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Intestinal barrier dysfunction, which leads to translocation of
bacteria or toxic bacterial products from the gut into bloodstream
and results in systemic inflammation, is a key pathogenic factor in
many human diseases. However, the molecular mechanisms
leading to intestinal barrier defects are not well understood, and
there are currently no available therapeutic approaches to target
intestinal barrier function. Here we show that soluble epoxide
hydrolase (sEH) is an endogenous regulator of obesity-induced
intestinal barrier dysfunction. We find that sEH is overexpressed in
the colons of obese mice. In addition, pharmacologic inhibition or
genetic ablation of sEH abolishes obesity-induced gut leakage,
translocation of endotoxin lipopolysaccharide or bacteria, and
bacterial invasion-induced adipose inflammation. Furthermore,
systematic treatment with sEH-produced lipid metabolites, dihy-
droxyeicosatrienoic acids, induces bacterial translocation and co-
lonic inflammation in mice. The actions of sEH are mediated by gut
bacteria-dependent mechanisms, since inhibition or genetic abla-
tion of sEH fails to attenuate obesity-induced gut leakage and
adipose inflammation in mice lacking gut bacteria. Overall, these
results support that sEH is a potential therapeutic target for
obesity-induced intestinal barrier dysfunction, and that sEH inhib-
itors, which have been evaluated in human clinical trials targeting
other human disorders, could be promising agents for prevention
and/or treatment.
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Obesity is a serious health problem in the United States and
other Western countries; currently, more than 35% of

adults and nearly 17% of children in the United States are obese
(1, 2). It is well established that obese individuals are at increased
risk of developing many diseases, including but not limited to
metabolic diseases, diabetes, cardiovascular diseases, and several
types of cancers (3). The mechanisms for obesity-associated dis-
eases are not fully understood, and emerging research supports
that obesity-induced intestinal barrier dysfunction plays a central
role in the pathogenesis of various obesity-induced diseases (4–7).
Indeed, animal and human studies have shown that obese subjects
have impaired intestinal barrier function, leading to enhanced
translocation of bacteria or toxic bacterial products from the gut
into the bloodstream and distant organs, resulting in systemic in-
flammation, insulin resistance, and tissue dysfunction (4–7). Be-
sides obesity, barrier dysfunction is also a key pathogenic factor in
many other human diseases, including inflammatory bowel dis-
ease, gastric ulcers, cancer, and celiac disease (8). However, the
molecular mechanisms leading to intestinal barrier dysfunction
are not well understood, and currently there are no available
therapeutic approaches for prevention and/or treatment (8, 9).
Using a liquid chromatography-tandem mass spectrometry

(LC-MS/MS)-based lipidomics, our recent research supports that

soluble epoxide hydrolase (sEH), an enzyme involved in eicos-
anoid metabolism (10, 11), is a potential therapeutic target for
obesity-induced colonic inflammation (12). We found that sEH
is up-regulated and that sEH-derived metabolites, such as dihy-
droxyeicosatrienoic acids (DHETs), are increased in the colon
tissues of diet-induced obese mice. Furthermore, inhibition or
genetic ablation of sEH attenuates obesity-induced immune cell
infiltration and expression of inflammatory cytokines in the co-
lon tissues (12). It is well established that colonic inflammation,
particularly that due to proinflammatory cytokines, can disrupt
barrier function and result in intestinal permeability (8, 13, 14).
Therefore, we hypothesize that sEH could be an endogenous
regulator of intestinal barrier function, and that sEH inhibitors,
which are currently being evaluated in human clinical trials tar-
geting other disorders (10, 15, 16), could be promising agents for
preventing or treating intestinal barrier dysfunction and its
resulting pathologies. To this end, here we studied the roles of
sEH and sEH inhibitors in obesity-induced barrier dysfunction in
mouse models.

Significance

Defective intestinal barrier function and enhanced lipopoly-
saccharide (LPS)/bacterial translocation is a key pathogenic
factor in many human diseases, including obesity. To date, the
molecular mechanisms leading to intestinal barrier defects are
not well understood, and there are no available therapeutic
approaches to target intestinal barrier function. Here we show
that soluble epoxide hydrolase (sEH) could be a novel thera-
peutic target of obesity-induced intestinal barrier dysfunction
and LPS/bacterial translocation, and that sEH inhibitors, which
have been evaluated in human clinical trials targeting other
disorders, could be promising agents for prevention or
treatment.
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Results
Genetic Ablation of sEH Abolishes Obesity-Induced Gut Leakage and
Bacterial Translocation. Consistent with our previous study (12),
we found that compared with wild-type (WT) C57BL/6 mice
treated with a low-fat diet (LFD), WT mice treated with a high-
fat diet (HFD) had elevated expression of Ephx2 (encoding sEH)
in the colon (SI Appendix, Fig. S1). We then used sEH knockout
(KO) mice to determine the roles of sEH in obesity-induced gut
leakage. We treated WT mice and sEH KO mice with an LFD or
HFD for 3 months (experimental scheme in Fig. 1A) and found
that genetic ablation of sEH did not dramatically change HFD-
induced body weight increase (SI Appendix, Fig. S2) but did
abolish obesity-induced gut leakage and bacterial translocation
(Fig. 1 B–D). Indeed, using a fluorescein isothiocyanate (FITC)-
dextran–based permeability assay, we found that in WT mice, the
HFD treatment increased leakage of orally administered FITC-
dextran from the gut into the bloodstream, while this effect was
abolished in the sEH KOmice (Fig. 1B). Consistent with the FITC-
dextran assay, HFD treatment increased the bacterial load in both
the blood and the adipose tissue of the WT mice, while such effects
were abolished in the sEH KO mice (Fig. 1 C and D). Together,
these results demonstrate that genetic ablation of sEH attenuates
obesity-induced gut leakage and bacterial translocation.
To explore the roles of gut microbiota in the actions of sEH,

we determined the extent to which antibiotic mixture (ABX)-
mediated suppression of gut microbiota modulates the actions of
sEH (Fig. 1A). We used an ABX used in previous studies (6, 17)
and found that treatment with the ABX caused a dramatic re-
duction of fecal bacteria (SI Appendix, Fig. S3), validating its
suppressing effects on the microbiota. In the presence of the
microbiota (without the ABX treatment), genetic ablation of
sEH abolished obesity-induced gut leakage and bacterial trans-
location; however, with depleted microbiota (with the ABX treat-
ment), genetic ablation of sEH failed to attenuate these obesity-
induced disorders (Fig. 1 B–D). A nested two-way ANOVA
demonstrated a significant interaction between sEH (sEH KO
mice vs. WT mice) and gut microbiota (water vs. ABX) on gut
leakage (P < 0.05 for interaction; Fig. 1 B–D). These results
support that the presence of the microbiota is critical for these
biological actions of sEH.

Genetic Ablation of sEH Abolishes Obesity-Induced Adipose
Inflammation via Gut Bacteria-Dependent Mechanisms. After dem-
onstrating that genetic ablation of sEH abolishes obesity-induced
bacterial translocation into the adipose tissue (Fig. 1D), we
tested the effects of sEH on adipose inflammation. In the WT
mice, treatment with an HFD increased the infiltration of CD45+

immune cells, enhanced the expression of proinflammatory genes
(Tnf-α, Mcp-1, and Tlr-5), and enlarged adipocytes in the adipose

tissue (Fig. 2 A–C and SI Appendix, Fig. S6), demonstrating en-
hanced adipose inflammation. Such effects were attenuated in the
sEH KOmice (Fig. 2 A–C), demonstrating that genetic ablation of
sEH suppresses obesity-induced adipose inflammation.
To validate whether genetic ablation of sEH suppresses obesity-

induced adipose inflammation via gut bacteria-dependent mecha-
nisms, we determined the extent to which ABX-mediated sup-
pression of gut bacteria modulates the actions of sEH (Fig. 1A). We
found that in the presence of the microbiota (without the ABX
treatment), genetic ablation of sEH suppressed obesity-induced
adipose inflammation, but with depleted microbiota (via the
ABX treatment), genetic ablation of sEH failed to attenuate these
obesity-induced disorders (Fig. 2 A–C). Nested two-way ANOVA
revealed a significant interaction between sEH (sEH KO mice vs.
WT mice) and gut bacteria (water vs. ABX) on adipose in-
flammation (P < 0.05 for interaction; Fig. 2 A–C). Together, these
results demonstrate that the presence of gut bacteria is critical for
the actions of sEH on intestinal barrier functions.

Pharmacologic Inhibition of sEH Abolishes Obesity-Induced LPS/
Bacterial Translocation. To date, there are no available thera-
peutic approaches to target intestinal barrier function (8). Given
our findings that genetic ablation of sEH abolishes obesity-
induced intestinal barrier dysfunction, we studied the effects of
trans-4-{4-[3-(4-trifluoromethoxyphenyl) ureido] cyclohexyloxy}
benzoic acid (t-TUCB), a potent and selective sEH inhibitor with
an IC50 of 0.9 nM for human sEH and an IC50 of 1.3 nM for
mouse sEH (18), on intestinal barrier functions. We treated
C57BL/6 WT mice with an LFD or HFD, as well as with vehicle
or 10 mg/L t-TUCB (scheme of animal experiment in Fig. 3A).
Consistent with the results obtained in sEH KO mice, we found
that t-TUCB had little effect on HFD-induced body weight
change (SI Appendix, Fig. S4), while it abolished HFD-induced
LPS/bacterial translocation (Fig. 3 B–D). HFD treatment in-
creased the concentration of LPS in plasma and enhanced the
bacterial load in both blood and adipose tissue, while such effects
were abolished by treatment with t-TUCB (Fig. 3 B–D). Fur-
thermore, as expected, when combined with ABX treatment to
deplete the gut bacteria (Fig. 3A), treatment with t-TUCB had
little effect on LPS/bacterial translocation (Fig. 3 B–D). To-
gether, these results suggest that pharmacologic inhibition of
sEH suppresses obesity-induced LPS/bacterial translocation.
To explore the cellular mechanisms by which t-TUCB modu-

lates intestinal barrier function, we studied colonic expression of
tight junction proteins, which are critical regulators of intestinal
permeability (8). qRT-PCR and immunohistochemical staining
showed that HFD treatment reduced colonic expression of Claudin-1
(SI Appendix, Fig. S5), an important tight junction protein (8).
Such effects were abolished by treatment with t-TUCB in a gut
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Fig. 1. Genetic ablation of sEH abolishes obesity-induced gut leakage and bacterial translocation. (A) Scheme of animal experiment. (B) FITC-dextran–based
permeability assay (n = 3 to 4 mice per group). (C) Quantification of bacterial load in blood (assessed by gene expression of 16S rRNA; n = 6 to 8 mice per
group). (D) Quantification of bacterial load in gonadal adipose tissue (n = 5 to 8 mice per group). The data are mean ± SEM.
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bacteria-dependent manner (SI Appendix, Fig. S5). Together,
these results support that t-TUCB modulates obesity-induced in-
testinal barrier dysfunction, in part through regulating the colonic
expression of tight junction proteins.

Pharmacologic Inhibition of sEH Abolishes Obesity-Induced Adipose
Inflammation via Gut Bacteria-Dependent Mechanisms. We further
studied the effects of t-TUCB on obesity-induced adipose in-
flammation. Treatment with t-TUCB abolished HFD-induced
adipose inflammation, with reduced infiltration of immune cells,
attenuated expression of proinflammatory genes, and smaller
adipocytes, in the adipose tissue (Fig. 4 A–C). In addition, we
found that the effects of t-TUCB on adipose inflammation require
the presence of the microbiota; in the presence of the microbiota
(without ABX treatment), inhibition of sEH suppressed obesity-
induced adipose inflammation, but with depleted microbiota (via
ABX treatment), inhibition of sEH failed to attenuate these
obesity-induced disorders (Fig. 4 A–C). These results agree with
our findings obtained in sEH KO mice (Fig. 2), supporting that
pharmacologic inhibition of sEH attenuates obesity-induced adi-
pose inflammation by suppressing translocation of bacterial prod-
ucts from the gut into adipose tissue.

Treatment with sEH-Produced Lipid Metabolites, DHETs, Induces
Colonic Inflammation and Gut Leakage in Mice. To explore the mo-
lecular mechanism by which sEH promotes gut leakage, we
studied the effects of DHETs, metabolites produced by sEH
from arachidonic acid (Fig. 5A), on gut leakage in mice. To this
end, we treated mice with 2 mg/kg/d DHETs via a minipump for
4 wk (Fig. 5B). Using an FITC-dextran–based permeability assay,
we found that treatment with DHETs increased leakage of the
orally administered FITC-dextran from the gut into the bloodstream
(Fig. 5C), illustrating enhanced gut leakage. Consistent with the
permeability assay, qRT-PCR and immunohistochemistry showed
that DHETs reduced the colonic expression of Claudin-5, a tight-
junction protein involved in regulating intestinal barrier function

(8) (Fig. 5 D and E). Furthermore, we found that DHETs in-
creased the colonic expression of proinflammatory cytokines Il-1β,
and Il-6, Mcp-1, important regulators of inflammation and in-
testinal permeability (8, 13, 14) (Fig. 5F). Together, these results
support that sEH-produced DHETs could contribute to the ac-
tions of sEH.

Discussion
Substantial studies have shown that intestinal barrier dysfunction
plays a central role in the pathogenesis of various obesity-
induced diseases, making this cellular system a promising target
for preventing or treating obesity-associated disorders (4–7).
However, the mechanism by which obesity leads to intestinal
barrier dysfunction is not well understood, and currently there
are no therapeutic approaches for prevention or treatment. Be-
sides obesity, barrier dysfunction is also a key pathogenic factor in
many other human diseases, including inflammatory bowel disease,
gastric ulcers, cancer, and celiac disease (8). Therefore, there is an
urgent need to better understand the underlying mechanisms of
barrier dysfunction to develop mechanism-based strategies for its
prevention and/or treatment. Here our central finding is that sEH, a
proinflammatory enzyme involved in fatty acid metabolism (10), is
an endogenous regulator of obesity-induced barrier dysfunction (SI
Appendix, Fig. S7). We found that inhibition or genetic ablation of
sEH abolished obesity-induced gut leakage, LPS/bacterial trans-
location, and bacterial invasion-induced adipose inflammation,
supporting that sEH could be a promising therapeutic target for
obesity-induced leaky gut syndrome. This finding could be clinically
important, because the sEH inhibitors have been tested in human
clinical trials targeting other disorders (16).
The sEH enzyme catalyzes the hydrolysis of fatty acid epox-

ides, lipid metabolites produced by the actions of cytochrome
P450 (CYP) monooxygenases, to generate the corresponding
fatty acid diols, such as DHETs (10). Here we have shown that
continuous infusion with DHETs via a minipump induced

Fig. 2. Genetic ablation of sEH abolishes obesity-induced adipose inflammation via gut bacteria-dependent mechanisms. (A) FACS quantification of CD45+

immune cells in gonadal adipose tissue (n = 4 to 5 mice per group). (Left) Representative FACS images. (Right) Quantification of immune cells in gonadal
adipose tissue. (B) Expression of proinflammatory genes Tnf-α, Mcp-1, and Tlr-5 in gonadal adipose tissue (n = 5 to 8 mice per group). (C) Representative
hematoxylin and eosin (H&E)-stained histological sections of gonadal adipose tissue. The data are mean ± SEM. (Scale bars: 50 μm.)

Wang et al. PNAS | April 14, 2020 | vol. 117 | no. 15 | 8433

A
PP

LI
ED

BI
O
LO

G
IC
A
L

SC
IE
N
CE

S

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916189117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916189117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916189117/-/DCSupplemental


colonic inflammation and intestinal barrier dysfunction in mice,
suggesting an important role of DHETs in mediating the actions
of sEH on barrier function. This finding is consistent with recent
studies showing that sEH-derived fatty acid diols can cause
barrier defects and/or inflammation. Hu et al. (19) showed that
19,20-dihydroxydocosapentaenoic acid (19,20-DHDP), an sEH
metabolite derived from docosahexaenoic acid (DHA; 22:6ω-3),
induces endothelial cell permeability. Levan et al. (20) showed
that 12,13-dihydroxyoctadecenoic acid (12,13-DiHOME), an
sEH metabolite derived from linoleic acid (18:2ω-6), is increased
in the feces of asthma patients and exaggerates lung inflamma-
tion in mice. These studies support that the sEH-produced fatty
acid diols, once thought to be biologically inactive (10), have
potent actions with biological/clinical importance. Many lipid
metabolites act via binding to specific G protein coupled re-
ceptors (21). The receptors of the sEH-derived fatty acid diols
are unknown at present, hindering further studies to elucidate

the cellular targets of these lipid metabolites in promoting barrier
dysfunction. A better understanding of the mechanism by which
the sEH-produced fatty acid diols regulate barrier function could
aid the development of novel strategies for preventing or treating
barrier dysfunction.
Our results support a model in which the inhibition or genetic

ablation of sEH suppresses obesity-induced intestinal barrier
dysfunction and attenuates the translocation of LPS/bacteria from
the gut into the adipose tissue, resulting in attenuation of adipose
inflammation (SI Appendix, Fig. S7). Indeed, the presence of gut
bacteria is critical for the actions of sEH, since inhibition or ge-
netic ablation of sEH fails to attenuate obesity-induced adipose
inflammation in ABX-treated mice.
There are several possible mechanisms by which sEH regulates

intestinal barrier function. We have shown that the inhibition or
genetic ablation of sEH abolishes obesity-induced production
of proinflammatory cytokines in the colon (12). Many of these
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Fig. 3. Pharmacologic inhibition of sEH abolishes obesity-induced LPS/bacterial translocation. (A) Scheme of the animal experiment. (B) Quantification of
bacterial load in blood. (C) Concentration of LPS in plasma. (D) Quantification of bacterial load in gonadal adipose tissue. The data are mean ± SEM, n = 6 to
10 mice per group.

Fig. 4. Pharmacologic inhibition of sEH abolishes obesity-induced adipose inflammation via gut bacteria-dependent mechanisms. (A) FACS quantification of
CD45+ immune cells in gonadal adipose tissue (n = 5 mice per group). (Left) Representative FACS images. (Right) Quantification of immune cells in adipose
tissue. (B) Gene expression of Tnf-α, Mcp-1, and Tlr-4 in gonadal adipose tissue (n = 8 to 10 mice per group). (C) Representative H&E histology of gonadal
adipose tissue. The data are mean ± SEM. (Scale bars: 50 μm.)
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cytokines are important regulators of barrier function and in-
ducers of intestinal permeability (8, 13, 14). Therefore, it is fea-
sible that genetic ablation or inhibition of sEH attenuates obesity-
induced intestinal barrier dysfunction, in part through suppressing
colonic inflammation. In addition, our data support that genetic
ablation of sEH could alter obesity-associated gut microbiota;
compared with WT mice on an LFD, the WT mice on an HFD
had a lower total fecal microbial biomass, and such an effect was
attenuated in sEH KO mice (SI Appendix, Fig. S3C), although
more detailed studies are needed to characterize the impact of sEH
on the microbiota. Previous studies have shown that the microbiota
is critical for regulating gut permeability (6); therefore, it is feasible
that genetic ablation or inhibition of sEH attenuates obesity-
induced intestinal barrier dysfunction, in part through modulating
the microbiota.
Most importantly, our results show that oral administration of

low dose of an sEH inhibitor via drinking water abolishes obesity-
induced gut leakage, LPS/bacterial translocation, and bacterial
invasion-induced adipose inflammation. These results support that
the sEH inhibitors, which have been evaluated in human clinical
trials targeting other disorders (10, 15, 16), could be promising
agents for prevention and/or treatment. This is important because
there currently are no available therapeutic approaches that target
intestinal barrier function (8). GlaxoSmithKline has developed a
drug candidate, GSK2256294, a potent, selective, and slowly re-
versible sEH inhibitor with IC50 values of 27 pM for human sEH
and 189 pM for mouse sEH (22). Two Phase I human clinical trials
have shown that this compound is well tolerated and causes

sustained inhibition of sEH in humans, without observable adverse
effects (15). Other sEH inhibitors are also being considered for
human trials (16). These resources could greatly help human
translations to use sEH inhibitors for preventing or treating obesity-
induced barrier dysfunction. Notably, previous studies have shown
that obese individuals have higher concentrations of LPS, a well-
established biomarker of gut leakage, in the circulation (23, 24). It
would be feasible to run a small-scale human clinical trial to test
whether treatment with sEH inhibitors reduce the circulating con-
centration of LPS in obese individuals.
In summary, our results support that sEH is an endogenous

regulator of obesity-induced intestinal barrier dysfunction and
associated disorders, and that sEH inhibitors could be promising
agents for preventing or treating obesity-induced barrier defects.
Besides obesity, intestinal barrier dysfunction is also a key pathogenic
factor in other human diseases (8), and it would be important to test
the roles of sEH in barrier function in other disorders.

Materials and Methods
Details of the experimental protocols are given in SI Appendix, Materials
and Methods.

Animal Experiments. All animal experiments were conducted in accordance
with the protocols approved by the Institutional Animal Care and Use
Committee of the University of Massachusetts Amherst and the University of
California Davis. C57BL/6 male mice were purchased from Charles River
Laboratories and maintained in a standard animal facility. The experimental
diets, LFD (10 kcal% fat, containing 1.9%wt/wt lard and 2.4 wt/wt% soybean
oil; catalog no. D12450J) and HFD (60% kcal% fat, containing 31.7 wt/wt %

Fig. 5. Treatment with sEH-produced lipid metabolites DHETs induces colonic inflammation and gut leakage in mice. (A) Biochemistry of the CYP-sEH
pathway. (B) Scheme of the animal experiment. (C) FITC-dextran–based permeability assay. (D) Gene expression of Claudin-5 in colon. (E) Immunohisto-
chemistry of Claudin-5 in colon. (Scale bars: 200 μm.) (F) Gene expression of proinflammatory cytokines in colon. The data are mean ± SEM, n = 4 to 6 mice per
group.
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lard and 3.2 wt/wt % soybean oil; catalog no. D12492), were purchased from
Research Diet.
Animal protocol 1: Effect of pharmacologic inhibition of sEH on HFD-induced LPS/
bacteria translocation and adipose inflammation. C57BL/6 male mice were
assigned at random to five groups (n = 11 to 12 mice per group) and treated
with the LFD or HFD diet, with drinking water containing 2% (vol/vol)
polyethylene glycol 400 (PEG 400) as vehicle, and/or 10 mg/L t-TUCB and/or
an ABX containing 1 g/L ampicillin, 0.5 g/L neomycin, and 4 g/L Sweet’N Low
Zero Calorie Sweetener (Cumberland Packing Corporation). After 12 wk, the
mice were euthanized for analysis.
Animal protocol 2: Effect of genetic ablation of sEH on HFD-induced LPS/bacteria
translocation and adipose inflammation.WT and sEH KO mice established on the
C57BL/6 background were treated with the LFD or HFD, with drinking water
with or without an ABX containing 1 g/L ampicillin, 0.5 g/L neomycin, and 4 g/L
Sweet’N Low Zero Calorie Sweetener. After 12 wk, the mice were euthanized
for analysis.
Animal protocol 3: Effect of DHETs on induced gut leakage and colon inflammation.
C57BL/6 male mice were s.c. implanted with an osmotic minipump (Durect;
model 1004) that delivered vehicle (a 1:1 vol/vol mixed solution of DMSO and
PEG 400) or DHETs (2 mg/kg/d). During the experiment, the mice were
maintained on standard mouse chow. After 4 wk, the mice were euthanized
for analysis.

Data Analysis. Data are expressed as mean ± SEM. The comparison of vehicle
and DHETs (Fig. 5) was performed using either Student’s t test or the Wil-
coxon–Mann–Whitney test. Analysis of sEH (WT mice vs. sEH KO mice or
vehicle vs. t-TUCB) and antibiotics (water vs. ABX) under the HFD along with

a control group (WT mice + LFD) was performed by nested two-way ANOVA
(with homogeneous/heterogeneous variance) designed for the factorial plus
control experiment, followed by a test between the WT + LFD group and the
WT + HFD group and then Tukey’s multiple comparison test for the com-
parisons among four groups: WT + HFD, sEH KO + HFD, WT + HFD + ABX,
and sEH KO + HFD + ABX or HFD, HFD + t-TUCB, HFD + ABX, and HFD + t-
TUCB + ABX. The validity of the nested two-way ANOVA model assumptions
was assessed by the analysis of residuals and a Q-Q plot. For the analysis of
16S rRNA in both blood and adipose tissue (Figs. 1D and 3 B and D) and gene
expression of Clauind-1 in the colon (SI Appendix, Fig. S5), log trans-
formation was applied before analyzing the data to satisfy the assumptions
of the nested two-way ANOVA.

Data Availability Statement.All data discussed in the paper are included in the
main text and SI Appendix.
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