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Abstract Intestinal disease is one of the earliest
manifestations of cystic fibrosis (CF) in children and is
closely tied to deficits in growth and nutrition, both of
which are directly linked to future mortality. Patients
are treated aggressively with pancreatic enzyme
replacement therapy and a high-fat diet to circumvent
fat malabsorption, but this does not reverse growth
and nutritional defects. We hypothesized that defects
in chylomicronproduction could explainwhyCFbody
weights and nutrition are so resistant to clinical treat-
ments. We used gold standard intestinal lipid absorp-
tion and metabolism approaches, including mouse
mesenteric lymph cannulation, in vivo chylomicron
secretion kinetics, transmission electron microscopy,
small intestinal organoids, and chylomicron meta-
bolism assays to test this hypothesis. In mice express-
ing the G542X mutation in cystic fibrosis
transmembrane conductance regulator (CFTR¡/¡
mice), we find that defective FFA trafficking across
the epithelium into enterocytes drives a chylomicron
formation defect. Furthermore, G542X mice secrete
small, triglyceride-poor chylomicrons into the lymph
and blood. These defective chylomicrons are cleared
into extraintestinal tissues at ∼10-fold faster than WT
chylomicrons. This defect in FFA absorption resulting
in dysfunctional chylomicrons cannot be explained by
steatorrhea or pancreatic insufficiency and is main-
tained in primary small intestinal organoids treated
with micellar lipids. These studies suggest that the
ultrahigh-fat diet that most people with CF are coun-
selled to follow may instead make steatorrhea and
malabsorption defects worse by overloading the
absorptive capacity of the CF small intestine.
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The cystic fibrosis transmembrane conductance
regulator (CFTR), the loss of which causes cystic
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fibrosis (CF), is expressed throughout the gastrointes-
tinal tract, and in the absorptive epithelial cells of the
small intestine (1–4). Intestinal disease is often the first
manifestation of CF and presents in infancy as
nutrient malabsorption, malnutrition, essential FA
deficiency, and poor growth (5–7). These “extrap-
ulmonary” symptoms of CF are independently linked
with mortality risk throughout life (8–10). Despite
nutritional and pharmacologic interventions, many CF
patients struggle to attain a healthy body mass index,
remain small throughout life, and suffer repeated
episodes of intestinal obstruction, dysbiosis, and
nutrient deficiencies (11–15). Despite 30+ years of
clinical focus on this problem, body weight and
nutritional defects remain a major problem for people
with CF (16–19).

Approximately, 85% of CF patients have deficiencies
in pancreatic enzyme secretion (20). Untreated, these
patients are unable to efficiently hydrolyze dietary
triglycerides (TGs) to FFAs in the small intestinal
lumen, which is a critical step in the absorption of di-
etary fat (21, 22). This malabsorption leads to dietary TG
excretion in the feces (steatorrhea), clinically defined as
>6% of ingested dietary lipids appearing in the feces
(14, 23, 24). Therefore, CF patients are treated early and
aggressively with pancreatic enzyme replacement
therapy (PERT) (25, 26). PERT restores small intestinal
TG hydrolysis and a functional fat absorption profile in
CF patients so that steatorrhea is avoided, however, this
therapy neither reverse the CF growth defect nor CF
nutritional deficiencies (including essential FA and fat-
soluble vitamin deficiencies) (27, 28). This suggests that
there are additional defects in lipid processing that
might cause the body weight and nutritional defects in
CF.
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An underappreciated aspect of dietary lipid absorp-
tion is that dietary fat needs to both be excluded from
the feces and must also be competently digested and
absorbed in the appropriate region of the small intes-
tine and packaged into metabolically functional chy-
lomicrons (29–31). We and others have previously
shown that small intestinal chylomicron synthesis and
secretion can profoundly alter growth, metabolism, and
inflammation (32–36). Chylomicrons are formed in the
absorptive epithelial cells of the small intestine in
response to dietary lipids. Chylomicrons deliver dietary
lipids to peripheral tissues via the intestinal lymphatic
system and blood (37–39). A key component of chylo-
microns is their apolipoproteins, which regulate cellular
lipid uptake and metabolism in extraintestinal tissue
compartments. This activity is crucial to ensuring that
extraintestinal tissues have access to dietary energy (40).
If dietary fat were packaged without apoproteins,
including apoC-III, A-IV, A-IV, E, and C-II, almost all
dietary TGs would ultimately accumulate in the liver,
thus depriving extraintestinal tissues of dietary lipids
(41). In patients on long-term parenteral nutrition (such
as children with short bowel disease, or patients missing
small intestine), this mispartitioning phenomenon is a
major clinical problem (41–44). Patients are treated with
parental intravenous lipids, which are emulsified to
travel through blood. However, these emulsion particles
are not chylomicrons and do not contain apolipopro-
teins. Ultimately, the bulk of intravenous lipids are
rapidly cleared by the liver, resulting in fatty liver and
inefficient calorie replenishment (45). This clinical
scenario highlights the physiological importance of
chylomicrons and the critical role of the intestine in the
postprandial state.

We hypothesized that though steatorrhea is a clinical
symptom of CF (especially when PERT therapy is
ineffective), it is not the driver of fat malabsorption
and body weight failures. Further, we hypothesized that
the chylomicron synthetic pathway may play an un-
derappreciated role in the intestinal and metabolic
dysfunction in CF, thus representing a novel mecha-
nistic target for the persistent nutritional deficits in CF.
Why has the chylomicron pathway been sidelined as a
possible mechanism in CF? Isolating and quantitatively
measuring chylomicrons after meals is notoriously
difficult. After a meal, chylomicrons are secreted from
small intestinal enterocytes into the mesenteric lym-
phatics, where they travel to the thoracic vein and enter
circulation (46, 47). In the blood, chylomicrons are
diluted, rapidly remodeled, and hydrolyzed by lipases
on the surface of capillary endothelial cells. To quan-
titatively measure naive chylomicrons as they are being
secreted, we recently developed a double-cannulation
technique in mice (37, 48).

We used innovative experimental techniques in a
mouse model of CF to discover that the CF small in-
testine has impaired transport of FFA across the
epithelial membrane and secondarily exhibit major
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defects in chylomicron secretion (small size, reduced
production rate, and enhanced clearance from the
circulation). Though the chylomicron phenotype is
explained by FFA transport defects, it is consistent with
a metabolic phenotype that deprives tissues of dietary
lipid fuels that could be used for growth.
MATERIALS AND METHODS

Study design
The objective of this study was to rigorously test the

dogma that lipid malabsorption due to steatorrhea in CF is a
major contributor to metabolic disease. All CF and non-CF
mice were bred at Case Western Reserve University in the
CF Mouse Models Resource Center and shipped at age 6–-
8 weeks to the University of Pittsburgh, where they stayed in
short-term quarantine with free access to Colyte water and
food. Sick mice were removed from all studies. All mice
underwent identical procedures, but since CF mice are
smaller than their WT counterparts, blinding and randomi-
zation were impossible for hands-on experiments. However,
the processing of stool samples for total fat absorption
studies at the University of Cincinnati was blinded to CF
status.

In our experience, sample sizes of 6–8 are sufficient to
detect ∼15% changes in lipid absorption into the lymph. We
did not alter this number during the study. Differences in
sample sizes are due to mouse survival during lymph cannu-
lation surgery. Anecdotally, successful lymph cannulation
surgery in CF mice was slightly less frequent than in WTmice,
which is consistent with reduced surgical survival rate in other
small or intestinally fragile mice we have operated on. At least
three biological replicates were performed for all
experiments.

For lymph cannulation, if the mice exhibit bleeding into
the lymph, if lymph flow stops, if signs of distress are detec-
ted, or if mice wake up from the plane of anesthesia, the
experiment was ended, and the mouse euthanized. We used
outlier analyses (Grubbs test, with an alpha of 0.05) to detect
outliers for specific data points, established prospectively.
Where indicated, outliers were removed.
Mice
Male C57BL/6J mice with CFTR+/+ (non-CF mice) or

G542X CFTR−/− (CF mice) were provided by the CF Mouse
Models Resource Center (Case Western Reserve University).
Experiments were conducted on mice aged 8–16 weeks in age-
matched cohorts. For chylomicron metabolism experiments,
male C57BL/6J mice were used as recipients for donor chy-
lomicrons, and were ordered from Jackson Labs (Jackson
Labs, #000664). These mice were housed at the University of
Pittsburgh for at least 2 weeks prior to experiments. Mice
were weighed before initiating experiments. All mice were
exposed to a 12-h light/dark cycle with ad libitum access to
standard food and water. Colyte (Novel Laboratories, Inc.,
40032-090-19) was given to CF mice throughout quarantine
and both CF and non-CF mice were given Colyte throughout
all experimental periods. Colyte was made with polyethylene
glycol-3350 and electrolytes dissolved in sterile water accord-
ing to RxDrugLabels prescription drug information. All sur-
gical procedures were approved by the University of
Pittsburgh Internal Animal Care and Use Committee



[Protocol # 20047008] and comply with the NIH Guide for the
Care and Use of Laboratory Animals.

Fecal fat analysis
Total dietary fat absorption was determined by the Janda-

cek method (49). For these studies, dietary fat containing 5%
sucrose polybehenate was fed in a semisynthetic diet
(ResearchDiets Inc., #D19110801) to non-CF and CF mice for
3 days. Sucrose polybehenate is not absorbed and is readily
measured by GC analysis of its hydrolysis product, behenic
acid. Fat absorption was calculated from the ratios of behenic
acid to other FAs in diet and feces by GC of FA methyl esters.
Fat absorption rate will change if there is a different level of
FA present in the feces (as in the cases of poor intestinal fat
absorption diseases). Fecal samples were collected, saponified,
and lipid species determined by GC-MS.

Total dietary fat absorption and gastrointestinal
distribution after oral gavage

Non-CF and CF mice were fasted overnight for 10 h. Body
weights were recorded for calculating a dose of poloxamer-407
(P407) (Sigma-Aldrich, #16758-250G) and 3H-triolein lipid
(American Radiolabeled Chemicals Inc., #ART0199). P407 was
given at a dose of 1 mg/1 g of body weight by intraperitoneal
injection for relevant mice. A control group of non-CF and CF
mice received intraperitoneal saline injections. For every 10 g of
body weight, mice were provided 2 μCi of 3H-triolein in a 100 μl
olive oil bolus 1 h after theP407 injection. Tail blood sampleswere
collected prior to P407 intraperitoneal injection, prior to oral
gavage, and every hour for 6 h after oral gavage. Plasma samples
were used for scintillation counting with scintillation fluid (Ul-
tima Gold XR, PerkinElmer) using a LS 6500 MultiPurpose
Scintillation Counter (Beckman Coulter), to determine the
amount of 3H-lipids (disintegrations per minute) or total TG
concentrations (mg/dl by chemical assay). Mice were euthanized
by CO2 exposure and cervical dislocation. Gastrointestinal tissues
(stomach, small intestine, cecum, and colon) were collected, and
we used surgical silk to gently tie off each longitudinal section of
the duodenum, jejunum, and ileum of the small intestine. The
luminal contents of each segment were collected by gently
washing with 2 ml cold PBS with a curved syringe. This was fol-
lowed by gently scraping the mucosal layer with curved surgical
tweezers into 2 ml of cold PBS. All tissues, including luminal
contents and mucosal layer, were placed in 8 ml of Folch
extraction buffer (2:1 chloroform/methanol) in 15ml glass tubes,
mixed, and stored at 4◦C for at least 24 h before Folch lipid
extraction.

Impact of Colyte on lipid absorption in non-CF mice
The effect of dietary Colyte on lipid absorption was tested

in two groups of non-CF mice. One group was fed water with
Colyte, and the other group was fed water alone for two days
prior to the above experiment. The presence of 3H-lipids in
plasma samples collected at each hour point over 6 h was
determined by scintillation counting.

Fat absorption after intraduodenal lipid infusion
To control stomach emptying following oral gavage, we

administered lipids via intraduodenal infusion. Duodenal
infusion tubes were installed whilemicewere under isoflurane
anesthesia (induction at 5% and 2% maintenance during sur-
gery). Prior to surgery, the mice were placed on a heated
FFA
surgical pad. After the surgical incision in the midline of the
abdomen, the stomach was exposed and drawn partially out of
the abdominal cavity. An 18-gauge needlewas used to insert the
Micro-Renathane® tubing (Braintree Scientific, #MRE-037)
into the stomach just past the pyloric sphincter into the duo-
denum, secured with a purse-string suture. The incision was
closed using a 5-0 suture, and mice were placed in snuggle re-
straint jackets (Lomir, Inc., #MS02.5PM). After surgery, mice
continuously received 5% glucose: saline, at a 0.3 ml/h infusion
rate, via duodenal tube to compensate for fluid and electrolyte
loss due to lymphatic drainage, except during lipid bolus de-
livery (3H-triolein at 2 μCi/10 g body weight in 100 μl SMO-
Flipid® 20% lipid injectable emulsion [Fresenius Kabi,
#830307310]) for 2–3 min. Tail blood plasma samples were
collected prior to lipid infusion and hourly up to 6 h post-
infusion. Plasma samples were used for scintillation counting,
indicating 3H-TG levels. After collecting the final tail blood
samples, mice were euthanized and gastrointestinal tissue
samples were collected, as detailed above.
Mesenteric lymph cannulation and collection
Mice were placed under isoflurane anesthesia (induction at

5% and 2%maintenance during surgery), and both mesenteric
lymph duct cannula and duodenal infusion tubes were
installed (37, 48). Prior to surgery, the mice were placed on a
heated surgical pad. A surgical incision was made along the
midline and the abdominal viscera and manipulated with a
retractor to expose the mesenteric lymph duct. The duct is
partially cut at the proximal end, and the catheter tip was
(Braintree Scientific, #MRE-025) inserted at the outermost
part of the duct and fastened with a drop of super glue. Using
5-0 sutures, we closed the incision and placed mice in Snuggle
restraint jackets (Lomir Inc, #MS02.5PM). Restrained mice
were placed on a rotator table in a temperature and humidity-
controlled polyacrylic filter-top container (12” W × 14” L × 8”
H). The externalized duodenal feeding tube was connected to
a Harvard infusion pump. The externalized lymph catheter
was carefully placed to allow gravity flow of lymph into 1.5 ml
Eppendorf collection tubes on ice. After surgery, mice
continuously received 5% glucose in saline, at a 0.3 ml/h
infusion rate, via the duodenal tube to compensate for fluid
and electrolyte loss via lymphatic drainage. Mice were then
immediately given a 300 μl bolus of lipid (SMOFlipid® 20%)
with or without 3H-triolein, followed by continuous glucose/
saline at 0.3 ml/h. Each 100 ml of SMOFlipid® 20% contains:
refined soybean oil (6.0 g), medium-chain TGs (6.0 g), refined
olive oil (5.0 g), fish oil (3.0 g), purified egg phospholipids (PLs)
(1.2 g), all-rac-α-tocopherol (16–23 mg), glycerol (2.5 g), sodium
oleate (30 mg), and sodium hydroxide to adjust pH. This test
lipid is designed for clinical use in patients receiving intra-
venous parenteral nutrition. It contains lipids that are tradi-
tionally absorbed via both the lymphatic and portal route
(refined soybean, olive oils, and medium-chain TGs, respec-
tively). Lymph was collected on ice 1 h prior to lipid infusion
(for the “fasting” experimental time point) and then hourly
for 6 h after bolus infusion. The collected lymph samples
were weighed for flowrate determination and tested for TG
concentration, apoB (Abcam), apoA4, apoC2, and apoC3
(ABclonal Technology) by ELISA. A 10 μl aliquot from each
hourly sample was used for scintillation counting.
Chylomicron isolation and size measurement
Hourly lymph was collected following intraduodenal infu-

sion of SMOFlipid without radiolabels. Lymph collected on the
malabsorption and chylomicron malformation in CF 3



third and fourth hour postinfusion from non-CF and CF mice
were used for chylomicron isolation. Lymph was mixed with
300–500 μl of cold 0.9% filtered saline, followed by over
layering with 500 μl 0.87% sodium chloride and overnight
centrifugation at 110,000 g at 4◦C. Chylomicrons, located on the
top layer of the centrifuge tube, were collected the following
morning and transferred to a clean tube. Chylomicron samples
were sent to the Imaging Facility (University of Pittsburgh) for
transmission electron microscopy (TEM) imaging. Briefly,
5–10 μl of each sample was placed on the TEM grid and dried.
The grid was stained with 2% phosphotungstic acid (pH 6.0) for
5 min, allowed to dry, and then examined with a 1400-FLASH
120 kV TEM microscope (JEOL). Images were captured with a
sCMOS camera. Lipoprotein particle sizes were measured and
analyzed using ImageJ software (National Institutes of Health).
Primary intestinal organoid cultures
Intestinal crypt cells were isolated and cultured to form

organoids using a protocol from Mouse IntestiCult Organoid
Growth Medium (STEMCELL Technologies, #06000, #06002,
#06003). On the fourth day of the primary culture, organoids
were treated with 3H-oleic acid (AmericanRadiolabel Com-
pany, ART 0198) radiolabeled lipid micelles using the previ-
ously published method (50). Stocked lipid micelles were
diluted prior to being vortexed with 0.5 μCi of 3H-labeled
oleic acid to a final concentration of 0.6 mM oleic acid, 2 mM
taurocholate, 0.2 mM 2-palmitoylglycerol, 0.05 mM choles-
terol, and 0.2 mM phosphatidylcholine. Lipid micelles were
delivered to organoid lumens via gentle pipetting to open the
luminal structure. Organoids were incubated with the lipid
micelle for 2 h while the luminal structure reformed.
Following incubation, organoids were washed twice with
media, and then cultured with media (without lipid micelles)
for 4 h to allow organoids to secrete 3H-TG. At the end of the
4 h, organoids were washed twice more with media. This wash
and organoid pellet were placed in a chloroform:methanol
solution (2:1) in separate tubes for Folch extraction and TLC
to determine the total amount and types of 3H-lipid in the
secreted compartment and inside the organoids. The amount
of each 3H-lipid was normalized to the amount of protein in
the pellet.
Clearance of chylomicrons from plasma
Lymph from non-CF and CF mice up to 6 h post triolein (3)

H-triolein lipid infusion was pooled for chylomicron collec-
tion. 3H-chylomicrons (500 μg TG) from non-CF or CF mice
were injected into C57/BL6 (WT) mice retro-orbitally. Tail
blood samples were collected immediately before injection
and 2–30 min after injection. A 5 μl aliquot of each plasma
sample was used for scintillation counting to determine the
amount of 3H-lipid present and later converted to the pro-
portion of 3H-lipid in the whole blood based on the animals’
body weights. Mice were under isoflurane and buprenor-
phine during the injection and tail blood collection period. A
5 μl aliquot of the 3H-chylomicrons was used to determine the
total radioactivity (disintegrations per minute) administered.
The clearance rate of chylomicrons was determined by the
amount of 3H-label in the whole blood in the C57/BL6
divided by the total radioactivity administered.
TG, cholesterol, and ELISA assay
TGs and cholesterol concentrations were determined using

a TG assay kit (Randox Laboratories Company) and a
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cholesterol assay kit (Fujifilm Healthcare), respectively.
Briefly, 2 μl of diluted sample was incubated with 200 μl of
enzyme reagent at 37◦C for 5-min in a 96-well plate. The plate
was read by a Multiskan G0 (Thermo Scientific) plate reader
at 546 nm and 600 nm for TGs and cholesterol, respectively.
Standards and blanks were used for the calculation of con-
centrations. ApoB level in lymph was tested using ELISA kits
(Abcam); apoA4, apoC2, and apoC3 levels were determined
using ELISA kits (ABclonal Technology) following manufac-
turers’ instructions. The plate was read by Multiskan G0.
Standards and blanks were used for the calculation of
concentrations.

Folch lipid extraction and TLC
Folch lipid extraction and TLC were performed according

to previous literature with minor modifications (51). Tissues
stored in chloroform/methanol (2:1) were mixed and centri-
fuged at 350 g for 30 min at 4◦C. The bottom clear layers were
transferred to clean glass tubes, which were placed on a N-
EVAP nitrogen evaporator (Organomation) with a water bath
set at 55◦C to accelerate the solvent evaporation process. Dried
lipids were then resuspended in 200ul–1 ml chloroform/
methanol (2:1). An aliquot was used for scintillation counting
to determine total 3H-lipid levels. Another aliquot was loaded
onto activated silica gel plates (Sigma-Aldrich), and lipids were
fractionated using a solvent system (petroleum ether/diethyl
ether/glacial acetic acid, 25:5:1 volume ratio). Lipid classes and
comigrating lipid standards (Nu-Chek-Prep, Inc) were visual-
ized by iodine vapor. The spots corresponding to TGs, diac-
ylglycerols (DGs), monoacylglycerols (MAGs), FFAs, and PLs
were scraped into scintillation vials for counting after adding
scintillation fluid to the vials.

Statistical analysis
Values are expressed as mean ± SEM or mean + SEM. The

differences between two groups were analyzed by Student’s t
test, and the time courses were analyzed by multiple unpaired
t tests using Graph Pad Prism 9. Differences were considered
statistically significant at P < 0.05.

RESULTS

The growth defect in the G542X mouse model of CF
is not due to steatorrhea

People with CF typically experience reduced body
weight and growth compared to people without CF.
Because these patients would have steatorrhea without
PERT, the clinical consensus is that patients with CF
have insufficient absorption of dietary fat, which is
secreted in feces depriving the body of dietary fuels.
We directly tested this in mice. We obtained C57BL/6J
mice with and without the human G542X mutations to
the CFTR gene to act as models of whole-body CFTR
knockout and related intestinal disease (52, 53). This
model mirrors the growth defect in human patients
with CF. The Hodges Lab has previously carried out
intestinal histology of the G542X small intestine,
which is identical to published intestinal histology of
many CF mice (5, 54). Excess mucus is present in the
lumen as well as increased goblet cells in the villi and
crypts.



We found that non-CF mice weighed significantly
more than CF mice at 10 weeks (non-CF vs. CF, 22.3 g vs.
17.3 g; P < 0.005) and 16 weeks of age (non-CF vs. CF,
28.8 g vs. 23.3 g; P < 0.0001) (Fig. 1A). This is consistent
with well-documented weight defects in the G542X
model (and additional CF mouse models) in utero, at
weaning, and in adulthood (5, 54). Consistent with pre-
vious reports that people with CF and animals’ models
of CF do not have differences in total plasma lipids (9,
55, 56), we found that CF mice have no difference in
plasma TG and cholesterol concentrations compared to
non-CF mice (TGs: non-CF vs. CF, 62.2 vs. 59.0; P = 0.76;
and cholesterol: non-CF vs. CF, 118.0 vs. 121.8; P = 0.7)
(Fig. 1B).

Though steatorrhea is often clinically measured
through semiquantitative measures (57), we used the
gold standard and highly quantitative Jandacek method
for analyzing fecal lipids (49). Using a nonabsorbable
dietary lipid tracer (sodium polybehenic acid) as a
marker of gastrointestinal motility and consumption
over multiple days, followed by GC-MS of fecal lipids,
we found that CF mice absorbed the same proportion
of dietary fat as non-CF mice (non-CF vs. CF, 98.4% vs.
96.4%; P = 0.18) (Fig. 1C). Therefore, the growth defect
in this CF mouse model cannot be explained simply by
loss of dietary fat in the feces.

CF mice have a significant defect in dietary TG
absorption into blood, and this can not be explained
by steatorrhea, gastric emptying, increased
clearance of dietary lipids from the blood, or Colyte
supplementation

Fat digestion and absorption involves the process of
1) digesting dietary TG into FFA and glycerol metab-
olites with pancreatic lipases that are secreted into the
small intestinal lumen, 2) emulsifying the digested FFA
with bile acids and PLs to make them energetically
capable of crossing the unstirred water layer at the
luminal-mucosal surface, 3) trafficking emulsified FFA
A B

Fig. 1. The growth defect in the G542X mouse model of CF is not
libitum chow diet. A: Body weights at 10 weeks (non-CF, CFTR+/+ v
9 vs. 7). B: Nonfasting plasma concentrations (mg/dl) of triglyceride
Dietary fat absorbed over a 24-h ad libitum fed period, as a percenta
determined by gas chromatography of behenic acid. Data expresse
unpaired t test. CF, cystic fibrosis; CFTR, cystic fibrosis transmembr

FFA
and glycerol metabolites across the small intestinal
membrane through receptor-mediated and receptor-
independent processes, 4) re-esterifying the FFA and
glycerol metabolites back into TG inside the enterocyte,
and finally, 5) synthesizing new chylomicrons in the
endoplasmic reticulum from nascent apoB-48 and
intracellular TG, followed by their secretion into the
mesenteric lymph [nicely reviewed in (58)]. Despite the
complexity of these processes, these are all often
grouped together clinically as fat malabsorption or
simply steatorrhea. To further investigate the unsolved
nutritional and metabolic disease in people with CF, we
assessed each of these intestinal fat absorption events.
Since our G542X mice model the growth defect of
people with CF but have no steatorrhea, we reasoned
that more specific defects in fat absorption could be
discovered.

We first assessed oral lipid tolerance. Each mouse was
given an oral gavage of 3H-triolein (glycerol trioleate)
in an olive oil bolus normalized to body weight. We
collected blood hourly for 6 h postgavage and deter-
mined the rates of appearance of 3H via scintillation
counting of plasma (Fig. 2A). We find that CF mice
have a significant reduction in the appearance of 3H in
the blood in the 3–5 h post gavage (non-CF vs. CF, 1.6%
vs. 0.4%; P < 0.005 at 5-h time point). Because dietary
TGs can stimulate the secretion of unlabeled intracel-
lular TGs, we also measured total plasma TG concen-
trations (35, 59, 60). We find that total plasma TG
postgavage was also reduced in CF mice compared to
non-CF controls (non-CF vs. CF, 481.2 mg/dl vs.
87.3 mg/dl; P < 0.005 at 5-h time point) (Fig. 2B). This is
consistent with an inability to absorb dietary fat.

In some humans and mice, CF is associated with
changes in the rate of stomach emptying (61, 62). To
control for this possibility, we surgically implanted
intraduodenal infusion tubes in mice to bypass the
stomach and deliver 3H-triolein directly to the prox-
imal duodenum. As shown in Fig. 2C, CF mice secrete
C

due to steatorrhea. All mice were maintained on Colyte and ad
s. CF, G542X, n = 6 vs. 8) and 16 weeks of age (non-CF vs. CF, n =
and cholesterol in non-CF mice (n = 9) and CF mice (n = 7). C:
ge of fat consumed in non-CF mice (n = 9) and CF mice (n = 7),
d as mean + SEM. ****P < 0.0001 and **P < 0.005. Obtained via
ane conductance regulator; ns, not statistically significant.
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A B

C D

Fig. 2. CF mice have a significant defect in dietary triglyceride absorption from the intestine into the blood. All mice were
maintained on Colyte and ad libitum chow diet. A: Lipid tolerance tests comparing the appearance of 3H in the blood of non-CF
(CFTR+/+, n = 3) and CF mice (G542X, n = 4) via scintillation counting and (B) comparing total plasma triglyceride concentra-
tions postoral gavage in non-CF (n = 3) and CF mice (n = 4). C: Mice received 3H-triglyceride via intraduodenal lipid infusion, and the
appearance of 3H in the blood of non-CF (n = 3) and CF mice (n = 3) was determined via scintillation counting. D: Mice received
poloxamer-407 1 h before oral gavage of 3H-triglyceride, and the appearance of 3H in the blood of non-CF (n = 3) and CF mice (n =
4) was determined via scintillation counting. Statistical comparison in panel D is between CFTR++ [P407] (n = 3) and G542X [P407]
(n = 4) mice. Data are expressed as mean ± SEM. *P < 0.05 and **P < 0.01. Obtained via multiple unpaired t tests. CF, cystic fibrosis;
CFTR, cystic fibrosis transmembrane conductance regulator.
less 3H into the blood compared to non-CF mice from
1 h to 6 h postduodenal infusion (non-CF vs. CF, 1.7% vs.
0.8%; P < 0.05 at 6-h time point). As expected, bypassing
the stomach allowed for a more rapid appearance of
TGs into the blood, as expected (comparing Fig. 2C with
Fig. 2A).

The reduced 3H in blood in response to dietary 3H-
triolein could be due to an increase in the rate of
clearance of 3H from the blood into tissues. We blocked
clearance of 3H from the blood into tissues with an
intraperitoneal injection of P407, which coats all plasma
TG-rich lipoproteins with a positive charge and thus
inhibits their clearance into tissues (63, 64) (Fig. 2D).
P407 increased plasma TG levels in non-CF and CF
mice, yet CF mice continued to have reduced appear-
ance of dietary TGs in blood than non-CF mice at 6 h
postgavage (non-CF vs. CF, 20.6% vs. 7.1%; P = 0.007).

CF mice and many people with CF require Colyte
laxative to avoid intestinal blockages. We hypothesized
that this could impact TG absorption due to increased
gastrointestinal motility of dietary lipid. We tested this
possibility in non-CF mice treated with or without
Colyte. We found no differences in absorption of 3H-
TG in WT mice treated with Colyte compared to
6 J. Lipid Res. (2024) 65(7) 100551
regular drinking water (Supplemental Fig. S1). We
conclude that Colyte does not change dietary TG ab-
sorption kinetics. For all subsequent experiments, we
maintained all non-CF mice on Colyte to rigorously
control for other potential effects.

We hypothesized that the CF intestine may have an
impaired ability to package dietary lipids in chylomi-
crons. To quantitatively measure chylomicrons as they
are being secreted, rather than in the blood where they
are rapidly metabolized and remodeled by LPL (65–67),
we developed a unique mesenteric lymphatic cannula-
tion model in mice (37). This mouse model has a
duodenal infusion tube to deliver lipids and an in-
dwelling mesenteric lymphatic cannula for the real-
time collection of flowing postprandial chylous lymph
after lipid infusion. These experiments are not possible
in humans, where lymphatic chylomicrons can only be
isolated in rare cases of significant gastrointestinal
trauma and never in real time after a meal. The diffi-
culty in measuring these events in humans may be why
this possible mechanism for dietary fat absorption has
been ignored in patients with CF.

We surgically implanted both a duodenal tube for
lipid infusion and an in-dwelling mesenteric lymph



cannula for collection of mesenteric lymph. Mice
received an intraduodenal bolus infusion of 3H-TG in
the clinical SMOFLipid formulation. Mesenteric
lymph was collected hourly up to 6 h postinfusion.
Compared to non-CF mice, CF mice had significant
reductions in the appearance of both 3H-TG (Fig. 3A)
from 3 to 6 h (P < 0.05 or P < 0.005) and total TG mass
(Fig. 3B) into the mesenteric lymph from 2 to 6 h
postinfusion (P < 0.05). Lymph flow is critical to TG
absorption kinetics (68–70). We found no differences
in lymph flow between non-CF and CF mice at any
time post-infusion (Fig. 3C).

We also quantified the secretion of apoB into the
mesenteric lymph. There is a single apoB on each
chylomicron particle, and apoB is required for chylo-
micron synthesis (71). Compared to non-CF mice, we
found that CF mice secreted less total apoB from
infusion to 4 h postinfusion (Fig. 3D); concentrations
Fig. 3. CF mice secrete abnormal chylomicrons into mesenteric ly
triglyceride, determined by scintillation counting of lymph, in non
triglycerides, determined by chemical assay, in non-CF (n = 8) and
duodenal lipid infusion in non-CF (n = 7) and CF mice (n = 7). D: Apo
CF (n = 7) and CF mice (n = 5). E: Transmission electron microscopy
Chylomicron diameters in non-CF (n = 3) and CF mice (n = 3). Data a
by multiple unpaired t tests (A–D) and unpaired t test (F). CF, cys
regulator.

FFA
of apoB were significantly lower in CF mice at the1-h
and 3-h postinfusion time points (P < 0.05). This sug-
gests that the size and/or TG content of chylomicrons
are lower in CF mice than non-CF mice despite being
dosed with equal dietary lipids. We confirmed that the
chylomicrons from CF mice are indeed significantly
smaller than non-CF mice by TEM of chylomicrons
collected during the peak TG secretion (2–4 h)
(Fig. 3E). Diameters of CF mice chylomicrons were
significantly smaller than non-CF mice chylomicrons
(non-CF vs. CF, 385 nm vs. 64 nm; P < 0.05) (Fig. 3F) (P <
0.05).

Together, these data demonstrate that CF mice have
a significant defect in dietary TG absorption into
lymph and blood, and this can not be explained by
steatorrhea, gastric emptying, increased clearance of
dietary lipids from the blood, or Colyte
supplementation.
mph in response to dietary lipid. A: Lymphatic secretion of 3H-
-CF (CFTR+/+, n = 3) and CF mice (G542X, n = 3); (B) Total
CF mice (n = 6). C: Lymph flow rate (mg/h) following intra-
B, determined by ELISA for total apoB (B-48 and B-100), in non-
of chylomicrons in non-CF and CF mice. Scale bars = 200 nm. F:
re expressed as mean ± SEM. *P < 0.05 and **P < 0.005. Obtained
tic fibrosis; CFTR, cystic fibrosis transmembrane conductance
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G542X mice secrete small, TG-poor chylomicrons
into the lymph and blood which are cleared into
extraintestinal tissues at ∼10-fold faster than WT
chylomicrons

Multiple CF animal models and humans with CF
exhibit metabolic dysfunction (72–74). We hypothe-
sized that defective chylomicrons (Fig. 3E) could be an
underappreciated explanation for metabolic dysfunc-
tion in CF. We isolated naive radiolabeled chylomicrons
from the mesenteric lymph of CF and non-CF mice,
then intravenously delivered these donor chylomicrons
to recipient WT mice (500 μg TGs in 100–125 μl of
volume). We first assessed apolipoprotein concentra-
tion of CF chylomicrons postintraduodenal gavage (as
in Fig. 3). We found significant reductions in apoC3 at
3 h postinfusion (P < 0.05) (Supplemental Fig. S2A) and
apoC2 at 2- and 3-h postinfusion (P < 0.005 for both)
(Supplemental Fig. S2B) compared to non-CF mice. We
then determined their rate of clearance by scintillation
counting blood at repeated intervals for 30 min and
calculating the disappearance of 3H signal (as a percent
of the original intravenous dose). As shown in Fig. 4,
G542X chylomicrons are cleared from plasma signifi-
cantly faster than non-CF chylomicrons (with nearly all
the CF chylomicron 3H removed from plasma by 6 min
and significantly more non-CF chylomicron label per-
sisting in plasma though 15 min). This reduction in
plasma retention time is consistent with a shunting of
dietary lipids to the liver, rather than to peripheral tis-
sues for growth and energy. The dramatic increase in
clearance rate may also be explained by the lack of
Fig. 4. G542X chylomicrons have a significant decrease in
their plasma retention time. Metabolism of CF chylomicrons is
impaired, even in WT mice. 3H-labeled chylomicrons were
isolated from non-CF (CFTR+/+) and CF mice (G542X) lymph
after intraduodenal infusion of 3H-triolein. 3H-chylomicrons in
plasma were determined via scintillation counting of tail blood
in recipient mice up to 30 min postinjection and is expressed as
a percentage (%) of 3H-chylomicron DPMs administered. Data
are expressed as mean ± SEM. *P < 0.05, **P < 0.01. CFTR+/+
mice (n = 3) and G542X mice (n = 4). Obtained via multiple
unpaired t tests. CF, cystic fibrosis; CFTR, cystic fibrosis trans-
membrane conductance regulator protein; CM, chylomicron;
DPM, disintegrations per minute.
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apoC3, which is an inhibitor of clearance through LPL
and LDL receptor–mediated uptake (75).

Impaired FFA trafficking across the small intestinal
epithelium explains the defects in chylomicron
synthesis and secretion

We next investigated what mechanism could explain
the G542X defect in dietary fat secretion into lymph
and blood, coupled with dysfunctional chylomicrons,
but all without steatorrhea. Some possibilities include
absorbing fat in the ileum instead of the proximal in-
testine (where enterocytes are most capable of
absorbing dietary lipid), defects in the transport of FFA
and glycerol metabolites across the enterocyte mem-
brane, or inhibition of transport, re-esterification, or
chylomicron synthesis enzymes. Dysfunction at any of
these steps can result in the secretion of small, dense
chylomicrons, with abnormal apoprotein concentra-
tions (the TG malabsorption phenotype we observe in
CF mice). We tested these possibilities.

As shown in Fig. 5, we traced intraduodenal admin-
istered 3H-triolein through the gastrointestinal tract. In
Fig. 5A, we neither find difference in the recovery of
3H in the stomach, small intestine, cecum, or colon nor
difference in the total lipid retained by the entire
gastrointestinal tract (Fig. 5B). This is consistent with
our observations that CF mice have no steatorrhea
(Fig. 1C). This also suggests that we can account for all
the dietary fat that was administered in the CF mice.

We next determined where the bulk of dietary lipid
absorption was occurring in CF mice. We isolated the
luminal (L) and mucosal (M) contents in each of four
intestinal segments (from the most proximal duodenal
segment, #1, to the most distal ileal segment, #4) and
traced the accumulation of the 3H-label in each. As
expected, non-CF mice retained more 3H-label in the
jejunal luminal L2-3 segments (Fig. 5C) and mucosal
M2-3 segments (Fig. 5D). The accumulation of the di-
etary 3H-label in these proximal locations is consistent
with the known kinetics of lipid absorption at <6-h
postgavage (58). At this point in the postprandial state,
most dietary lipid has been hydrolyzed, much as been
absorbed into the absorptive epithelia, and chylomicron
secretion is past its height. The 3H label we have
recovered here is still in process and will be secreted in
the next 2+ h as chylomicrons. In contrast, most of the
3H-label in CF mice was recovered in the ileum (L4
segment) and its accumulation significantly reduced in
the mucosal segments M1-4 (Fig. 5C, D). Therefore,
rather than being absorbed in the proximal intestine
and absorptive epithelia, in CF mice the dietary 3H
(either TG, FFA, or glycerol metabolites) instead accu-
mulate in the distal lumen and ileal epithelia.

What is the mechanism for poor dietary lipid ab-
sorption into the proximalmucosa in CFmice? Themost
logical possibility would be pancreatic insufficiency
associated with defective secretion of pancreatic lipases
into the lumen (23, 76, 77). We used TLC to determine if
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Fig. 5. Impaired FFA trafficking across the small intestinal epithelium explains the defects in chylomicron synthesis and secretion.
A: 3H-lipid distribution in gastrointestinal tract as a percentage (%) of dietary 3H-triolein in the stomach, whole small intestine,
cecum, and colon. B: Total 3H-lipid recovered in all tissues as a percentage (%) of intraduodenally delivered 3H-triolein dose,
determined by scintillation counting. C: 3H-lipid in small intestinal lumen (from proximal, L1 to distal, L4) and (D) 3H-lipid in isolated
mucosal layer (from proximal, M1, to distal, M4) as a percentage (%) of intraduodenally delivered 3H-triolein. E: Thin layer chro-
matography profile of 3H-lipid species (PL/MAG, DG, FFA, TG) int he ileal lumen and (F) in the ileummucosa as a percentage (%) of
dietary 3H-triglyceride. Data are expressed as mean + SEM in non-CF (n = 3) and CF mice (n = 3). *P < 0.05; **P < 0.01, and ***P <
0.005. Obtained by unpaired t test. CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator; DG, diacylglycerol;
ns, not statistically significant; PL/MAG, phospholipid/monoacylglycerol; TG, triglyceride.
the 3H-TG we delivered was hydrolyzed to its products
(3H-FFAs, FFAs; 3H-DGs, DGs; 3H-MAGs,MAGs; 3H-TGs;
and 3H-PL, PLs) in both the lumen (Fig. 5E) and mucosa
(Fig. 5F). Surprisingly, we found a greater abundance of
3H-FFA, 3H-MAG, and 3H-DG species in the CF mouse
lumen compared to non-CF mice (Fig. 5E). Despite the
availability of these absorbable products, we found a
significant decrease in these 3H-labeled species in the CF
mucosa (Fig. 5F). These data demonstrate that while CF
mice are capable of hydrolyzing 3H-TG in the lumen but
are unable to traffic dietary FFA across the epithelial
membrane. We measured CD36 mRNA expression in
FFA
the CF intestine (Supplemental Fig. S3) but find no sig-
nificant difference in expression neither in the ilium
(where FFA are accumulating in the lumen) nor in total
RNA isolated from the small intestine in the ad lib state.
Therefore, CF mice have defective FFA absorption into
the absorptive epithelium, which is not due to pancreatic
insufficiency.

We wondered if the chylomicron synthetic pathway
was intact in these enterocytes. We find that enzymes of
re-esterification (monoacylglycerol acyltransferase and
diacylglycerol acyltransferase), and the rate-limiting
enzyme of chylomicron synthesis (microsomal
malabsorption and chylomicron malformation in CF 9
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Fig. 6. FFA trafficking and chylomicron secretion defects are
maintained in CF small intestinal organoids. Crypts were iso-
lated from non-CF (CFTR+/+) and CF mouse (G542X) small
intestines and differentiated into primary organoids. 3H-oleic
acid micelles were delivered incomplete media to opened
organoid lumens (50), and organoids were allowed to reclose
after 2 h. At 4 h postmicelle treatment, the media and organoid
pellet were separately isolated and total lipids were extracted by
Folch extraction. The proportion of 3H-triglyceride, deter-
mined by thin layer chromatography and scintillation counting,
in (A) the cell pellet and (B) the media of non-CF and CF mice
organoids (n = 3 mice for each experimental group). All mea-
surements were normalized to the total protein concentration
of mature organoids, a measure of cell number. Data expressed
as mean + SEM. *P < 0.05. Obtained by unpaired t test. CF, cystic
fibrosis; CFTR, cystic fibrosis transmembrane conductance
regulator.
triglyceride transfer protein) are all intact in both the
duodenum and ileum of CF mice and comparable to
non-CF mice (Supplemental Fig. S3). These data suggest
that defects in chylomicrons (their small size, reduced
production rate, and enhanced clearance from the
circulation) could be explained by their poor lipidation
secondary to FFA malabsorption.

FFA trafficking defects are maintained in primary
small intestinal organoids from CF mice

Finally, we wanted to determine whether defective
FFA transport from the lumen into the absorptive
epithelia would be sustained in primary small intestinal
organoids, where an identical amount of 3H-FFA could
be delivered to absorptive epithelia from the same re-
gion of the small intestine. In this experiment, there is
no need for pancreatic secretions to hydrolyze or
emulsify dietary lipids since the 3H-FFA is delivered in
micelles to the organoid lumen. In addition, there is no
opportunity for the delivered 3H-FFA to move away
from the absorptive cells to the colon.

Small intestinal organoids were isolated from the
small intestine of CF and non-CF mice (age- and sex-
matched), and they were allowed to grow to maturity
in 3D culture for 4 days. Organoids were then treated
with luminal 3H-oleic acid micelles. The organoids were
exposed to the luminal 3H-oleic acid micelles for 2 h
and then stringently washed to remove unabsorbed 3H-
oleic acid. They were then cultured for an additional 4
h to allow for TG re-esterification and chylomicron
synthesis and secretion (50, 78). We then separately
collected the cell pellet and the surrounding media for
lipid extraction and TLC analyses. Consistent with a
defect in FFA transport for TG re-esterification and
chylomicron synthesis and secretion, we found that CF
organoids accumulate significantly less 3H-TG (non-CF
vs. CF, 67.8% vs. 18.1%; P < 0.05) and secrete significantly
less 3H-TG chylomicrons into the media (non-CF vs. CF,
33.9% vs. 12.3%; P < 0.05) (Fig. 6A, B).

We conclude that CF mice exhibit a defect in the
trafficking of dietary FFA across the epithelial mem-
brane and that this inhibits the ability of the small in-
testine to synthesize and secrete chylomicrons. Neither
the pancreas, GI motility, nor steatorrhea are the pri-
mary drivers of this defect. The consequence is the
secretion of dysfunctional, small chylomicrons that do
not provide sufficient dietary lipids to the body after a
meal.

DISCUSSION

Poor growth rates, body mass index, and essential FA
deficiencies have long been observed in patients with
CF, but therapeutic methods to reverse these symptoms
have proven ineffective. Coincident with growth de-
fects, people with CF are prone to steatorrhea and
pancreatic insufficiencies due to CFTR failure in the
exocrine pancreas. Therefore, a major focus of clinical
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care has been on reducing steatorrhea in these in-
dividuals and to replenish “lost” dietary fat that could
otherwise be absorbed to support growth and nutrition.
Despite this approach, body weights in people with CF
remain dangerously low. The objective of this study was
to rigorously test the dogma that lipid malabsorption
due to steatorrhea in CF is a major contributor to
metabolic disease.

To test this hypothesis, we used gold-standard
experimental approaches, including mouse mesenteric
lymph cannulation to measure in vivo chylomicron
secretion kinetics, chylomicron isolation, and charac-
terization by TEM, chylomicron metabolism assays, and
primary intestinal organoids. We used a mouse model
expressing a common human CFTR mutation, G542X,
which results in a CFTR−/− phenotype in the whole
body. Like humans, G542X mice express CFTR
throughout the GI tract and these mice mimic histo-
logical hallmarks of human CF in the gut (excess mucus
and goblet cell hyperplasia) (5, 54, 79). A hurdle to
studying CF in animal models is that the “classic” lung
symptoms of human CF are mainly present in CF fer-
rets and pigs (53, 80, 81). CF mouse models only display
subtle lung phenotypes. However, mice are good
models for the many GI symptoms of CF, which in-
cludes severe defects in ion transport, the secretion of
thick mucus along the GI tract, microbial dysbiosis,
constipation, and malnutrition and low body weight
that are all hallmarks of human CF. Besides mice, CF
ferrets are probably the best model for intestinal



disease in CF (80–82). Unlike humans, G542X mice lack
severe pancreatic insufficiency. However, most people
with CF are aggressively treated with PERT therapy; we
reasoned that these mice would therefore be appro-
priate to study lipid absorption in the context of
controlled pancreatic insufficiency, as in the clinical
context. Further, these studies are not possible in
humans, and thus represent an opportunity to decipher
mechanisms in an imperfect but appropriate model
organism. Our results highlight a new potential suite of
events (FFA transport and chylomicron secretion),
which are not targets of current therapies, that could
drive persistent CF metabolic phenotypes.

We initially thought that reduced chylomicron
secretion in CF mice could be due to reduced hydrolysis
and emulsification of TGs in the intestinal lumen
(providing less substrate for chylomicron synthesis in
the enterocyte), perhaps due to submaximal pancreatic
lipase secretion in our CF mouse model. However, we
found an increase in TG hydrolytic products (FFAs,
MAGs, and DGs) (Fig. 5E), invalidating this possibility.
These lipids must form mixed micelles to cross the
apical membrane of enterocytes, and this requires bile
acids which could be affected by the G542X mutation.
We ruled out this possibility by treating primary small
intestinal organoids with preformed mixed micelles
and observing reduced absorption of 3H-FFAs from the
organoid lumen into the enterocyte (Fig. 6A) and
reduced chylomicron 3H-TG secretion into the media
from organoids (Fig. 6B). This is neither due to
decreased CD36 expression nor to reductions in TG re-
esterification enzymes and microsomal triglyceride
transfer protein (Supplemental Fig. S3). These data
either rule out the possibility that other FA transporters
are involved or that CD36 protein expression or local-
ization is impaired in CFTR−/− mice. We are actively
investigating these as potential mechanisms. We
conclude that CFTR function is required for epithelial
trafficking of FFAs and the subsequent formation of
TG-rich chylomicrons leading to normal dietary fat
metabolism in extraintestinal tissues. Further, steator-
rhea cannot explain this defect.

There is strong evidence in the literature to support
our findings. First, there are several historical human
studies using oral 13C-labeled lipids tracing metabolites
in plasma, stool, and exhaled carbon dioxide (22, 83, 84).
These studies find that fat malabsorption in CF patients
is not due to pancreatic insufficiency but instead due to
decreased absorption of long-chain FAs. In addition to
these human studies, there are many contradictory re-
ports on the role of steatorrhea in CF nutritional de-
ficiencies (83, 85). Though these have been largely
discounted by clinical practice, several studies in addi-
tion to the findings presented here, clearly show
normal or even decreased dietary tracer lipids in the
stool of patients with CF when they were dosed with
oral radiolabeled palmitic acid. Together, our findings
and these human studies support the conclusion that
FFA
luminal lipase or emulsification is not the major defect
leading to CF nutritional deficiencies, despite these
being the major clinical targets.

The relationship between CFTR and FFA absorption
across the apical epithelial membrane is still unan-
swered by this study. Several studies by Levy et al. have
shown that CFTR ion channel function impacts TG
esterification and lipid metabolism in Caco-2 cells (86,
87). An important consideration is that CFTR is
expressed most highly at the crypt base and in a
decreasing manner as cells move up the villus tip (2, 3,
88, 89). By some measures, there is little CFTR expres-
sion in the absorptive epithelia responsible for most
lipid absorption. This suggests that rather than directly
affecting FFA transport, CFTR may indirectly reduce
the surface area of absorptive epithelium. There is ev-
idence in the literature to support this possibility. (90)
et al. show that CFTR−/− results in highly proliferative
crypts with reduced apoptotic markers. Interestingly,
intestinal stem cell proliferation is stimulated by FFAs,
so unabsorbed FFAs may stimulate stem cell prolifer-
ation, leading to a less absorptive epithelium, leading to
further FFA accumulation. This cycle would be
dependent on the classic altered mucus phenotype, a
hallmark of CF intestinal disease. Alternative FFA uti-
lization pathways may also explain the FFA transport
defect. We know that the gut microbiota changes in CF
animals due to mucus, pH, and differences in nutrient
availability (91). The lipids accumulating in the ileum of
CF mice could be metabolically transformed by mi-
croorganisms in the ileum. This would deprive enter-
ocytes of dietary fat and explain the lack of substrates
for chylomicron synthesis. FFA transport could also
rely on functional CFTR for the maintenance of pH.
FFA must be protonated to cross the unstirred water
layer, and the loss of a pH gradient (due to CFTR−/−)
could derail this process (77). Finally, FFA substrates
could be catabolized by enterocytes themselves. We and
others have shown that dietary fats can become sub-
strates for enterocyte oxidative phosphorylation when
basolateral lipids are not available (35, 59, 60, 92). It is
possible that in the CF, enterocytes are also deprived
from circulating substrates (just like extraintestinal tis-
sues), and therefore they use dietary FFA for energy
rather than for chylomicron synthesis.

Interestingly, CFTR reconstitution in villin-Cre gain-
of-function mouse model is not sufficient to resolve the
CF growth defect (but is able to restore mucus and
goblet cell ion transport anomalies) (54). Neither FFA
transport, lipid absorption, nor chylomicron secretion
were measured in this model. However, though CFTR is
expressed in enterocytes its highest level of expression
is in other epithelial cell types in the intestine (CHEs
and BEST4+ cells, respectively) (2, 89). It is possible that
CFTR regulates events in these cell types that are
required for FFA trafficking. It is intriguing to specu-
late that CFTR in nonabsorptive cells is required for
normal FFA transport, thus linking goblet or stem cells
malabsorption and chylomicron malformation in CF 11



with dietary fat absorption. We are currently investi-
gating this possibility.

Our study has also found that small, TG-poor G542X
chylomicrons lack appropriate apoC2 and apoC3
(Supplemental Fig. S2) and are metabolized from
plasma at a dramatically increased rate (Fig. 4). It is well
known that small chylomicrons and chylomicrons that
lack apoC3 are rapidly cleared from plasma compared
with normal chylomicrons (2, 31, 89, 93, 94). We find
both that the chylomicron size and apolipoprotein
content of G542X chylomicrons match this phenotype,
which would explain the severe reduction in plasma
resident time we observe in Fig. 4. This is also consistent
with known processes that deprive peripheral tissues of
metabolic substrates and is associated with fatty liver
and interference with hepatic glucose metabolism.
These are common metabolic phenotypes in CF (8, 27,
95). This chylomicron metabolism defect could also
explain why multiple animal and clinical studies have
failed to reverse the CF growth defect despite
providing plenty of calories in the form of high-fat
diets and easily digestible calories (12, 22, 26–28,
96–98). Because chylomicrons are produced in response
to dietary fat, our study suggests that a high-fat diet in
CF may paradoxically stimulate the formation of these
metabolically dysfunctional chylomicrons. Whether
there are other calorically dense diets that would avoid
the formation of these chylomicrons (such as a diet in
medium-chain fats) is unknown. In one foundational
nutritional intervention study, infants with CF were fed
a medium chain TG-enriched diet which rescued fecal
fat excretion (99). The medium-chain TG diet also
increased plasma TGs and cholesterol in patients with
CF. Future research could determine whether a
medium-chain TG diet would avoid dysfunctional
chylomicron formation and provide dietary lipids to
the liver, which could then be secreted as very low
density lipoprotein TG into the blood.

Our study cannot rule out the possibility that under
high-fat diet conditions or during a continuous infu-
sion of lipid that malabsorption may occur due to
insufficient luminal lipolysis and pancreatic insuffi-
ciency. This is important to consider given the fact that
many patients with CF are counselled to follow an
ultrahigh-fat and calorie diet. What we can conclude is
that under normal chow diet conditions and in
response to a duodenal bolus of lipid, steatorrhea is
unlikely to be the cause of the CF malabsorption
phenotype. We have a few pieces of evidence: 1) when
we trace 3H-lipids through the GI tract, we do not find
any additional 3H-label in the cecum or colon (Fig. 5A).
This is after 6 h and during ∼5 h prior we also find a
dramatic reduction in 3H-appearance in lymph and
blood. Presumably, if steatorrhea were the driver of this
phenotype, we would also find 3H-label in the colon at
the same times we have lost accumulation of 3H-label in
blood/lymph. 2) In our organoid experiments, we add
the same amount of 3H-FFA to both genotypes. There is
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no opportunity for fat to move away from the
absorptive cells to the colon and for steatorrhea to drive
the phenotype. Instead, we see that the absorptive cells
themselves are less capable of absorbing these FFA and
accumulating TG. The consequence is a reduction in
chylomicron secretion.

These findings suggest that the “classic” CF high-fat
diet may make steatorrhea and malabsorption defects
worse by overloading the absorptive capacity of the CF
small intestine. A tempting alternative nutritional
therapy might be the use of medium or short-chain FA-
enriched foods, which d not require the same FFA
transport and chylomicron synthesis pathways in
enterocytes (100). Ultimately, this defect may require
dietary approaches that bypass FFA absorption entirely
and make-up lost calories through glucose or protein
sources. It is unclear whether Trikafta and other highly
effective CFTR modulator therapies will reverse intes-
tinal and metabolic disease in people with CF. Reports
are emerging that Trikafta can reduce CF-related
abdominal and gastrointestinal symptoms, but these
studies primarily focus on qualitative assessment of
gastrointestinal distress and symptoms (disorders of
appetite, bowel movement, gastrointestinal pain,
gastroesophageal reflux, pancreatic exocrine function,
and intestinal inflammation) (101–103). This study pre-
sents small intestinal FFA trafficking and subsequent
chylomicron secretion dysfunction as a new target for
when developing nutritional guidelines and therapies
in CF.
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