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Burmese pythons exhibit a transient adaptation to
nutrient overload that prevents liver damage

Jason A. Magida®?*, Yuxiao Tan*@®, Christopher E. Wall*>*@®, Brooke C. Harrison'@®, Thomas G. Marr3, Angela K. Peter?, Cecilia A. Riquelme4, and
Leslie A. Leinwand'®

As an opportunistic predator, the Burmese python (Python molurus bivittatus) consumes large and infrequent meals, fasting
for up to a year. Upon consuming a large meal, the Burmese python exhibits extreme metabolic responses. To define the
pathways that regulate these postprandial metabolic responses, we performed a comprehensive profile of plasma
metabolites throughout the digestive process. Following ingestion of a meal equivalent to 25% of its body mass, plasma
lipoproteins and metabolites, such as chylomicra and bile acids, reach levels observed only in mammalian models of extreme
dyslipidemia. Here, we provide evidence for an adaptive response to postprandial nutrient overload by the python liver, a
critical site of metabolic homeostasis. The python liver undergoes a substantial increase in mass through proliferative
processes, exhibits hepatic steatosis, hyperlipidemia-induced insulin resistance indicated by PEPCK activation and pAKT
deactivation, and de novo fatty acid synthesis via FASN activation. This postprandial state is completely reversible. We posit
that Burmese pythons evade the permanent hepatic damage associated with these metabolic states in mammals using
evolved protective measures to inactivate these pathways. These include a transient activation of hepatic nuclear receptors
induced by fatty acids and bile acids, including PPAR and FXR, respectively. The stress-induced p38 MAPK pathway is also
transiently activated during the early stages of digestion. Taken together, these data identify a reversible metabolic response
to hyperlipidemia by the python liver, only achieved in mammals by pharmacologic intervention. The factors involved in these

processes may be relevant to or leveraged for remediating human hepatic pathology.

Introduction

As the principal tissue responsible for regulating metabolic ho-
meostasis, the liver performs a central role in metabolism, in-
cluding the synthesis, storage, and redistribution of nutrients
such as carbohydrates, lipids, and vitamins. Accordingly, severe
metabolic perturbations including obesity and type 2 diabetes
can lead to permanent hepatic pathologies such as nonalcoholic
fatty liver disease (NAFLD; Lonardo et al., 2005). Promoting
liver function by reversing hepatic steatosis and suppressing
hepatic gluconeogenesis represents an effective therapeutic
strategy for many metabolic diseases (Petersen et al., 2005;
Wada et al., 2010).

Traditional laboratory animal models of metabolic diseases
have provided considerable insight into the mechanisms that
drive the development of hepatic pathological conditions
(Weltman et al., 1996; Kim et al., 2004). Studying nontraditional
animal models that have evolved unique mechanisms to adapt to
extreme environmental and metabolic stress should provide
valuable information that may lead to interventions in liver

disease in humans. Many such animals exist: certain mammals
hibernate for months at a time with no food or water, and some
reptiles eat massive meals after extended fasting. Studying ani-
mals with extreme biology has led to the development of new
drugs. For example, exenatide (Byetta), an antidiabetic drug,
was developed from studying the saliva of the infrequently
feeding Gila monster lizard, which contains a protein that in-
creases insulin production and islet B-cell proliferation. Al-
though the human protein has too short a half-life to be
therapeutic, the Gila monster ortholog, with a much longer half-
life, has been marketed since 2005 (Furman, 2012; Deane et al.,
2010).

Among all vertebrates, ectotherm species represented by
snakes are dramatically different in terms of metabolic regula-
tion compared with endotherm species represented by mam-
mals. Multiple species of snakes have evolved remarkable
mechanisms of metabolic regulation to tolerate periods of feast
and famine. One striking example of extreme metabolic
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adaptation is the Burmese python (Python molurus bivittatus),
which has the ability to massively downregulate metabolic rate
and physiological functions during extended fasts of up to a year.
Upon eating a very large meal, the Burmese python can rapidly
increase its metabolic rate to 20-44-fold above fasting levels to
process and digest meals that can be in excess 0f 100% of its body
weight (Secor and Diamond, 1995, 1998). Processing meals of this
size places a substantial metabolic stress on these animals,
which experience a dramatic >100-fold increase in plasma tri-
glyceride (TG) content and subsequent clearance from circula-
tion (Secor and Diamond, 1998; Riquelme et al., 2011). To
facilitate this dramatic transition, nearly every organ undergoes
a reversible significant adaptive increase in size and function
within as little as 1 d post-feeding (IDPF; Secor and Diamond,
1997). For example, python intestines dramatically increase in
mass and volume after feeding, including a substantial increase
in microvillus area, likely to facilitate nutrient uptake (Lignot
et al., 2005; Enok et al., 2016b). In addition, several studies
have reported that the python heart undergoes reversible
physiologic hypertrophy (Secor and Diamond, 1995, 1998;
Andersen et al., 2005; Riquelme et al., 2011). In contrast, another
study reported only increased stroke volume, heart rate, and VO,
(Enok et al., 2013; 2016a). However, only a few studies have
investigated the postprandial response of the python liver, de-
spite its massive growth by increasing wet weight by 53% at
3DPF, and the importance of this organ in metabolic homeostasis
(Secor and Diamond, 1995). RNA-sequencing analysis of four
metabolic organs, including liver, as a function of feeding in the
Burmese python was reported (Andrew et al., 2017). The authors
reported 711 differentially regulated genes between fasted, 1DPF,
and 4DPF livers. Bioinformatics analysis predicted involvement
of NRF2, mTOR, Akt, LXR/RXR, and PPAR pathways in the
postprandial response of the liver (Andrew et al., 2017). Another
liver transcriptome analysis of the Burmese python identified
upregulated expression of apolipoproteins and albumin, which
indicate increased lipid metabolism (Duan et al., 2017). They also
reported increased gene expression associated with an antioxi-
dant response, which is congruent with bioinformatic prediction
of the NRF2 pathway activation (Andrew et al., 2017).

Here, we describe the digestive molecular response in the
Burmese python that is unparalleled in meal size or metabolite
spike magnitude in mammals. While digestive processes in
mammals occur over the course of several hours, pythons take
~6-10 d to digest their meals (Secor and Diamond, 1995, 1998).
Underscored by dietary TG kinetics, the mammalian postpran-
dial peak of blood TG occurs 3-4 h after meal initiation (Lambert
and Parks, 2012), whereas TG levels increase significantly
starting a few hours after meal ingestion and remain elevated
for days in the python (Riquelme et al., 2011). This is accompa-
nied by substantially increased free fatty acids in circulation and
a late-stage elevation in high-density lipoprotein (HDL) choles-
terol. In contrast to postprandial mammals (Langsted et al.,
2008), the circulating lipid profiles in pythons change mini-
mally in response to normal food intake.

To understand the extreme postprandial metabolic profile
and protective strategies of the python, we adopted a metab-
olomics approach to characterize the digestive resolution period
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for the python. Postprandial metabolites in the python plasma
included massive increases in bile acids and fatty acids. Corre-
spondingly, bile- and fatty acid-binding nuclear receptors,
including farnesoid X receptor (FXR) and peroxisome proliferator-
activated receptor (PPAR), were potently activated in the liver.
The python liver undergoes significant metabolic activation
upon feeding, resulting in cell proliferation, steatosis, transient
insulin resistance, and lipogenesis. As all healthy metabolic
parameters are defined in mammals, some of these responses
would indicate hepatic pathology in mammals, yet they appear
to be adaptive hepatic responses in the python, thus revealing
novel python biology. Even though these responses of the liver
are transient and reversible in postprandial pythons in a matter
of days, this process is repetitive throughout the very long lives
of pythons. These findings highlight an adaptation by the py-
thon liver that demonstrates it to be capable of mitigating
transient extreme metabolic activation and then resolving that
stress.

Materials and methods

Animals

Burmese pythons were obtained as hatchlings from Strictly
Reptiles or Bob Clark Reptiles and housed individually for 6-12
mo at ~30°C on a 10/14 h light/dark cycle. During this period,
pythons were fed biweekly meals of intact rats until they grew
to 400 g, 750 g, or (for the Metabolon data) 1,250 g. Before
collection, pythons were acclimated to three 28-d feeding cycles.
Meal-to-body mass ratio was used to quantify food content, and
the caloric content was not determined in this study. A seden-
tary fed male rat is composed of 25.3% protein, 14.6% fat, and
2.9% ash (bone mineral content; Cortright et al., 1997). After the
last 28-d fast, pythons were fed rats ~25% of their body mass.
Pythons were euthanized at each prandial state (e.g., fasted and
0.25, 0.5, 1, 2, 3, 6, and 10DPF), then tissue and plasma were
collected, snap-frozen, and stored at -80°C. All mice were
housed in vivarium at ~22°C on a 10/14 h light/dark cycle. Be-
fore measuring the plasma TG level, overnight-fasted wild type
mice at baseline were fed a 750-pl bolus of refined corn oil de-
livered by oral gavage (at 2.5, 7.5, and 24 h). The refined corn oil
was composed of ~99% acylglycerols (mono-, di-, and primarily
tri-) and ~1% minor lipids such as sterols and tocopherols
(Dupont et al., 1990). Wild type, hypercholesterolemic Ldlr~/~ or
leptin-deficient obese Ldlr~/- mice were fasted for 6 h before
measuring plasma TG level. All procedures were conducted
under the approval of the University of Colorado Boulder or the
University of Alabama, Tuscaloosa, Institutional Animal Care
and Use Committee.

Metabolomics

Liquid chromatography/tandem mass spectrometry analysis of
~200 plasma metabolites was performed on whole python
plasma (collected posthumously) by Metabolon. Imputed values
for metabolites at each postprandial state were compared and
analyzed using MetaboAnalyst (Xia et al., 2015). For this
analysis, metabolite concentrations were normalized, log
transformed, and scaled through mean-centering and dividing
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by the SD of each variable. MetaboAnalyst was subsequently
used to conduct and generate the partial least squares discrimi-
nant analysis (PLS-DA), volcano plots, and metabolite heatmap.

Enzymatic and colorimetric assays

Plasma alanine aminotransferase (ALT) levels were quantified
using a kit from Catachem per manufacturer’s instructions.
Plasma glucose was measured with a glucose oxidase assay
(Cayman Chemical). Glycogen levels from python livers were
quantified as glucose released by amyloglucosidase as previously
described (Passonneau and Lauderdale, 1974). Plasma and lipo-
protein fraction TG and non-esterified free fatty acid content
and cholesterol were measured using thin-layer chromatogra-
phy and commercial kits from Wako Diagnostics (L-type TG H,
NEFA-HR 2, and Chol-E) per manufacturer’s instructions, and
normalized to protein content. Lipoprotein fractions were iso-
lated as previously described (Teupser et al., 2004).

Histologic analysis

For bromodeoxyuridine (BrdU) staining, BrdU was first injected
i.p. (4 x 100 mg/kg at 2-h intervals) after feeding. Python livers
were then fixed, sectioned, and stained with a BrdU-specific
antibody (Mas 250b; Harlan Sera Laboratories) as we have de-
scribed previously (Riquelme et al., 2011). For Oil Red O staining,
python livers were snap-frozen and imbedded in 0.C.T. medium
for sectioning. Sections were stained with Oil Red O, then
counterstained with hematoxylin. For Picrosirius Red staining,
python liver was fixed in 10% neutral buffered formalin for
sectioning, Picrosirius Red staining was performed using stan-
dard procedures. From each stained tissue slide, five random
fields of view were manually selected and imaged using a Nikon
Eclipse Ti-E microscope equipped with a Nikon 0.75 NA (Air)
20x objective. Images were analyzed by the color threshold tool
in Image]J (National Institutes of Health).

Lipid thin-layer chromatography

Whole lipids were isolated from python liver tissue or FaO he-
patoma cells using a modified Folch extraction and resolved on
silica gel G TLC plates as previously described (Magida and
Leinwand, 2014). Band intensity was quantified using ImageJ
(National Institutes of Health).

Quantitative RT-PCR (qPCR)

Total RNA was isolated from python tissue and cells with TRIzol
reagent, and cDNA was subsequently synthesized from 1 pg of
RNA using iScript (Bio-Rad). mRNA levels were quantified with
SYBR Green (Bio-Rad). These experiments were performed in
triplicate, and expression levels were normalized against Hprt
(python) mRNA levels. qPCR primers were designed using re-
cently generated whole genomic and transcriptomic Burmese
python sequence libraries (Wall et al., 2011). Sequences for qPCR
primers are available in Table S2.

Western blot

Burmese python liver was homogenized in radioimmunopre-
cipitation assay buffer (#9806; Cell Signaling Technology),
supplemented with protease and phosphatase inhibitors cocktail

Magida et al.
Hepatic adaptation in Burmese python

JGP

(#78442; Thermo Fisher Scientific), and centrifuged at 14,000 g
for 15 min. 10 pg of protein (python) from the supernatant was
resolved by SDS-PAGE and analyzed by Western blot using an-
tibodies from Cell Signaling Technology: p-pASK! (Thr84s;
#3765), p-MKK3 (Serl98)/p-MKK6 (Ser207; #12280), p-p38
(Thrl80/Tyrl82; #4511), p-AKT (Serd73; #4058), and FASN
(#3180). Total protein stain (LI-COR #926-11016; Lincoln) was
used for Western blot normalization (Figs. S4, C-H; and S5).

Statistical analysis

Statistical analysis was performed with GraphPad Prism 9. Data
are represented as mean + SEM unless otherwise specified. A
two-tailed unpaired Student’s t test or one-way ANOVA with
Bonferroni’s multiple comparison was used to determine the
significance of differences between data sets. For all cases, dif-
ferences were considered statistically significant when P < 0.05.

Online supplemental material

Fig. S1 shows levels of non-esterified fatty acids (NEFAs), TG,
cholesterol, and phospholipid in Fasted and 3DPF pythons. Fig.
S2 shows alignment of FXR ortholog in human, mouse, chicken,
python, and anolis. Fig. S3 shows alignment of PPARa orthologs
in human, mouse, chicken, python, and anolis. Fig. S4 shows
ROS level measurement and Western blots used for quantitative
analysis and total protein stain normalization showed in Fig. 5.
Fig. S5 shows Western blot total protein stain of representative
blots showed in Fig. 5 A. Table S1 lists the top 10 conserved
domain hits for python FXR and PPARa orthologs. Table S2 lists
sequences of primers used for RT-PCT.

Results

Burmese pythons are protected from

postprandial hypertriglyceridemia

After 28 d of fasting, pythons consumed meals representing 25%
of their body weight. Their plasma was analyzed for lipids at the
following time points: fasted and 0.25, 0.5, 1, 2, 3, 6, and 10DPF.
NEFAs increased two- to threefold and remained elevated
through 3DPF (Figs. 1 A and S1 A). Plasma TG levels peaked in
2DPF plasma, with an 88-fold increase compared with fasted,
reflected by TG content in the chylomicron/ultra-low-density
lipoprotein and low-density lipoprotein (LDL) fractions (Fig. 1, B
and C; and Table 1). These plasma TG levels in the fed python
have been observed in mice only under extreme experimental
conditions: either combined leptin and LDL receptor deficiency
or after a single, exceedingly large (750 pl) oral gavage of corn oil
(Fig. 1 B).

Although the rodent meal was also cholesterol rich, there was
no significant increase in total or LDL cholesterol levels com-
pared with the fasted condition (Fig. 1 D). However, cholesterol
in the most buoyant fraction peaked at 2DPF, coinciding with
maximal TG content in this fraction. During digestion, mam-
malian intestines or liver secrete lipid-rich lipoproteins to
package TG, while increasing plasma concentration and pro-
moting subsequent TG clearance from plasma (Cohn et al., 1989).
Therefore, we measured plasma apolipoprotein B (ApoB), the
primary and requisite lipid-rich lipoprotein for packaging
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Figure 1. Postprandial hypertriglyceridemia. (A) Plasma NEFA levels, determined by colorimetric enzymatic assay. (B) Comparison of plasma TG in fasted/
fed python, overnight fasted wild type mice at baseline and after a 0.75-ml bolus of corn oil delivered by oral gavage at 2.5, 7.5, and 24 h; and wild type,
hypercholesterolemic Ldlr~/~ or leptin-deficient obese (ob/ob) Ldlr~/~ mice fasted for 6 h. (C and D) TG and cholesterol concentrations in plasma and isolated
VLDL/chylomicron, LDL, and HDL fractions, determined by colorimetric enzymatic assays. (E) Coomassie-stained ApoB levels in the VLDL/chylomicron fraction
of wild type C57BL/6 mice and pythons, determined by SDS-PAGE, or pre-stained molecular weight (MW) marker. (F) HDL phospholipid content in pythons,
determined by colorimetric enzymatic assay. (G) Coomassie-stained HDL protein from fasted wild type, Ldlr, or ApoE knockout mice and fasted/fed pythons or
MW marker. Data are represented as mean + SD. n = 3/group. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus fasted (F) or WT. Source data are available for this
figure: SourceData FL

chylomicron/VLDL, VLDL, and LDL particles (Cohn et al., 1989).  between 3 and 6DPF (Fig. 1 G). Lastly, HDL phospholipid content

Both main isoforms, ApoBl100 and ApoB48, increased during
digestion in python plasma (Fig. 1 E). This indicates synchro-
nized coordination of lipid secretion and clearance in python
plasma.

Importantly, we observed a 1.8-fold increase in HDL choles-
terol at 6DPF, representing the end of digestion and a likely
indication of progressive lipid clearance (Fig. 1 D). This occurred
independently of increasing the major component of the HDL
particle, ApoAl (~27 kD), in the HDL fraction. Meanwhile, the
levels of the orthologous cholesterol-acceptor remained un-
changed throughout our selected postprandial digestion time
points in the python. The other putative orthologue of ApoE
(~36-38 kD) appeared in the HDL fraction at 2DPF, peaking
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remained largely steady, at ~20 mg/dl (Fig. 1 F).

As we observed spikes of different lipid content at various
time points at extreme levels compared to mammalian models,
lipid-rich lipoproteins increased coordinately to promote lipid
clearance from plasma. Therefore, this highly dynamically reg-
ulated process is likely an indication of protective collaboration
among multiple metabolic tissues to maintain metabolic ho-
meostasis in the python.

Distinct postprandial metabolomic states in Burmese pythons

Surges of various lipid contents across the course of digestion led
us to analyze the postprandial metabolic response in python
plasma at three time points: fasted, 1DPF, and 3DPF. We used
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Item Plasma concentration (mg/dl)
Fasted 1DPF 3DPF 10DPF

Glucose 317 £ 145 441+ 24 337 +16.2 24.4 +10.4
Total TG 45+0.7 171.7 + 53.0 2241+ 76.7 175+ 0.5
VLDL/chylomicron TG ND 73.6 241 753 + 311 27:0.0
LDL TG 0.8+07 212+£91 199+ 0.3 8.0+16
Total cholesterol 153.7 + 239 99.0 + 18.7 169.9 + 21.7 111.3 + 29.8
VLDL cholesterol 12+01 74 +12 123 +38 58 +13
LDL cholesterol 1417 + 31.2 52.8 + 15.7 135.0 £ 20.3 122.7 £ 225
HDL cholesterol 164 £51 11927 152+ 34 114+ 04

statistical clustering to compare relative levels of lipids and
amino acids (as defined by metabolite superpathways) that
differentiate the three states in a heatmap (Fig. 2, A and B).
For this analysis, we analyzed five representative animals in
each group. Interestingly, a unique cluster of lipids and
amino acids emerged at each postprandial time point. Sep-
arate clusters of amino acids were most evident, especially
at 3DPF. These findings provide evidence for distinct
postprandial metabolic states throughout early digestion in
pythons.

Roughly 200 distinct metabolites were identified as differ-
entially present between each of these postprandial states,
including lipids, amino acids, and carbohydrates. Principle
component-based PLS-DA of these metabolites revealed that
the global metabolomic profiles for fasted, 1DPF, and 3DPF are
largely distinct (Fig. 2, A-C). Corresponding volcano plots
identified metabolites that are most differentially regulated at
1DPF or 3DPF relative to fasted (Fig. 2, D and E).

From here, we focused on important metabolites that might
define each postprandial state. Despite the snake having con-
sumed a carcass, which constitutes a cholesterol-rich meal,
metabolomic analysis indicated no alteration in plasma total
cholesterol (Fig. 3 A), consistent with our comprehensive enzymatic
determinations. The cholesterol precursor 7-dehydrocholesterol and
the bile acids taurocholate and taurochenodeoxycholate were in-
creased 86.4- and 66.7-fold after feeding, respectively (Fig. 3, B and
C). The importance of this postprandial plasma bile acid spike is
supported by an in silico sequence analysis of the python bile acid-
sensing FXR (NR1H4). It exhibits a high (98.3%) phylogenetic
conservation of dimer interface as well as DNA, zinc, and ligand-
binding sites with that of mammals (i.e., mouse and human; Fig.
S2). In fact, the top hit in an in silico conserved domain query for
the Burmese python FXR sequence was the FXR ligand-binding
domain (E-value = 6.2 x 107% Table S1). Consistent with in-
creased bile acid-mediated regulation of transcription through FXR,
we found activation of bile acid-induced FXR (NR1H4) and FGF19
expression, as well as the repression of CYP7A1 mRNA at
1DPF, responsible for catalyzing the initial step in bile acid
biosynthesis from cholesterol precursors (Fig. 3 D). FGF19 and
CYP7A1 are canonical positively and negatively regulated FXR
targets, respectively.
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Digestive hepatic metabolic responses to feeding in

Burmese pythons

Striking postprandial increases in plasma metabolites, including
bile acids and fatty acids, led us to examine the metabolic con-
sequences of digestion in the liver. The liver plays a key role in
metabolic homeostasis. Therefore, we assayed markers of he-
patic damage known to be induced by nutrient overload in
mammals. At 1DPF, plasma ALT activity exceeded 100 U/liter
(Fig. 4 A), nearly fourfold higher than the upper limit considered
to be normal in mammals, 30 U/liter for women and 40 U/liter
for men (Prati et al., 2002). After 3DPF, ALT activity subse-
quently decreased throughout the course of digestion, returning
to near-fasting levels by 10DPF, representing the end of diges-
tion (Fig. 4 A). Further supportive of transient hepatosteatosis
was increased Oil Red O staining of neutral lipids in the liver at
3DPF (Fig. 4 C). In addition, upregulated Colla expression and
Picrosirius Red staining indicate increased hepatic fibrosis, also
at 3DPF (Fig. 4, B, F, and G). These conditions regressed and
returned to fasted levels by 10DPF (Fig. 4, B and C). Increased
hepatic TG storage was demonstrated by chromatographic sep-
aration of total lipids from the liver (Fig. 4, D and E). Similar to
plasma cholesterol content, hepatic cholesterol levels were not
elevated after feeding (Fig. 4 D). Hepatic uptake, trafficking, and
catabolism of fats, bile acids, and cholesterol are largely coor-
dinated through transcriptional regulation of metabolic gene
expression via the nuclear receptors PPAR and FXR (Kersten
et al, 2000). PPARa and PPARy expression have been re-
ported to be upregulated by 2.2-fold and 0.6-fold in 1DPF Bur-
mese pythons, respectively (Andrew et al., 2017). Like FXR, the
python PPARa dimer, DNA, zinc, and ligand-binding sites were
found to be exceptionally well conserved in other more closely
related species (e.g., chicken and anolis lizard) as well as
mammals (e.g., human and mouse). The greatest sequence ho-
mology to the PPAR ligand and DNA-binding domains displayed
an E value = 1.4 x 10713 for closely related species and an E
value = 1.3 x 1075 for mammals (Fig. S3 and Table S1). In ac-
cordance with the conservation of PPARa functional sites and
postprandial hyperlipidemia, we observed a dramatic, but re-
versible, hepatic upregulation of several canonical PPARa target
genes involved in fatty acid clearance and oxidation (Fig. 4 M).
Among the hepatic PPARa targets substantially upregulated was
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Figure 2. Emergence of distinguishing metabolite superpathways throughout digestion. (A and B) Heatmap displaying the rank-ordered levels of
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clustered by pattern of regulation between each state. For each state, n = 5/group. (C) PLS-DA of two component groups of plasma metabolites that are
significantly different between feeding states in Burmese pythons. Each dot represents the metabolome of an individual animal. (D and E) Volcano plots for
differentially expressed circulating metabolites at 1DPF (D) and 3DPF (E) versus fasted. The log; of the fold-change (FC) for each metabolite (gray dots) is on

the x axis, and the -logo of the P value of this difference is on the y axis.

stearoyl-CoA desaturase, responsible for introducing a double
bond into the aliphatic chain of long-chain saturated fatty acids.
This double bond formation would significantly alter the hepatic
lipid landscape, leading to TG biosynthesis and accumulation.
This was supported by the above increase in TG levels and an
~60% increase in the hepatic desaturation index, as determined
by gas chromatography (Fig. 4 H).

Other than promoting lipid clearance, there are conditions
consistent with hyperlipidemia-induced insulin resistance
in the postprandial python: (1) increases in hepatic glycogen
content; (2) induction of phosphoenolpyruvate carboxykinase
(PEPCK) mRNA, responsible for catalyzing the initial and rate
limiting step in gluconeogenesis (Fig. 4, I and J; Yoon et al.,
2001). However, while hepatic glycogen levels increased,
plasma glucose levels in the python remain not only low, but
steady at ~40 mg/dl (Fig. 4 K and Table 1). Collectively, these
findings suggest that postprandial python livers exhibit meta-
bolic activation and transient cellular responses in early di-
gestion stage, including steatosis, hyperlipidemia-induced
insulin resistance along with PEPCK activation.

Digestive hepatic responses to feeding in Burmese pythons

Parallel to transcriptional programs of metabolic gene expres-
sion regulated by PPARa and FXR, stress responses in mammals
usually involve coordinated posttranslational activation of
MAPK signaling. p38 MAPK is a stress-kinase signaling pathway

critical to hepatic metabolism. However, reduced activity in
ob/ob and high fat diet-fed obese mice has been observed (Lawan
and Bennett, 2017). At 1DPF, the hepatic p38 stress kinase
pathway is strongly and transiently activated but is rapidly re-
duced by 3DPF (Figs. 5, A and B; and S4 A). ASK1 (MAP3KS5) and
MKK3 (MAP2K3), which mediate the phosphorylation of p38
MAPK, are similarly activated early after feeding (Figs. 5, A and
B; and S4 A). Consistent with metabolic substrate content and
activity overload, reactive oxygen species (ROS) could represent
a likely stress stimulus in the fed python. In the mammalian
liver, high plasma lipid content leads to increased ROS produc-
tion, inducing subsequent tissue damage (Vergara et al., 2019).
However, hepatic ROS levels did not change across the digestion
time points, suggesting a strong underlying antioxidant mech-
anism that neutralizes ROS (Fig. S4 B). This is supported by an
RNA-sequencing analysis of livers in the Burmese python,
which points to an early postprandial activation of the NRF2
pathway, consistent with an antioxidant response (Andrew
et al., 2017).

To further investigate whether postprandial Burmese py-
thons show any signs of hyperlipidemia-indued insulin resis-
tance, the phosphorylation of AKT was tested. At 1DPF, hepatic
PAKT is significantly dephosphorylated and further dephos-
phorylated at 3DPF (Figs. 5, A and C; and S4 A). This signaling
is a canonical negative regulator of PEPCK expression. The
striking reduction of AKT phosphorylation supports the stated
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Figure 3. Postprandial elevation in plasma bile acids and activation of the bile acid receptor in the liver. (A-C) Fold-changes in plasma levels of
cholesterol (A), 7-dehydrocholestrol (B), and taurocholate and taurodeoxycholate (C). (D) gPCR for normalized Nrih4 (Fxr), NrOb2 (Shp), Fgf19, and Cyp7al
mRNA expression in fasted (F), 1, 3, and 10DPF python livers. Data are represented as mean + SEM. n = 8/group. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus
fasted (F) unless stated otherwise.
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Figure 4. Transient steatosis, fibrosis, and metabolic activation in the postprandial python liver. (A) ALT assay (U/liter) in fasted (F), 1, 3, and 10DPF
python plasma. (B) Hepatic collagenl mRNA expression, determined by qRT-PCR. (C) Oil Red O staining of frozen tissue sections from fasted (F) and 3DPF (3D)
python livers. Scale bar, 50 um. (D) Thin-layer chromatography of pooled total lipids extracted from fasted and 3DPF python plasma. CE, cholesterol esters;
Chol, free cholesterol; DAG, diacylglycerol; PL, phospholipids; TAG, triglycerides. (E) Quantification of liver triglyceride (TAG) content (arbitrary units, AU) in
fasted and 3DPF pythons. (F) Picrosirius red staining of fixed tissue sections from fasted and 3DPF python livers. (G) Quantification of hepatic collagen
percentage area in fasted and 3DPF pythons. (H) Hepatic desaturation index of C18 species, determined by gas chromatography. (I) gPCR for Pepck mRNA
expression in python livers. (J) Assay for glucose derived from glycogen in fasted and 1DPF (1D) python livers. (K) Plasma glucose levels, determined by
colorimetric enzymatic assay. (L) qPCR for normalized PPAR target gene (Acaa2, acetyl CoA acyltransferase; Cidea, cell death-inducing DFFA-like effector A;
Cd36, fatty acid translocase; Cpt2, carnitine palmitoyl transferase; Scd, stearoyl CoA desaturase) mRNA expression. Data are represented as mean + SEM.

n = 3/group. ¥, P < 0.05; **, P < 0.01 versus fasted.

supposition that the python liver experiences robust yet re-
versible insulin resistance, as we observed recovery of pAKT
signaling at 10DPF (Figs. 5 A and S4 A).

Along with the transient insulin resistance at an early stage
of digestion, strong activation of FASN at 1DPF is consistent with
de novo fatty acid synthesis (Figs. 5, A and C; and S4 A). Robust
SREBF1/2 activation has also been observed in 1DPF Burmese
python liver (Andrew et al., 2017). This marks activation of
lipogenesis and is reflected by the significant increase in lipid
deposition in 3DPF python liver (Fig. 4, C-E). Hepatic de novo
lipogenesis is an important regulator of intrahepatic TG content.
A larger contribution of hepatic de novo lipogenesis to hepatic
TG deposition has been found in individuals with obesity and
NAFLD (Smith et al., 2020). However, these hepatic findings in
the snake resolve with no evidence of persistence.

In addition to the pathological effects of p38 MAPK activity,
P38 has also been shown to be critical to liver regeneration and
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protection against hepatic oxidative stress (Rius-Pérez et al.,
2019). Because of plasma lipid overload and the increase in liver
mass postprandially (Secor, 2008; Secor and Diamond, 1997,
1998, 1995), we assessed the mechanisms underlying postpran-
dial liver growth. To evaluate potential hyperplastic processes,
we observed a threefold increase in hepatocellular BrdU incor-
poration and a transient fourfold increase in expression of
proliferating cell nuclear antigen, indicating active DNA repli-
cation (Fig. 5, D-F).

Discussion

The Burmese python is a unique animal model of extreme
metabolic regulation, but many questions remain to be ad-
dressed, including (1) the nature of its metabolic response to
digestion and (2) its ability to accommodate unparalleled post-
prandial dietary lipid load. In this report, we applied both classic
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(A and B) Western blot analysis reveals normalized MAPK stress kinase acti-

vation of ASK1, MKK3/6, and p38. (C) Western blot analysis indicates normalized AKT deactivation and FASN activation. (D) Immunohistochemical staining for
BrdU incorporation into fasted (F) and 1DPF (1D) python livers. Scale bar, 50 uM. (E) Quantification of BrdU-positive cell numbers per stained fasted and 1DPF
python liver sections. (F) gPCR for normalized Pcna (proliferating cell nuclear antigen) mRNA expression in fasted and 1, 3, and 10DPF python livers. Data are
represented as mean + SEM. n = 3/group. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 versus fasted. Source data are available for this figure:

SourceData F5.

and metabolomic approaches to evaluate the diverse metabolic
states present in pythons at different time points during diges-
tion. It has been demonstrated that processing large meals
causes dramatic, but reversible, organ growth in pythons, such
as intestinal growth and physiologic cardiac hypertrophy (Secor
and Diamond, 1998; Andersen et al., 2005; Riquelme et al., 2011).
We show here that the python liver exhibits a remarkable and
reversible adaptive response to nutrient overload and metabolite
flux. At the initial stages of digestion, the python liver tolerates
transient postprandial increases in stress markers and stimuli
identified in mammalian liver disease, including hepatic stea-
tosis and what appears to be hyperplasia.

During evolution, Burmese pythons developed the unique
fasting/feeding paradigm that they use today. In comparison
to mammals, Burmese pythons also exhibit an unparalleled
circulating plasma composition in addition to the physiological
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changes described above. Lipids are a predominant metabolite in
circulation after feeding in pythons, where we observed peak TG
level at 2DPF, with an 88-fold increase compared with fasted.
Comparable plasma TG levels in most mammals would result in
lipid deposition in nonadipose tissues such as the heart, which is
a pathological condition (Khan et al, 2010). We previously
identified three fatty acids that induce physiological cardiac
hypertrophy in pythons and mice and in isolated rat cardiac
myocytes (Riquelme et al., 2011). Despite the high levels of
plasma lipids, no significant increase in total or LDL cholesterol
was observed in postprandial python plasma (Fig. 1 D). It would
be informative to know the turnover rate of TG and glycogen in
both liver and plasma. However, we have been unable to per-
form interventions in the snakes and have not been allowed to
administer radiolabeled TG precursors to snakes. Additionally,
glucose was not increased compared with fasted python plasma.
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To determine which metabolites were altered in the postpran-
dial plasma compared with fasted and therefore might be re-
sponsible for regulating the hepatic response, we assessed how
the postprandial metabolome might impact the liver.

While the liver might buffer against sudden TG surges during
digestion, products of TG breakdown, including diacylglycerol
and free fatty acids, are highly bioactive signaling molecules, as
well as energetic substrates. The fact that the postprandial liver
remains free of excess diacylglycerol accumulation following a
meal, despite unparalleled hyperlipidemia, supports the pres-
ence of protective processes that mitigate lipotoxic stimuli and
warrant further study. Various fatty acids emerged in abun-
dance at 1DPF from our metabolomic profiling of python plasma.
The fact that PPARa is activated by long-chain fatty acids
(Georgiadi and Kersten, 2012), and that fatty acids were found at
high levels at 1DPF, coupled with the induction of PPARa target
genes at this time point, implicates a role of PPARa in the hepatic
digestive response. As a transcriptional regulator of fatty acid
handling and catabolism genes, PPARa appears to coordinate the
mammalian hepatic response to dietary lipids (Contreras et al.,
2013). As expected, we observed a number of the highly induced
PPARa target genes at 1DPF involved in performing essential
roles in fatty acid oxidation (e.g., Acaa2 and Cpt2).

Our metabolomics analysis identified additional prominent
spikes in plasma analytes during the digestive period in pythons,
including the bile acids taurocholate and taurochenodeoxycholate.
They are distinguished not only by the striking magnitude of their
increases, but also by their proliferation-modulating and antiin-
flammatory properties. These bile acids may mitigate pathological
facets of hypertriglyceridemia by activating the bile acid receptors
FXR/NRIH4 and TGRS (Chiang and Ferrell, 2020). Indeed, tran-
sient FXR activation supports a putative protective role for these
bile acids in the postprandial resolution of lipemia and general
metabolic stress.

While the importance of PPARa and FXR activities in the
postprandial python liver are apparent, the role of many other
metabolites in this response is less clear. One of the more per-
plexing energetic substrates is glucose, which is present at ex-
ceedingly low levels in plasma and does not appear to be altered
throughout the digestive process. This pattern of regulation
differs from normal postprandial hyperglycemia in mammals
but could be attributed to the low glycemic index of the meal, a
significant increase in plasma insulin levels present well before
1DPF, or maintenance of newly formed glucose as hepatic glycogen
(Secor, 2008). The differences between a lipid-induced gluco-
neogenic response in mammal and python are underscored by
high levels of plasma 3-methyl-2-oxovalerate in the fed python,
which has been identified in humans as the strongest predictor of
impaired fasting glucose levels (Menni et al., 2013). Indeed, our
study demonstrates a disconnect between the fibroproliferative
and hyperglycemic outcomes of hepatic lipid overload conferred
by the digestive milieu of the Burmese python.

With the surging levels of lipids in the postprandial python,
lipid clearance was likely promoted by increased lipid-rich lip-
oproteins in plasma and upregulated PPARa target genes in-
volved in fatty acid clearance and oxidation. There are also
conditions consistent with hyperlipidemia-induced insulin
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resistance in the postprandial python, including deactivation of
AKT signaling and upregulated PEPCK expression. These re-
sults are consistent with diabetic mice that manifest selective
hepatic insulin resistance: insulin fails to block glucogenesis
(i.e., it loses its ability to suppress PEPCK) but continues to
stimulate lipogenesis (i.e., enhanced FASN activation; Brown and
Goldstein, 2008; Li et al., 2010). The paradox of selective hepatic
insulin resistance has also been identified in a clinical study
involving individuals with obesity and NAFLD (Vatner et al.,
2015). The Burmese python seems to have evolved solutions
for the paradoxical metabolic regulation, and python adipose
tissue is likely to play a crucial role in conserving plasma lipids as
an energy reservoir. More studies need to be conducted in adi-
pose tissue and intra-organ signaling to understand the extreme
postprandial physiology in Burmese pythons.

Finally, as pythons have to accommodate massive meal sizes
and the subsequent nutrient overload in the body, we demon-
strate a transient response of p38 activation in python liver, and
the upstream MAPK stress pathway was activated at 1DPF and
then inactivated in the course of digestion. In the past, studies
showed reduced hepatic p38 MAPK phosphorylation in ob/ob
and high fat diet-fed obese mice, whereas activation of p38 by
expression of constitutively MKK6 reduced ER stress and
maintained euglycemia in obese and diabetic mice (Lee et al.,
2011). Furthermore, studies focusing on MKP-1, a phosphatase of
p38, demonstrated that MKP-1 plays an important role in the
dephosphorylation of p38 MAPK to negatively regulate hepatic
TG metabolism and the management of lipid homeostasis (Flach
etal., 2011). A recent study further supported the protective role
of p38 in hepatocytes that mild stress such as a high fat diet or
early stage of hepatic steatosis promotes hepatic function in
metabolizing fatty acids. Activation of p38 facilitates $-oxidation,
thereby reducing TG storage and load in the liver (Hwang et al.,
2020). These conditions and results align with our observations
in postprandial pythons: plasma TG content dramatically in-
creases during early stages of digestion, and p38 is activated with
elevated B-oxidation gene expression (e.g., Accaa2, Acadm, and
cptl/2). Commonly, activation of p38 is thought to initiate apo-
ptosis. However, the above studies and our results demonstrate
different signaling of p38 MAPK in hepatic metabolism.

This study highlights notable metabolic distinctions between
reptile and mammalian physiology. What can constitute liver
disease in mammals is instead a normal and recurrent digestive
process that is rapidly reversible in Burmese pythons. While
future studies will be required to elucidate the relative impor-
tance of the many other metabolites and corresponding cellular
signaling pathways during digestion, our study at present offers
a promising first look at metabolic biology in postprandial
Burmese pythons, that may be able to exploit to develop hepatic
therapeutics to combat liver disease.
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Figure S1. Levels of NEFA, TG, cholesterol, and phospholipid in fasted and 3DPF pythons. Levels of cholesterol content in Burmese python plasma.
(A) Levels of NEFAs in fasted and 3DPF pythons. (B) Levels of triglycerides in fasted and 3DPF pythons. (C) Levels of cholesterol in fasted and 3DPF pythons.
(D) Levels of phospholipids in fasted and 3DPF pythons. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure S3. Alignment of PPARa orthologs. PPARa sequence comparisons between Burmese python and other species. PPARa ortholog sequences are
aligned between mouse, human, chicken, anolis, and python using EMBL-EBI webPRANK alignment of Python molurus bivittatus-5.0.2 (NW_006532574.1).
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Figure S4. Western blots used for quantitative analysis and normalization. (A) Western blot used for quantitative analysis of pASK1, pMKK3/6, pp38,
pAKT, and FASN. (B) ROS level, quantitative analysis. (C and D) Western blot total protein stain used for normalization of pASK1 and pp38. (E and F) Western
blot total protein stain used for normalization of pMKK3/6. (G and H) Western blot total protein stain used for normalization of pAKT and FASN. Source data

are available for this figure: SourceData FS4.
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Figure S5. Western blots used for representative blots. (A and B) Western blot total protein stain of representative blots showed in Fig. 5 A. Source data
are available for this figure: SourceData FS5.

Provided online are Table S1 and Table S2. Table S1 lists the top 10 conserved domain hits for python FXR and PPARa orthologs,
analyzed by NCBI CD Search. Table S2 lists sequences of primers used for RT-PCT in python liver.
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