between treatments using t tests (A, B, D, F, G) and 1-way ANOVA (C, E, H, I). ****p-

value<0.001 between conditions using Mann-Whitney test. 
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Figure 3. Genetic ablation of NAT hydrolysis impairs lipid absorption. A) Biliary NAT in FAAH-WT and FAAH S268D 

mice (n=6-8). B-C) Plasma TAG after gavage of sunflower oil (lipid absorption; n=7-8) or after inhibition of 

lipoprotein lipase alone (VLDL secretion; n=7). D) Fecal acylglycerol after 4 wk of feeding a very high fat diet (60% 

kcal from fat). (n=6-8). E) Oral maltodextrin digestion (n=8). F) Plasma FITC-dextran 4 h after oral gavage (n=5-6). 

G) Upper gut transit measured 30 min after gavage of mixed meal containing 10% charcoal (n=8). H) Hepatic bile 
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secretion rate (n=6-8). I) Biliary steroidal bile acids (n=6-8). TCA: taurocholic acid; TCDCA: taurochenodeoxycholic 

acid; TDCA: taurodeoxycholic acid; TMCA: tauromuricholic acid; TUDCA: tauroursodeoxycholic acid; CA: cholic 

acid; GCA: glycocholic acid; MCA: muricholic acid. J) Hepatic gene expression (n=5-7). Data presented as mean 

±SEM. *p-value<0.05 compared to FAAH-WT using t tests. 
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Figure 4. Impaired NAT hydrolysis alters whole-body energetics. A) Body composition in chow-fed male mice, 10-

12 wk old, measured by MRI (n=12-15). B-G) Metabolic chambers measured food intake, physical activity, heat 

output, RER, VO2, and VCO2 over at least 72 h (n=6-10). Data presented as mean ±SEM. *p-value<0.05 compared 

to FAAH-WT by t test.  
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Figure 5. Fish oil feeding of FAAH S268D mice prevents hypertriglyceridemia and hepatic lipid accumulation. 
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Plasma (A) and biliary (B) C22:6 NAT after 3 days of lard-based HFD (45% kcal fat) or matched diet containing 

20% kcal from fish oil (n=8-11). C-D) Plasma TAG with gavage of olive oil (lipid absorption; n=9-13) or after 

inhibition of lipoprotein lipase alone (VLDL secretion; n=3-4). E) BW change over 6 wk diet (n=9-14). F) Total fat 

and lean mass after 5 wk of diet (n=9-14). G) Gonadal white adipose tissue (GWAT) weight (n=9-14). H-J) Plasma 

lipids (n=9-14). K) Liver weight (n=9-14). L) Liver TAG after 6 wk of diet (n=9-14). M) Hepatic expression of lipid 

metabolism genes and markers of inflammation (n=6). Data presented as mean ±SEM. *p-value<0.05 compared 

to FAAH-WT by 2-way ANOVA. #p-value<0.05 compared to HFD within genotype by 2-way ANOVA. 
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Figure 6. C22:6 NAT treatment of FAAH S268D mice mimics effects of fish oil feeding. C22:6 NAT (10 mg/kg) was 

administered subcutaneously to FAAH S268D mice, and plasma (A) and bile (B) were analyzed for changes in 

NATs (n=3-5). C) Plasma TAG with gavage of olive oil and lipoprotein lipase inhibition 2 h after subcutaneous 

injection of C22:6 NAT (10 mg/kg) or vehicle (PBS) (n=9-10) in FAAH S268D mice. D-M) FAAH S268D mice were 

fed the lard-based HFD (45% kcal fat) for 2 wk with daily subcutaneous treatment of C22:6 NAT (10 mg/kg) or 
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vehicle (PBS) (n=11-16). D) BW change over 2 wk. E-F) Adipose depot weights. G-K) Plasma values. L) Liver TAG. 

M) Histologic analysis of liver. Images shown at 20x magnification. For lipids, scores were defined as follows: 0: 

<2%; 1: 2-5%; 2: >5% (n=6). Data presented as mean ±SEM. *p-value<0.05 compared to vehicle by t test. 
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Figure 7. High sucrose diet prevents C22:6 NAT treatment protection against fatty liver. A-D) FAAH S268D mice 

were fed a high sucrose diet for 2 wk plus daily subcutaneous treatment with C22:6 NAT (10 mg/kg) or vehicle 

(PBS) (n=9-10). A) BW change. B) GWAT weight. C) Food intake over last 7 d of diet (n=5-6). D) Plasma values. E) 

Liver TAG. F-I) 12 h-fasted FAAH S268D mice were given a subcutaneous injection of C22:6 NAT (10 mg/kg) or 

vehicle and 2 h later dosed orally with glucose or a high fat mixed meal. Blood was collected 30 min after gavage 

(n=9-10). Data presented as mean ±SEM. *p-value<0.05 compared to vehicle by t test. 
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