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Abstract

Atherosclerosis is a chronic disorder of the vessel wall. One key regulator of disease progression
is lipid handling in macrophages. However, the role of macrophage mitochondrial-dependent fatty
acid p-oxidation (FAO) in atherosclerosis is not well defined. To address this, we focused on
carnitine palmitoyltransferase (CPT) 1 and 2, which play an essential role in the transport of long
chain fatty acids (FAs) into the mitochondria. Using conditional alleles of these mitochondrial
enzymes, we have generated myeloid-specific Cptiaand Cpt2 knockout mutants (CPT1la M-KO
and CPT2 M-KO). In culture, macrophages derived from CPT1a and CPT2 M-KO mice have
impaired FAO, enhanced expression of the CD36 scavenger receptor, increased uptake of oxidized
low-density lipoprotein (oxLDL), and augmented transformation into cholesterol-rich foam cells.
In line with these /n vitro observations, in the atherosclerosis-susceptible apolipoprotein E (ApoE)
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KO background, CPT2 M-KO mice demonstrated augmented atherosclerosis, accompanied by
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increased accumulation of aortic macrophages with elevated CD36 expression. These data suggest

that macrophage FAO is athero-protective and that augmenting FAO may potentially slow
atherosclerotic progression.

Introduction

Mitochondrial-dependent fatty acid p-oxidation (FAO) is an essential step in the generation

of energy from fatty acids (FAs). FAQ, in conjunction with other substrates including

glucose and amino acids, plays a crucial role in maintaining whole-body metabolic

homeostasis by generating adenosine triphosphate (ATP). The regulation of the oxidation

of long-chain FAs is in large part determined by the carnitine palmitoyltransferase

(CPT) system, which involves two mitochondrial membrane enzymes, CPT1 and CPT2

(Supplemental Fig. 1A) [1]. This system allows for the transport of long-chain acylcarnitines
(ACs), metabolites of long-chain FAs, across the outer and inner mitochondrial membranes.

In mammals, depending on the cell type, outer mitochondrial membrane long-chain AC

transport is achieved by either CPT1a or CPT1b (the muscle specific isoform). In contrast,
transport of long-chain ACs across the inner mitochondrial membrane is achieved by CPT2,

which is expressed ubiquitously in all cell types.

Lipids play a central role in atherosclerosis. In particular, the development and progression

of this disease is catalyzed by the accumulation of lipoproteins, excessive (ester form)
cholesterol, and macrophage-derived foam cells that can expand and proliferate within
the vessel wall. Local production of cytokines by vessel wall macrophages, which are

derived from circulating blood monocytes, result in chronic inflammation and also stimulate
modified (e.g., oxidized) low-density lipoprotein (LDL)-induced foam cell formation via

scavenger receptors such as CD36 [2,3]. CD36 also plays a central role in oxidized

LDL (oxLDL)-induced NLRP3 inflammasome activation, which can also participate in

atherogenesis [4,5]. Furthermore, inhibition of FA-induced endoplasmic reticulum (ER)

stress in macrophages can protect against atherosclerosis [6].

Recent evidence has revealed that macrophage FAO may play a crucial role in the

cellular phenotype of these specialized cells [3,7,8]. Importantly, initial reports using the

CPT1a inhibitor etomoxir suggested that macrophage FAO promotes the maturation of
M2 alternative activation and is essential for the anti-inflammatory effects of this cell

type [9-12]. In line with these observations, using human (THP-1) or murine (RAW

264.7) macrophage cell lines, two recent studies demonstrated that FAO protects against

FA (palmitate)-induced ER stress and inflammatory signaling [13,14]. These studies

would imply that macrophage FAO might have an overall anti-inflammatory effect. In
contrast, some studies have suggested that macrophage FAO seems to contribute to a

pro-inflammatory and pro-atherogenic milieu. For instance, in J774.2 murine macrophages,
inhibition of FAO by etomoxir alleviated bactericidal activity by reducing mitochondrial
reactive oxygen species (ROS) production [15]. Increased FAO has been linked to the redox-
dependent activation of the NLRP3 inflammasome [16,17] and in bone marrow-derived
macrophages (BMDMs), knockdown of Cptiaby short hairpin RNA or etomoxir treatment
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suppressed NLRP3 inflammasome activation [18]. Thus, there are potentially discordant
results in the literature regarding whether FAO in macrophages would theoretically act to
inhibit or promote atherosclerosis. However, it should be noted that these previous studies
all reflect /n vitro assessments, often with immortalized cell lines rather than primary
macrophages. Indeed, no study to date, has directly assessed how macrophage substrate
metabolism effects atherosclerosis. Moreover, many, if not all of these past studies, relied on
pharmacological means to inhibit FAO. This is potentially problematic since our group using
a genetic strategy has demonstrated that FAO is not essential for macrophage M2 activation
and that concentrations of etomoxir that are often employed in the literature have significant
off-target effects [19]. Additional examples of the off-target effects of etomoxir have also
been described recently by other groups [20,21]. Thus, it would seem that to unequivocally
assess the role of macrophage FAO in atherosclerosis /n vivo genetic strategies are required.

In this study, we characterize BMDMSs from myeloid-specific Cptlaand Cpt2 knockout
mice (CPT1la M-KO and CPT2 M-KO, respectively). Here, we demonstrate that inhibition
of FAO in myeloid cells augments foam cell formation and CD36 expression. Furthermore,
the absence of FAO activity in macrophages exacerbates /77 vivo atherosclerosis in the setting
of the apolipoprotein E (ApoE) knockout atherosclerosis-prone mouse. Taken together, our
work demonstrates that manipulating macrophage metabolism may provide a novel strategy
to reduce atherogenesis.

2. Methods

Detail methods are available in the online supplement.

3. Results and discussion

We first sought to characterize the components of the CPT system that were operational

in BMDMs (Supplemental Fig. 1A). Previously, we had demonstrated that the inner
mitochondrial membrane protein CPT2 is expressed in BMDMs and deletion of Cpt2
inhibits FAO [19,22]. As expected, expression analysis confirmed that BMDM also express
the outer mitochondrial membrane Cptlaisoform, and not the muscle-specific Cptib
isoform (Supplemental Fig. 1B). To further understand how FAO might regulate macrophage
function, we took advantage of a myeloid-specific deletion of Cpt2 (CotXVf Lyz2-Cre;

called ‘CPT2 M-KQO’ here), which have been described in previous studies [19,20,22]. To
complement and extend these studies, we also generated the Cpt1a/fl mouse strain using

a purchased embryonic stem (ES) cell line followed by CRISPR/Cas9 modification (see
Methods). These CprZa"/f mice were subsequently crossed with Lyz2-Cre mice [23] to
generate mice with myeloid-specific deletion of Cptla (CptidfLyz2-Cre; called ‘CPT1a
M-KO’ here). Quantitative PCR and Western blot analyses confirmed the faithful deletion

of CPT1a in BMDMs (Supplemental Fig. 1C, D). Consistent with the observation that
Cptlabut not Cpt2is often regulated transcriptionally [24], we observed that knockout of
Cptladid not alter downstream Cpt2 expression, while knockout of Cpt2 modestly increased
upstream Cptlaexpression in the presence of oleic acid (Supplemental Fig. 1E).
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While deletion of either Cptlaor Cpt2would each be expected to abrogate FAO, these
genetic manipulations are known to have opposite effects on long-chain AC levels. In
particular, based on their known enzymatic activity, deletion of CptZashould reduce long-
chain AC formation, while Cpt2 deletion should elevate levels of these intermediaries (see
Supplemental Fig. 1A). This biochemical difference is the clinical basis for discriminating
whether patients with inherited disorders of FAO have mutations in either CPT1 or CPT2
[1,24]. Metabolomic analysis of ACs revealed the expected alterations in long-chain AC
levels in CPT1a M-KO and CPT2 M-KO derived macrophages and both Cptiaand Cpt2
deletion reduced short/medium-chain ACs levels (Supplemental Fig. 1F).

In order to assess the metabolic consequences of disrupting FAO, we next assessed

basal and maximal respiration in control (wild type), CPT1a M-KO and CPT2 M-KO
derived macrophages. In the presence of media containing high glucose (25 mM) and

fetal bovine serum (which contains some FAs; denoted as ‘Glu’ in figures), there was a
non-significant reduction in both basal and maximal oxygen consumptions rates (OCR)

in macrophages lacking either Cptlaor Cpt2 (Supplemental Fig. 1G). These energetic
deficits were, however, much more apparent when macrophages were supplemented with

a medium containing physiological levels of carnitine and oleic acid (150 pM), the most
abundant FA found within atheroma [25]. Indeed, when BMDMSs were given oleic acid

as a primary substrate (denoted as ‘Ole’ in figures), both CPT1a M-KO and CPT2 M-KO
derived macrophages exhibited a reduction in basal and maximal mitochondrial respiration
(Supplemental Fig. 1G). We also observed similar FA-dependent metabolic differences when
the respiration of CPT1a M-KO macrophages were assessed in the presence of bovine
serum albumin (BSA) alone or in the presence of palmitate-BSA (Supplemental Fig. 1H).
Consistent with this impaired ability to increase mitochondrial respiration in the setting of a
FA substrate, CPT1a M-KO and CPT2 M-KO derived macrophages had reduced ATP levels
when given oleic acid as the primary substrate (Supplemental Fig. 11). In previous studies,
hepatic-specific Cpt2knockouts and endothelial-specific CptZa knockouts revealed evidence
of oxidative stress [26,27]. Interestingly, levels of mitochondrial ROS were also elevated in
CPT1la M-KO and CPT2 M-KO macrophages, particularly when macrophage ROS levels
were assessed in the presence of exogenous oleic acid (Supplemental Fig. 1J).

We reasoned that the inability to metabolize FA might lead to the accumulation of lipid
substrates within CPT1a M-KO and CPT2 M-KO macrophages. Consistent with this, in
CPT1la M-KO and CPT2 M-KO macrophages, lipid staining by boron-dipyrromethene
(BODIPY) 493/503 was modestly elevated in normal medium, but markedly elevated

in the presence of oleic acid (Fig. 1A, B). Previous analysis has demonstrated that the
uptake of modified LDL is achieved in part through the CD36 receptor [2]. This scavenger
receptor is regulated by a series of FA-dependent transcription factors including peroxisome
proliferator-activated receptor gamma (PPARYy) [28,29]. We hypothesized that disruption
of FAO within BMDMs might therefore alter the lipid-dependent regulation of CD36
expression. Consistent with this notion, we noted that particularly in the presence of

oleic acid, levels of CD36 messenger RNA (mRNA) and protein were elevated in CPT1a
M-KO and CPT2 M-KO macrophages (Fig. 1C, D, and Supplemental Fig. 2A), while
other scavenger receptors, such as scavenger receptor A (SR-A) (encoded by Msri) or
OIr1 (which is only expressed in LPS-activated cells and encodes lectin-like oxidized
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LDL receptor 1 (LOX1)) were not altered (Supplemental Fig. 2B-D). To understand the
physiological and functional effects of such dysregulation, we next assessed oxLDL-induced
foam cell formation in control, CPT1a M-KO or CPT2 M-KO macrophages. Cells were

first exposed to oleic acid for 24 h (to induce CD36 expression) followed by incubation

with oxLDL for 24 h. As noted, lipid accumulation, as measured by BODIPY staining

and total cholesterol accumulation, were markedly increased in FAO-deficient macrophages,
while levels of free FAs were not affected (Fig. 1E-G, and Supplemental Fig. 2E). This
increase was inhibited by treating cells with sulfosuccinimidyl oleate (SSO), a specific
CD36 inhibitor (Supplemental Fig. 2F, G). Recent observations have demonstrated that low
concentrations of etomoxir (3 uM), a CPT1a inhibitor, effectively inhibits FAO without
producing significant off-target effects such as reducing M2 polarization of BMDMs [20].
As expected, etomoxir treatment of wild type macrophages mimics the effects of genetic
disruption of Cptiaor Cpt2deletion and significantly increased CD36 expression, oxLDL
uptake and foam cell formation (Supplemental Fig. 3A-D). Consistent with the notion that
CPT1A and CPT2 work sequentially in the import of FAs and that both proteins are required
for macrophage FAO, we observed that in CPT2M-KO macrophages knocking down Cptla
did not further augment CD36 message or protein expression or change the magnitude of
lipid accumulation seen with deletion of Cpt2alone (Supplemental Fig. 3E-G).

Our /n vitro data suggests that inhibition of macrophage FAO may increase foam cell
formation and thereby exacerbate atherosclerosis. To further investigate this hypothesis,

we crossed CPT2 M-KO mice to atherosclerosis-susceptible Apoe knockout mice [30]

and established Cpt2*'* Lyz2-Cre Apoe™'~ (described as “ApoE KO”) and CotA/f L yz2-
CreApoe'~ (described as “ApoE CPT2 M-KO”) mice. Two separate cohorts of mice were
exposed to an atherosclerosis-inducible Western diet (WD; 42% calorie from fat) or normal
chow (NC) for 17 weeks (first cohort) or 20 weeks (second cohort). In the setting of

Apoe deficiency, conditional deletion of Cpt2did not alter body weight (Fig. 2A), body
composition (Fig. 2B), blood glucose and insulin (Fig. 2C) or cholesterol levels (Fig.

2D). When these mice were fed a WD, we observed a significant increase in vascular

lesion formation in both the thoraco-aorta and the aortic root of ApoE CPT2 M-KO

mice (Fig. 2E, F). These increases were roughly 20% and 50%, respectively. In ApoE

CPT2 M-KO, CD68-positive macrophages appeared to compose a larger percentage of the
atherosclerotic lesion (Fig. 2G). In contrast, the ApoE CPT2 M-KO atherosclerotic lesions
had similar levels of smooth muscle cells (stained by alpha smooth muscle actin (aSMA)),
collagen (stained by Sirius red), and ROS (stained by dihydroethidium (DHE)) (Fig. 2G).
Moreover, consistent with our /n vitro observations, mMRNA expression of Cd36, but not
other cholesterol scavenger receptors (Msr1 and O/rI), were increased in ApoE CPT2 M-KO
mice (Fig. 2H, J). A similar increase in aortic CD36 protein levels was also observed (Fig.
21). Further analysis of other potential markers within the vessel wall (Fig. 2J) demonstrated
that the aortas of ApoE CPT2 M-KO exhibited reduced Cpt2 expression, in conjunction
with elevated levels of various macrophage markers (Mrcl1, Clec10a, Mg/l2) and increased
expression of key lipid-regulated transcription (co)factors and chaperones (Pparg, Ppargclb,
Fabp4).

Recently, several studies have demonstrated that FAO may play an important role in various
macrophage functions including M2 polarization [9-12], ER stress [13,14], mitochondrial
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ROS production [15], and NLRP3 inflammasome activation [18]. The limitation of these
studies, however, is that they have primarily used pharmaceutical approaches, or they have
been limited to /n vitro analysis, often using immortalized cell lines. Here, we have extended
these efforts using a more rigorous genetic approach that allows for the /7 vivo physiological
assessment following the manipulation of macrophage metabolism.

We had previously shown that deletion of Cpt2in macrophages does not alter the ability of
these cells to polarize to an M2 phenotype [19,22]. These results were in contrast to what
had been observed with the CPT1a inhibitor etomoxir, which was reported to block M2
induction [9,10,12]. Interestingly, recent studies have demonstrated that high concentration
of etomoxir (200 uM) appears to inhibit M2 activation not through the inhibition of

FAQ, but rather via depletion of coenzyme A [20]. As we previously noted following

Cpt2 deletion [19,22], we also observed that deletion of CptZadid not alter interleukin
(IL)-4 stimulated M2 induction or LPS-induced inflammatory M1 genes (with or without
IL-4 stimulation) (Supplemental Fig. 4A, B). In contrast to previous reports [13,14,18],
CPT1a and CPT2 M-KO macrophages did not appear to differ in their response to palmitate-
induced c-Jun N-terminal kinase (JNK) activation, inflammatory and ER stress response
genes (Supplemental Fig. 4C, D) or to stimuli known to induce NLRP3 inflammasome
activation (Supplemental Fig. 5A—-C). Nonetheless, we did note that inhibition of FAO
increased mitochondrial ROS production (Supplemental Fig. 11). Again, we believe the
differences with some of the previous literature largely reflects differences in experimental
design, as none of these previous studies have characterized stable genetic knockouts of
primary mouse macrophages.

Our results suggest that in macrophages, CD36 expression is modulated by FAO. Since
we observed that ROS levels increased following inhibition of FAO (Supplemental Fig.
11), based on some previous observations [31], we hypothesized that CD36 levels might
be sensitive to the cellular redox state. However, we did not observe any significant effect
following addition of the antioxidant A-acetyl-L-Cysteine (NAC) on either CD36 levels
or foam cell formation in either control or Cptla-deficient macrophages (Supplemental
Fig. 6A-D). We also assessed whether supplementation with acetate, which is converted
to acetyl-CoA by acyl-CoA synthetase short chain family member 1 (ACSS1) [27],

could rescue FAO-deficient macrophages. Although acetate supplementation rescued ATP
production in Cptia-deficient cells (Supplemental Fig. 6E), CD36 expression and foam cell
formation were not altered after acetate supplementation (Supplemental Fig. 6F-H).

A number of transcription factor use FA ligands as cofactors, most notably the PPAR

and liver X receptor (LXR) family of transcription factors [29,32]. Previous studies have
demonstrated that the expression levels of hepatic Cad36is also robustly increased in Cpt2
liver-specific knockout mice when fasted or placed on a ketogenic diet [33]. Similarly,

in skeletal muscle, CD36 is also significantly increased in Cpt1b skeletal muscle-specific
knockout mice [34-36]. Significant evidence suggests that macrophage CD36 is regulated
by PPARYy [29]. Consistent with this, in these other models where FAO is genetically
abrogated/ activated, activity of the PPAR family of transcription factors is induced/reduced,
possibly by modulating the availability of endogenous FA ligands [33,37]. Interestingly, we
also saw evidence of increased level of Pparg in the vessel wall of the ApoE CPT2 M-KO
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mice (Fig. 2J). However, a number of other observations argue against this pathway being
substantially activated in our FAO-deficient cells. This includes the fact that the expression
levels of the cholesterol efflux transporters and indirect (through LXR) PPAR-y targets ATP-
binding cassette subfamily A member 1 (ABCAL) and ATP-binding cassette subfamily G
member 1 (ABCG1) were reduced in knockout cells, as was ABCA1-dependent cholesterol
efflux (Supplemental Fig. 7A—C). Moreover, the PPARy inhibitors (SR202 and T0070907)
did not reduce the elevated levels of CD36 observed in CPT1a M-KO or CPT2 M-KO cells
(Supplemental Fig. 7D, E) and PPARy expression was actually reduced in FAO-deficient
BMDMs (Supplemental Fig. 7F, G). Thus, the precise mechanism through which a defect in
macrophage FAO leads to an induction of CD36 expression will require additional studies.

In summary, our analysis suggests that inhibiting the ability of macrophages to use FA as a
substrate results in increased foam cell formation. Moreover, /in vivo, this metabolic defect
in macrophages leads to increased atherogenesis. It is interesting to note that a recent report
demonstrated that endothelial knockout of CptZainduced vascular leakiness and leukocyte
infiltration [27], which suggests endothelial FAO may also be athero-protective. In general,
rates of FAO decline as we age [38]. Whether or not this general decline in FA extends to
specific cellular compartments such as macrophages is not known. Nonetheless, our results
raise the possibility that therapies aimed at slowing or reversing this decline in FAO may
have beneficial effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Inhibition of macrophage FAQ increases CD36 expression and cholesterol accumulation.
(A) Representative images of the BODIPY 493/503 (lipids; green) and Drag5 (nuclei;
blue) staining in control and CPT1a BMDMs (cells obtained from /7= 3 mice per group).
Analysis was performed in standard high glucose media (Glu) or in the presence of a FA
substrate (Ole) for 48 h. Scale bar, 100 um. (B) Representative and quantification of flow
cytometry analyzing BODIPY 493/503 staining in control, CPT1a M-KO or CPT2 M-KO
BMDMs (cells obtained from n = 3 mice per group). Analysis was performed in standard
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high glucose media (Glu) or in the presence of a FA substrate (Ole) for 48 h. Data are
representative of three independent experiments. (C) Quantitative PCR analysis of Cd36
mMRNA in control, CPT1a M-KO or CPT2 M-KO BMDMs (cells obtained from n = 3 mice
per group). Analysis was performed in standard high glucose media (Glu) or in the presence
of a FA substrate (Ole) for 48 h. Data are representative of three independent experiments.
(D) Immunoblot analysis and the quantitative densitometry of CD36 protein in total lysate of
control, CPT1a M-KO or CPT2 M-KO BMDMs (cells obtained from n = 3 mice per group).
HSP90 is shown as a loading control. Analysis was performed in standard high glucose
media (Glu) or in the presence of a FA substrate (Ole) for 48 h. Data are representative of
three independent experiments. (E) Representative images of BODIPY 493/503 (lipid) and
Drag5 (nuclei) staining in control and CPT1a BMDMs after incubation of media containing
a FA substrate for 24 h, followed by media with or without oxLDL (50 pg/ml) for 24 h
(cells obtained from n = 3 mice per group). Scale bar, 100 um. (F) Representative and
quantification of flow cytometry analyzing the BODIPY 493/503 staining in control, CPT1a
M-KO or CPT2 M-KO BMDMs after incubation of media containing a FA substrate for 24
h, followed by media with (+) or without (=) oxLDL (50 ug/ml) for 24 h (cells obtained
from n = 3 mice per group). Data are representative of two independent experiments. (G)
Total cellular cholesterol (T-Cholesterol) content in control, CPT1a M-KO or CPT2 M-KO
BMDMs after incubation of media containing a FA substrate for 24 h, followed by media
with (+) or without (=) oxLDL (50 ug/ml) for 24 h (cells obtained from n = 3 mice per group
with each biological value representing a technical triplicate). Data are representative of two
independent experiments. Results represent mean + s.d. *P < .05, by one-way ANOVA with
the Bonferroni correction.
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Fig. 2.

Inhibition of myeloid cell FAO exacerbates atherosclerosis. (A) Body weight of ApoE KO
and ApoE CPT2 M-KO mice fed a normal show (NC) or Western diet (WD) for 17 weeks
(n=5-14 mice per group). (B) Fat and lean mass of ApoE KO and ApoE CPT2 M-KO
mice fed NC or WD for 15 weeks (n = 5-14 mice per group). (C) Fasting (18 h) blood
glucose and plasma insulin levels in ApoE KO and ApoE CPT2 M-KO mice fed NC or
WD for 10 weeks (n = 5-14 mice per group). (D) Fasting (5 h) plasma lipid levels in
ApoE KO and ApoE CPT2 M-KO mice fed NC or WD for 17 weeks (n = 5-14 mice per
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group). (E) Oil Red O (ORO) staining of the thoracoabdominal aorta and quantification

of the plaque area of ApoE KO and ApoE CPT2 M-KO mice fed NC or WD for 17

weeks (n = 5-14 mice per group). (F) ORO staining of the aortic root and quantification

of the plaque area of ApoE KO and ApoE CPT2 M-KO mice fed NC or WD for 17

weeks (n = 5-14 mice per group). Scale bar, 500 um. (G) CD68 (macrophages), Sirius

Red (collagen), alpha smooth muscle actin (aSMA), and dihydroethidium (DHE) (ROS)
staining of the aortic root and quantification of the staining area of ApoE KO and ApoE
CPT2 M-KO mice fed WD for 17 weeks (1= 10-14 mice per group). Scale bars, 500 pum.
(H) Quantitative PCR analysis of Cd36 mRNA in the thraco-abdominal aorta of ApoE KO
and ApoE CPT2 M-KO mice fed NC or WD for 20 weeks (n = 5-10 mice per group). (1)
Immunoblot analysis and the quantitative densitometry of CD36 protein in total lysate of the
thraco-abdominal aorta of ApoE KO and ApoE CPT2 M-KO mice fed WD for 20 weeks
(n=4 mice per group). (J) Quantitative PCR analysis of mMRNA of Cptla, Cpt2, scavenger
receptors (Msr1 and OIrl), lipid-regulated transcriptional (co) factors and chaperone (Ppard,
Pparg, Ppargcla, Ppargclb, Nrih3, Fabp4), macrophage markers (Mrcl, Clec10a, Mgl?2),
inflammatory markers (//1b6, 116, Tnf, Nos2, Ccl2), ER stress markers (Hspa5, Xbpl1, Atf4,
Ddijt3), and cholesterol efflux transporters (Abcal, Abcgl) in the thraco-abdominal aorta of
ApoE KO and ApoE CPT2 M-KO mice fed WD for 20 weeks (r7=9-10 mice per group).
Results represent mean * s.d. *P< .05, by one-way ANOVA with the Bonferroni correction
or unpaired two-tailed Studen’s #test (G, I, and J).
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