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ABSTRACT: Fatty acid receptors have been recognized as important players in glycaemic control. This study is the first
to describe a role for the medium-chain fatty acid (MCFA) receptor G-protein—coupled receptor (Gpr) 84 in skeletal
muscle mitochondrial function and insulin secretion. We are able to show that Gpr84 is highly expressed in skeletal
muscle and adipose tissue. Mice with global deletion of Gpr84 [Gpr84 knockout (KO)] exhibit a mild impairment in
glucose tolerance when fed a MCFA-enriched diet. Studies in mice and pancreatic islets suggest that glucose
intolerance is accompanied by a defect in insulin secretion. MCFA-fed KO mice also exhibit a significant impair-
ment in the intrinsic respiratory capacity of their skeletal muscle mitochondria, but at the same time also exhibit a
substantial increase in mitochondrial content. Changes in canonical pathways of mitochondrial biogenesis and
turnover are unable to explain these mitochondrial differences. Our results show that Gpr84 plays a crucial role in
regulating mitochondrial function and quality control.—Montgomery, M. K., Osborne, B., Brandon, A. E., O'Reilly,
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Excess intake of dietary fats is considered a key contributor
to the development of major metabolic disorders such as
obesity, diabetes, and cardiovascular disease (1). Much of
our knowledge of the mechanisms of fat-induced meta-
bolic disease has come from studies using diets rich in
long-chain (C14-22) fatty acids (LCFAs) (2, 3), which are
recognized risk factors for the above disorders. However,
it is also known that not all dietary fats produce the same
metabolic effects. There is an extensive literature doc-
umenting the health benefits of w-3 fatty acids (FAs) (4, 5)
and studies in humans and animals have shown that
diets containing medium-chain (C8-12) fatty acids (MCFAs)
increase energy expenditure, and thus do not produce
the same degree of obesity or deterioration in glucose
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homeostasis as equivalent consumption of a diet high in
LCFAs (6-10).

Dietary intake of MCFAs is typically low in humans
(1-2% of total dietary FAs); however, rodent studies
have shown that diets enriched in MCFA lead to lower
fat accumulation than diets containing equivalent
amounts of LCFA (6,7, 10, 11). MCFA supplementation
has also been shown to promote weight loss in over-
weight humans (8, 9), and many studies have reported
beneficial effects on insulin sensitivity of introducing
dietary MCFAs (7, 10, 12, 13). Much of the difference
between LCFAs and MCFAs has been proposed to be a
result of elevated oxidation of MCFAs because they are
less hydrophobic than LCFAs and can therefore bypass
many of the regulatory steps controlling uptake of FAs
into cells and entry into mitochondria for oxidation (11).
Consistent with studies in humans (9), we have shown
that diets rich in MCFAs increase whole-body energy
expenditure in mice, and this occurs in association with
markedly enhanced mitochondrial function in skeletal
muscle (10, 14).

In addition to their role in energy provision, FAs also act
as important signaling molecules. Perhaps the best char-
acterized signaling pathway for FAs is that involving their
activation of peroxisome proliferator activated receptors
(15, 16). In the last decade, it has also emerged that FAs act
as ligands for a series of GPCRs, which include free fatty
acid receptor (FFA)1 [formerly G-protein—coupled re-
ceptor (GPR) 40], FFA2 (GPR43), FFA3 (GPR41), FFA4
(GPR120), GPR84, and GPR119 (16, 17). These receptors
display variations in tissue-specific distribution and FA
specificity and have been linked with the regulation of a
diverse range of physiologic processes, including insulin
secretion, inflammatory processes, intestinal hormone se-
cretion, and insulin action (18-23).

In this study, we investigated the metabolic function
of Gpr84, which was identified as an MCFA receptor by
Wang et al. (24) approximately a decade ago. There has
been relatively limited investigation of this receptor to
date, with the majority of studies focusing on a puta-
tive role for this receptor in immune processes (25-29),
largely as a result of early work suggesting high
expression of Gpr84 in cells and tissues of the immune
system (e.g., spleen, bone marrow) (24). Our re-examination
of Gpr84 expression indicates Gpr84 protein levels are
highest in skeletal muscle. This is of interest because our
previous work shows that skeletal muscle is a major
target tissue for the metabolic effects of MCFAs (10, 14).
Accordingly, we have examined the role of Gpr84 in
regulating skeletal muscle mitochondrial metabolism
and whole-body energy homeostasis.

MATERIALS AND METHODS

Animal studies

C57BL/6 mice were obtained from the Animal Resources Centre
(Perth, WA, Australia). Mice with global deletion of Gpr84 (on a
C57BL/6 background) were generated. Gpr84™! XOMPVIE ta.
geted embryonic stem cells were obtained from the Knockout
Mouse Project (KOMP) repository (University of California-Davis,
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Davis, CA, USA), and Gpr84 heterozygous mice were produced,
using these cells, by the Australian Phenomics Network (Monash
node) (30). Mice were crossed with mice expressing ROSA-Cre to
remove the selection cassette, and the resulting Gpr84 heterozy-
gous pairs were used for subsequent breeding.

Gpr84 knockout (KO) mice and wild-type (WT) littermates
were maintained in a temperature-controlled room (22°C *
1°C) with a 12-h light/dark cycle and ad libitum access to food
and water. Mice received either a standard chow laboratory
diet (8% calories from fat; Gordon’s Specialty Stock Feeds,
Yanderra, NSW, Australia) or a MCFA-enriched high-fat diet
(45% calories as fat) supplemented with hydrogenated co-
conut oil for 8 wk. The dietary FA composition of the diet has
been previously described by our group (10). At the conclu-
sion of the feeding regime, plasma and tissue samples were
collected from mice at 09:00-10:00 AM without any prior unfed
period. All experiments were approved by the University of
New South Wales and Garvan Institute /St Vincent’s Hospital
Animal Care and Ethics Committees and followed guidelines
issued by the National Health and Medical Research Council
of Australia.

Body composition and energy expenditure

Fat mass was measured using the EchoMRI-900 Body Compo-
sition Analyzer (EchoMRI Corp., Singapore) in accordance with
the manufacturer’s instructions. Heat production and respiratory
exchange ratio (RER) were measured using an Oxymax Indirect
Calorimeter (Comprehensive Laboratory Animal Monitoring
System, Columbus Instruments, Columbus, OH, USA), as pre-
viously described by Turner ef al. (31).

Glucose tolerance

Mice were not fed for 6 h, then received an intraperitoneal
glucose injection (2g/kg lean mass), and blood glucose levels
were monitored from the tail tip using an AccuCheck II
glucometer (Roche, Basel, Switzerland). Plasma insulin levels
were determined by ELISA (Crystal Chem, Elk Grove Village,
IL, USA).

Hyperinsulinemic euglycemic clamps

Mice underwent dual cannulation surgery as described else-
where by Holt ef al. (32). Approximately 4-7 d postsurgery,
and after ~5 h of being unfed, a hyperinsulinaemic-
euglycaemic clamp was conducted. Mice were conscious,
unrestrained, and were not handled during the procedure to
minimize stress. At —90 min, a primed (5 nCi) continuous in-
fusion (0.05 wCi/min) of [3-’H]glucose (PerkinElmer, Wal-
tham, MA, USA) was commenced. At —30, —20, —10, and
0 min, samples were collected for basal glucose turnover and
glucose and insulin levels (—30 and 0). At time 0, the rate of
[3-3H]g1ucose was increased to (0.1 wCi/min) and primed to
(16 pU/kg), continuous (4 wU/kg/min) infusion of insulin
commenced (Actrapid; Novo Nordisk, Bagsveerd, Denmark).
Glucose (25%) was infused at a variable rate to maintain
glycaemia at ~8 mM. Once blood glucose was stable, 4 se-
quential samples were taken for glucose turnover and insulin
determination. A bolus of 2[**C]deoxyglucose (13 pCi; Per-
kinElmer) was then administered, and blood was sampled at
2,5,10, 15,20, and 30 min for measurement of glucose uptake
into specific tissues. Animals were then euthanised and or-
gans removed, snap frozen in liquid nitrogen, and stored at
—80°C for further analysis. Tissue glucose uptake was
assessed as described by Holt et al. (32).
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Plasma metabolites

Plasma triacylglycerol content was determined using a colori-
metric assay kit [triglycerides (TAGs) GPO-PAP; Roche],
whereas plasma nonesterified FAs were measured using a Col-
orimetric Kit (Wako Diagnostics, Osaka, Japan).

Gene expression analysis

RNA was extracted using TriReagent (MilliporeSigma, Burling-
ton, MA, USA) according to the manufacturer’s protocol, fol-
lowed by DNase treatment (RQ1 RNase-free DNase; Promega,
Madison, WI, USA) and synthesis of cDNA using Random
Primer 9 (New England Biolabs, Ipswich, MA, USA) and Su-
perscript Il reverse transcriptase (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instruc-
tions. Real-time PCR was performed using the Lightcycler 480
Probes Master Mix or Sybr Green (Qiagen, Germantown, MD,
USA) on a real-time PCR System (7900HT; Thermo Fisher Sci-
entific). The value obtained for each specific product was nor-
malized to a control gene (hypoxanthine-guanine phospho
ribosyl transferase in adipose tissue or ribosomal protein RPL27
in liver and muscle). Primer sequences are shown in Supple-
mental Table S1.

RNA sequencing library preparation
and sequencing

Five micrograms of RNA were used as input for depletion of
rRNA and mitochondrial rRNA transcripts by ribonuclease H
digestion as previously described by Adiconus et al. (33). De-
pleted RNA was then used to generate paired-end RNA se-
quencing (RNA-Seq) libraries using the TruSeq Stranded mRNA
Kit (INlumina, San Diego, CA, USA). Samples were prepared as
per the manufacturer’s protocol, except half reactions were used.
Prepared libraries were pooled into an equimolar mixture that
was assessed for quality and sequenced on 3 lanes of the HiSeq
2500 (Illumina) by the Kinghorn Centre for Clinical Genomics
(Garvan Institute, Sydney, NSW, Australia). RNA-Seq reads
were demultiplexed and converted to files by the Kinghorn
Centre for Clinical Genomics.

RNA-Seq analysis

Al FASTQ files were assessed for quality using the FastQC tool.
Reads were then aligned to the mm10 reference mouse genome
using STAR v.2.5.1a (34). Gene expression was then quantified
with RSEM v.1.2.26 (35). Read counts were analyzed in R with
edgeR v.3.20.9 (36, 37) and normalized with the glmQLF model.
Heat maps of specific genes were created using scaled and nor-
malized log, counts per million with the gplots package. Princi-
pal component analysis plots were generated using ggbiplot
package and the prcomp function in R on normalized reads.

Immunoblotting analysis

Whole-tissue lysates were prepared from powdered muscle and
liver by manual homogenization in RIPA buffer (38). Proteins
were resolved by SDS-PAGE, and immunoblot analysis was
conducted as described elsewhere (10, 31). Immunolabeled
bands were quantified using ImageJ] 1.44p software (National
Instututes of Health, Bethesda, MD, USA), with representative
gel images and quantitation of immunoblots provided in Sup-
plemental Figs. S2 and S3. Information on primary antibodies can
be found in Supplemental Table S2. For the validation of the
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Gpr84 antibody, Gpr84 was overexpressed (Gpr84-pcDNA3.1;
GenScript, Nanjing, China) or knocked down (using Gpr84 short
hairpin RNA plasmids, sc-60752-SH; Santa Cruz Biotechnology,
Dallas, TX, USA) in tibialis anterior muscle using the method of
gene transfer by electroporation, as previously described by
Stdckli et al. (39).

Lipidomics analysis

Lipid extraction and mass spectrometry analysis was carried out
as recently described by Montgomery et al. (40).

Mitochondrial measurements

Mitochondria from skeletal muscle (from mixed hindlimb mus-
cle) and heart were isolated by differential centrifugation as
previously described by Trzcionka et al. (41). Briefly, muscle and
heart were diced in CP-1 medium (100 mM KCl, 50 mM Tris/
HCl, pH 7.4, and 2 mM EGTA), digested on ice for 3 min in CP-2
medium [CP-1, to which was added 0.5% (w/v) bovine serum
albumin (BSA), 5 mM MgCl12, 1 mM ATP, and 2.45 U/ml Pro-
tease Type VIII (P 5380; MilliporeSigma)] and homogenized us-
ing an ultra-turrax homogenizer. The homogenate was spun for
5 min at 500 g and 4°C. The resulting supernatant was subjected
to a high-speed spin (10,600 g, 10 min, 4°C) and the pellet was
resuspended in CP-1. The 10,600 g spin cycle was repeated twice.
Protein content was measured using the Bradford method
(Bio-Rad, Hercules, CA, USA). Detailed methods on mitochon-
drial respiration and free radical production have been pre-
viously published by Montgomery et al. (14). Experimental
details on permeabilized fiber preparation and analysis can be
found in Turner et al. (42).

Measurement of enzyme activities
and oxidative damage

Enzyme activities were measured in muscle homogenates as
previously described in refs. 31 and 43. Similarly, thiobarbituric
acid reactive substances (TBARSs), lipid hydroperoxide (LOOH),
and protein carbonyls were measured in homogenates according
to published methods (44—46).

Determination of mitochondrial content

Mitochondrial content was determined as the ratio of Mito-
chondrial D-Loop DNA (mitochondrially encoded) to B-actin
(nuclear encoded) DNA. DNA was extracted from mixed
quadriceps muscle (DNeasy Blood and Tissue Kits; Qiagen), and
real-time PCR was carried out as previously described. Primer
sequences are shown in Supplemental Table S1.

Pancreatic islet isolation

Pancreatic islets were isolated by collagenase digestion and cul-
tured for 48 h in DMEM with 11 mM glucose supplemented with
10% fetal bovine serum and either 200 wM lauric acid /0.92% BSA
or BSA alone. Glucose-stimulated insulin secretion (GSIS) was
assessed using batches of 8 islets that were size-matched by
handpicking. Assays were performed in HBSS (supplemented
with 0.5% BSA and 20 mM HEPES) with 2 mM glucose for
30 min, then 16.7 mM glucose for 30 min, at 37°C with 5% CO,.
Secreted insulin and islet insulin content were assayed by ra-
dioimmunoassay (47).
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Insulin staining in pancreatic sections

Pancreata fixed in formaldehyde were embedded in paraffin,
sectioned at 5 pM and dewaxed in xylene and ethanol. Sections
were blocked in 2% BSA before overnight incubation in insulin
antibody (Abcam, Cambridge, MA, USA). Sections were in-
cubated in H,O, to block peroxidase activity before incubation
with extravidin. Sections were then incubated in biotinylated
goat anti-guinea pig secondary for an hour at room temperature
before being reacted with 3,3’diaminobenzidine reagent for
2 min. Sections were washed in PBS and counterstained in
hemotoxylin prior to mounting with a mixture of distyrene, tri-
cresyl phosphate, and xylene (DPX) mounting medium. Bright-
field images were obtained at X20 magnification on an Olympus
BX51 microscope (Olympus, Tokyo, Japan). Image] software was
used to analyze the proportion of islet staining positive for insulin.

Assessment of acylcarnitine species

Muscle (60 mg) was lyophylized and reconstituted in 1 ml 80%
acetonitrile containing internal acylcarnitine standards. Samples
were sonicated and centrifuged, and 100 wl of supernatant was
dried and reconstituted in 100 pl of 50% acetonitrile with 0.1%
formic acid. Mass spectrometric analysis of acylcarnitine species
was conducted on 1 pl of this solution on a Waters Xevo TQS
LC-MS/MS (Milford, MA, USA).

Statistical analysis

Results are presented as means *+ seM. Data were analyzed with
2-tailed Student’s t tests, 1- or 2-way ANOVA with Bonferroni
post hoc analysis, where appropriate. Statistical significance was
accepted at P < 0.05.

RESULTS

Tissue distribution of Gpr84

Previous data indicating that Gpr84 is most highly
expressed in immune cells involved normalization of

Gpr84 mRNA levels to the housekeeper glyceraldehyde
3-phosphate dehydrogenase (Gapdh) (24). We evaluated
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Gpr84 and Gapdh mRNA expression across 18 mouse tis-
sues and found that the abundance of Gapdh mRNA varies
up to 500-fold between tissues (very low expression in
pancreas, spleen, lymph nodes, and bone marrow, with the
highest expression in skeletal muscle, Supplemental Fig.
S1A). In line with the previous approach (24), when Gpr§4
mRNA was corrected for Gapdh mRNA, we similarly
found that Gpr84 expression was the highest in immune
tissues such as lymph nodes and spleen (Fig. 14). How-
ever, when using a Gpr84 serial dilution standard curve
with well-defined copies of Gpr84 DNA and measuring
Gpr84 gene expression as copies of Gpr84 mRNA/ g of
total RNA, we observed that Gpr84 is expressed at the
mRNA level in many tissues, including skeletal muscle,
liver, and adipose tissue (Fig. 1B). To examine if this pattern
translated to the protein level, immunoblotting for Gpr84
was conducted, and this analysis revealed substantial dif-
ferences in Gpr84 protein, with the greatest abundance in
skeletal muscle (quadriceps, gastrocnemius, tibialis ante-
rior and soleus muscle), followed by brown adipose tissue
(BAT) and inguinal and epididymal white adipose, with
low levels of Gpr84 protein also found in the heart (Fig. 1C).
Gpr84 protein was observed at high levels in bone marrow,
with a small amount also in lymph node. Although we
detected Gpr84 mRNA in the pancreas, we could not detect
Gpr84 protein in this tissue. To validate the specificity of the
Gpr84 antibody, we overexpressed and knocked down
Gpr84 in mouse tibialis anterior muscle using gene elec-
trotransfer and observed increased and decreased expres-
sion, respectively (48) (Fig. 1D).

Body composition and inflammatory markers
in Gpr84 KO mice

Given the very high expression of Gpr84 in skeletal muscle
and our previous work indicating a potent effect of MCFA
in this tissue (10, 14), we generated Gpr84 KO mice to
assess the importance of Gpr84 in mediating the metabolic
effects of MCFA. Deletion of Gpr§4 was confirmed in
quadriceps muscle by real-time quantitative PCR (Fig. 2A)
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Figure 1. A, B) Tissue characterization of Gpr84 in mice. Relative (A) and absolute (B) quantification of Gpr84 mRNA expression.
C) Tissue distribution of Gpr84 at the protein level. D) Specificity of the Gpr84 antibody was determined through overexpression
(OE) or knockdown (KD) of Gpr84 in tibialis anterior muscle using in vivo electrotransfer. Shown are means = SEM, n = 4 mice/

group and assessment.
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Figure 2. Phenotypic characterization of Gpr84 KO mice and their WT littermates, fed either chow diet (control) or an MCFA-
enriched high-fat diet for 8 wk. Gpr§4 mRNA (A) and protein levels (B) in quadriceps muscle of WT and KO mice, body weight
(C), fat mass as determined by EchoMRI (D), heat production as a measure of whole-body energy expenditure (E£), and RER (F).
Shown are means * SEM, n = 6-12/group. Statistical differences were determined by 2-way ANOVA followed by Bonferroni post

hoc test.

and by immunoblotting analysis in quadriceps and heart
(~90% decrease in Gpr84 protein, Fig. 2B). Gpr§4 KO and
WT littermates were fed a standard chow diet or a high-fat
diet enriched in MCFA. Mice fed the MCFA diet exhibited
a significant increase in body weight (Fig. 2C), whole-body
fat mass (Fig. 2D), and energy expenditure (Fig. 2E) rela-
tive to those receiving control diet, with no significant
differences observed between genotypes. Caloric intake
was not different between genotypes but increased by 25%
in MCFA-fed mice (chow WT 10.8 = 0.5, chow KO 9.6 =
0.2, MCFAWT12.8 = 0.3, MCFAKO13.1 = 0.6 kcal/d per
mouse; 11 = 6-11 per group; assessed over a 4-wk period),
which is consistent with the significant increase in body
weight and fat deposition in MCFA-fed mice. The MCFA
diet reduced the RER to a similar extent in both WT and
KO mice, consistent with an increase in fat oxidation (Fig.
2F). Liver and heart weight was unaffected by diet and
genotype, whereas in line with the whole-body adiposity

data, the mass of the epididymal, inguinal, or BAT depots
were increased in the MCFA-fed groups but with no ge-
notype effect (Table 1). Given the previous link between
Gpr84 and the immune system, we also assessed in-
flammatory markers in quadriceps muscle, adipose tissue,
and liver but found no differences in mice lacking Gpr84
on either diet (Supplemental Fig. S1B, C, E).

Glucose metabolism in Gpr84 KO mice

MCFA-enriched diets do not induce the same degree of
glucose intolerance when compared to mice fed isocaloric
diets enriched with LCFAs (10, 14) and to determine if
Gpr84 is involved in this effect, mice were subjected to an
intraperitoneal glucose tolerance test (GTT). Interestingly,
MCFA-fed KO mice exhibited a significant impairment in
glucose clearance [incremental area under the curve

TABLE 1. Plasma analysis and tissue weights in chow- and MCFA-fed Gpr84 KO and WT mice

Control MCFA

Variable WT KO WT KO
Blood glucose (mM) 9.6 = 0.2 9.6 £ 04 11 £ 05 10.9 = 0.5
Plasma insulin (ng/ml) 0.67 = 0.13 0.62 = 0.08 2.07 = 0.38 1.836 = 0.17
Liver (g) 1.53 = 0.07 1.43 = 0.06 1.44 = 0.06 1.58 £ 0.12
Heart (mg) 129.4 = 4.7 1239 = 2.0 126.8 = 4.5 126.5 + 3.6
Epi. WAT (g) 0.63 = 0.15 0.50 = 0.06 1.62 = 0.14 1.71 = 0.16
Ing. WAT (g) 0.39 = 0.05 0.36 = 0.02 1.07 = 0.09 1.25 = 0.13
BAT (mg) 118.0 = 138.7 93.1 = 8.6 171.6 = 144 185.4 = 16.1

Blood glucose and plasma insulin were determined following not being fed for 4 h. Shown are
means * seM, with n = 9-13/group. Epi. WAT, epididymal white adipose tissue; Ing. WAT, inguinal white

adipose tissue.
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(IAUC) 641.5 = 76.7] when compared to chow WT ((AUC
4294 = 53.1) or chow KO mice GAUC 435.4 + 27.7). In
contrast, glucose tolerance in MCFA-fed WT mice 1AUC
514.3 = 55.4) was not significantly different to the 2
chow-fed groups (Fig. 3A), suggesting that Gpr84 might
play a role in preserving glucose tolerance on an
MCFA-enriched diet. There was no difference in fasting
glucose between genotypes on the respective diets
(Table 1), but there was attenuated hyperinsulinemia
(fasting and after glucose injection) in the MCFA-fed KO
mice compared to MCFA WT mice (Fig. 3B and Table 1).

These differences were suggestive of an effect of Gpr84 on
both basal and dynamic insulin levels, which could be
mediated either through direct effects on insulin secretion
or through peripheral effects on insulin clearance and
sensitivity. To determine if Gpr84 was important in di-
rectly regulating insulin secretion, pancreatic islets were
isolated from chow-fed WT and KO mice and incubated
for 48 h in either control or lauric acid (C12:0)-enriched
medium, followed by determination of basal and GSIS.
Pretreatment with lauric acid led to an augmentation of the
high glucose response in WT islets, with this effect lost in
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Figure 3. A-D) Glucose metabolism in Gpr84 KO mice and their WT littermates, fed either a chow diet (control) or an MCFA-
enriched high-fat diet for 8 wk. Glucose excursion during an ip.GTT (A), insulin levels during the GTT (B), GSIS (C), and insulin
content of islets isolated from Gpr84 KO and WT mice, and incubated in either control or lauric acid-enriched medium (D). E, F)
Relative islet insulin content based on insulin staining and representative pancreatic images from chow and MCFA-fed WT and
Gpr84 KO mice. G-L) Hyperinsulinemic euglycemic clamp data: GIR (G), glucose disposal rate (RD) (H), suppression of hepatic
glucose output (/), and peripheral glucose uptake in quadriceps muscle (), gastrocnemius muscle (K), and heart (L). Shown
are means * SEM, n = 6-12/group. Statistical differences were determined by 2-way ANOVA followed by Bonferroni post hoc test.
A) Asterisks show statistical difference between MCFA KO and CHOW WT as well as CHOW KO at respective time points. B)
Asterisks show statistical difference between MCFA WT and CHOW WT.
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KO islets (Fig. 3C). These results suggest that MCFAs
sensitize islets to subsequent glucose stimulation, and this
is dependent on Gpr84. We did not observe any differ-
ences in islet insulin content between genotypes or after
exposure to laurate (Fig. 3D). This lack of difference in islet
insulin content between WT and KO mice was further
confirmed by insulin staining in pancreatic sections from
chow-and MCFA-fed WT and GPR84 KO mice (Fig. 3E, F).

Insulin sensitivity in Gpr84 KO mice:
hyperinsulinemic-euglycaemic clamps

Given the documented effect for MCFA diets to preserve
insulin sensitivity in muscle (10, 14), we next assessed if
deletion of Gpr84 affected peripheral insulin action,
using hyperinsulinemic-euglycaemic clamps. Under
insulin-stimulated conditions, the glucose infusion rate
(GIR) and glucose disposal rate were significantly re-
duced in MCFA-fed mice compared to chow-fed mice,
pointing to whole-body insulin resistance; however,
there was no difference in GIR or glucose disposal rate

between genotypes (Fig. 3G, H). In addition, we ob-
served a reduction in the capacity of MCFA-fed mice to
suppress hepatic glucose output (Fig. 3I) but no differ-
ences between genotypes. The MCFA diet did not cause
skeletal muscle or heart insulin resistance (i.e., there was
no difference in Rg’ between chow and MCFA-fed mice
in any of the 3 tissues), but Gpr84 KO mice showed a mild
but nonsignificant impairment in glucose uptake (Rg’)
into quadriceps muscle (Fig. 3]), gastrocnemius muscle
(Fig. 3K), and heart (Fig. 3L) irrespective of diet.

Skeletal muscle lipid composition

Differences in ectopic lipid accumulation have been asso-
ciated with maintained muscle insulin sensitivity in
MCFA-fed mice (10, 14). To determine if Gpr84 was im-
portant in regulating muscle lipid metabolism, we next
carried out full lipidomics profiling in quadriceps muscle
of chow and MCFA-fed WT and KO mice. In contrast to
our previous findings (10, 14), mice fed the MCFA diet
exhibited a significant 3- to 6-fold increase in muscle TAG
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Figure 4. A-C) Lipidomics analysis of quadriceps muscle of Gpr84 KO mice and their WT littermates, fed either a chow diet
(control) or an MCFA-enriched high-fat diet for 8 wk. Total TAG content (B) as well as the respective TAG species in control (A)
and MCFA-fed mice (C). D-F) Total DAG content (D) as well as the respective DAG species in control (E) and MCFA-fed mice
(F). G-I) Total ceramide content (G) as well as the respective ceramide species in control (H) and MCFA-fed mice (I). Shown
are means * SEM, with n = 5/group. Statistical differences were determined by 2-way ANOVA followed by Bonferroni post hoc test
(for total lipid content), or by Student’s ¢ test comparing specific lipid species between WT and KO mice.
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content (Fig. 44-C). Although TAG content and species
were almost identical between WT and Gpr84 KO mice
when fed the MCFA-enriched diet (Fig. 4C), KO mice on a
standard chow diet showed a significant increase in vari-
ous TAG species (Fig. 4A) and a 2-fold increase in total
TAG content (Fig. 4B). Of note, as the MCFA diet is
enriched in FAs with chain lengths C8-C14, the distribu-
tion of TAG species in muscle of MCFA-fed mice is shifted
toward the left (ie., toward an increased content of
MCFA-containing TAG species). There was no significant
difference between diets or genotypes in total diac-
ylglycerol (DAG) content (Fig. 4D), whereas Gpr84 de-
letion had little impact on the abundance of specific DAG
species (Fig. 4E, F). Similarly, there was no major difference

in total ceramide content (Fig. 4G) or ceramide species (Fig.
4H, I) between genotypes, with only C16:0, C22:0,and C23:
0 being mildly increased in chow-fed Gpr§4 KO mice.

Mitochondrial metabolism in skeletal muscle
of Gpr84 KO mice

An MCFA-enriched diet increases mitochondrial content
in skeletal muscle (10) as well as the intrinsic respiratory
capacity of mitochondria (14); therefore, we investigated if
Gpr84 was involved in mediating differences in mito-
chondrial respiration and mitochondrial oxidative stress,
as well as mitochondrial content and oxidative capacity.
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Figure 5. Skeletal muscle metabolic characterization of Gpr84 KO mice and their WT littermates, fed either a chow diet (control)
or an MCFA-enriched high-fat diet for 8 wk. A-D) Succinate-driven state 2, 3, and 4 respiration in isolated mitochondria (A),
hydrogen peroxide generation in isolated mitochondria in the presence of succinate or succinate and rotenone (B), as well as
determination of TBARS (C) and LOOH content in whole muscle homogenates (D). E) Respiration of intact muscle fibers in the
presence of glutamate, glutamate and ADP, and succinate and ADP. F) Immunoblotting analysis of various markers of
mitochondrial capacity. Representative immunoblots show n = 2/group; however, indicated percentage changes and statistical
significance refer to n = 8/group. G-I) Mitochondrial DNA/nuclear DNA ratio as an indicator of mitochondrial content (G),
SDH (H), and B-HAD activity (/) in muscle lysates. /) Immunoblotting analysis of autophagy regulators/markers in whole quad
lysates. Shown are means = sEM, n = 7-10 mice/assessment/group. Statistical differences were determined by 2-way ANOVA
followed by Bonferroni post hoc test; or by Student’s ¢ test for the immunoblotting analysis.
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Oxygen consumption (states II, III, and IV) was measured
in isolated muscle mitochondria using succinate as the
substrate. State 3 and 4 respiration was significantly re-
duced in Gpr84 KO muscle mitochondria in both chow-
and MCFA-fed mice (Fig. 5A), pointing toward a defect in
the intrinsic mitochondrial capacity of KO mice. Changes
in mitochondrial substrate flux are commonly accompa-
nied by alterations in mitochondrial reactive oxygen spe-
cies (ROS) production, with Gpr84 KO mice displaying
elevated H,O, production in the presence of succinate
alone (ROS production by complex I and III) but not with
the addition of rotenone (ROS production by complex III
only) (Fig. 5B). These findings indicate that Gpr84 deletion
promotes ROS production at complex I of the mitochon-
drial electron transport chain (ETC). Consistent with the
findings in isolated muscle mitochondria, markers of oxi-
dative stress (measured as TBARS and LOOH content in
tissue homogenates) were increased in Gpr§4 KO mice,
most prominently when fed the MCFA-enriched diet (Fig.
5C, D), suggesting that muscle of KO mice is exposed to
more oxidative stress. Although there was a substantial
impairment in the intrinsic oxidative capacity of mito-
chondria (i.e., per unit mitochondria) from Gpr84 KO mice,
respiration measured in permeabilized muscle fibers
showed the opposite phenotype: a significant increase in
oxidative capacity in fibers isolated from KO mice fed the
MCEFA diet in the presence of the substrates glutamate and
glutamate and ADP but not succinate and ADP (Fig. 5E).

To investigate the disconnect between a reduction in
mitochondrial respiration (per unit of mitochondria) but
an increase in mitochondrial respiration (per gram of tis-
sue), we investigated changes in the protein content
of regulators of mitochondrial biogenesis (peroxisome
proliferator-activated receptor y coactivator lo. and tran-
scription factor A, mitochondrial), markers of mitochondrial
content [voltage-dependent anion channel (VDAC) and
heat shock protein 60 (HSP60)] and a large set of protein
subunits of various complexes of the ETC NADH de-
hydrogenase (ubiquinone) (NDUF)la subunit 9 and
NDUEFB subunit 8 (complex I), succinate dehydrogenase
(SDH) a and SDHD (complex II), ubiquinol-cytochrome ¢
reductase core protein 2 (complex III), and ATP5a (complex
V). Gpr8é4 KO muscle exhibited a significant reduction in
PGCla protein on both diets without any changes in the
downstream mitochondrial transcription factor TFAM (Fig.
5F). Interestingly, however, VDAC (i.e., mitochondrial
porin), which is commonly used as a marker of total mi-
tochondrial content, as well as all ETC complex subunits,
showed a differential dietary response. Under standard
chow conditions, there was no effect of Gpr84 deletion
on those markers of mitochondrial capacity and content;
however, upon exposure to dietary MCFA (which would
normally activate Gpr84), Gpr84 KO mice exhibited a
substantial up-regulation of essentially all mitochondrial
proteins examined (Fig. 5F and Supplemental Figs. S2 and
S3), pointing toward a substantial increase in mitochon-
drial content in skeletal muscle. To further investigate the
potential increase in mitochondrial content, we measured
1) the mitochondprial to nuclear DNA ratio, which was also
significantly increased in MCFA-fed Gpr84 KO mice (Fig.
5G); 2) SDH (i.e., ETC complex II) activity, which was also

GPR84 AND MITOCHONDRIAL METABOLISM

increased by 36% in MCFA-fed KO mice (Fig. 5H); and 3)
B-hydroxy-acyl-dehydrogenase (B-HAD) activity as a
measure of mitochondrial B-oxidation. B-HAD activity
(Fig. 5I) did not differ between genotypes. To further assess
if B-oxidation capacity was affected by diet or genotype,
we measured a range of acylcarnitine species (C8:0-C16:0)
in quadriceps muscle. Although acylcarnitine species C10:
0, C12:0, and C14:0 were increased in MCFA-fed mice,
confirmative of increased dietary supply of these MCFAs,
there were no differences in acylcarnitine species between
genotypes (Supplemental Fig. S1E). Collectively, these
findings suggest diet-dependent changes in mitochondrial
content and function in skeletal muscle of Gpr84 KO mice.
Of note, this effect was specific to skeletal muscle be-
cause we investigated mitochondrial metabolism in heart
(another tissue expressing Gpr84) and observed no major
effect of Gpr84 deletion on mitochondrial respiration
(Supplemental Fig. S4A), mitochondrial ROS production
(Supplemental Fig. S4B), Glutathione peroxidase activity
(Supplemental Fig. S4C), or SDH activity (Supplemental
Fig. 54D).

The density of mitochondria in a tissue is determined by
the balance between synthesis (i.e., biogenesis) and degra-
dation. A potential mechanism for the disconnect between
mitochondprial content and mitochondrial intrinsic capacity
in muscle (i.e., respiration per unit of mitochondria) could
be changes in autophagic removal and degradation of
damaged mitochondria. Examination of the protein con-
tent for mitophagic mediators (p62, Parkin, and Pink-1), as
well as nuclear factor erythroid 2-related factor 2 (Nrf2) [a
transcriptional regulator of mitophagy (49)] revealed no
significant differences between genotypes or in response to
diet (Fig. 5] and Supplemental Figs. S2 and S3).

To explore the potential underlying basis for the
mitochondrial differences further we performed tran-
scriptomics. Principal components analysis of the entire
transcriptome did not reveal an obvious clustering of the
different groups (Supplemental Fig. S5), so we focused our
examination on the mRNA expression of genes encoding a
broad suite of autophagy /mitophagy regulators (Fig. 6A),
ETC proteins (Fig. 6B), respiratory complex assembly fac-
tors (Fig. 6C), and mitochondrial import/export proteins
(Fig. 6D) (please refer to the Supplemental Data S1 for a full
list of proteins in each group). Although there were a
number of genes differentially expressed in skeletal muscle
due to diet (Supplemental Data S2), hierarchical clustering
revealed no discernible pattern between genotypes and
diets for the expression of all the mitochondrial genes,
indicating that the observed changes in mitochondrial
function and content (Fig. 5) cannot be explained by any
obvious coordinated change in expression of genes in-
volved in mitochondrial biogenesis, assembly, or
mitophagy (Fig. 6).

DISCUSSION
This is the first study to show that the MCFA receptor
Gpr84 is highly abundant in skeletal muscle and that

deletion of Gpr84 has a major impact on mitochondrial
metabolism. Our data reveal that Gpr84 plays a critical
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Figure 6. RNA-Seq transcriptomic analysis of
quadriceps muscle (n = 4/group). Shown is
hierarchical clustering of genes encoding a
broad suite of autophagy/mitophagy regulators
(A), ETC proteins (B), respiratory complex
assembly factors (C), and mitochondrial im-
port/export proteins (D) for Gpr84 KO mice
and their WT littermates, fed either a chow
diet (con) or an MCFA-enriched high-fat diet
for 8 wk.
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role in the control of mitochondrial integrity, and that loss
of Gpr84 results in the accumulation of functionally
compromised mitochondria. The accumulation of de-
fective mitochondria in muscle is accompanied by an el-
evation in oxidative stress, but this has limited direct
impact on insulin action in this tissue, with the small
diet-dependent glucose intolerance phenotype observed
in Gpr84 KO mice potentially related to differences in in-
sulin secretion (or clearance).

Gpr84 was first described and cloned in 2001 (50, 51)
and was provisionally deorphanized in 2006 (24). This
later study not only showed that Gpr84 was activated by
MCFAs but also postulated that the expression in humans
and mice is limited to tissues of the immune system (thy-
mus, lymph node, spleen, bone marrow) (24). This con-
cept, that the function of Gpr84 is primarily immune
related, has now largely become the dogma in the field.
Indeed there is some evidence to indicate that Gpr84 has
a proinflammatory role and is involved in activation of
TNFa (52), IL1B, IL6, and TNFo in macrophages (53), as
well as amplification of LPS-stimulated production of IL-8
from leukocytes and TNFa from macrophages (54). Our
findings provide strong evidence for important roles of
Gpr84 beyond the immune system. Using a Gpr84-specific
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antibody (specificity confirmed through overexpression
and knockdown of Gpr84 in muscle), we showed that in
addition to expression in some immune tissues, the organ
with the greatest expression and protein content of Gpr84
is skeletal muscle. Gpr84 was also expressed in BAT, white
adipose tissue, and the heart. Global deletion of Gpr84 had
no impact on inflammation or cellular stress responses in
liver, adipose tissue, or skeletal muscle, suggesting that
Gpr84 might not be a proinflammatory receptor at these
sites or that it was not activated by an appropriate ligand
under the current study conditions. Itis worth noting thata
recent study reported Gpr84 did not promote proin-
flammatory responses in mouse primary cultured micro-
glia (55).

Because MCFAs have potent effects on mitochondrial
metabolism in skeletal muscle (10, 14) and Gpr84 is highly
abundant in this tissue, we hypothesized that Gpr84
might be a molecular mediator of these effects. Al-
though we initially anticipated that Gpr84 deletion would
attenuate the MCFA-induced increase in mitochondrial
content/capacity in muscle, we observed a far more
complex role for Gpr84 in the regulation of muscle mito-
chondrial metabolism. Under conditions of enhanced
MCFA availability, the absence of Gpr84 appeared to
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influence mitochondrial turnover, resulting in a signifi-
cant increase in the abundance of dysfunctional mito-
chondria. However, these marked effects could not be
explained by obvious changes in mRNA or protein levels
for canonical pathways of mitochondrial biogenesis or
mitophagy. The number of upstream regulators and ef-
fector molecules that are involved in the synthesis and
degradation of mitochondria continues to grow (56-58),
and our findings suggest the existence of an alternate
pathway of Gpr84-mediated mitochondrial regulation
that is only engaged in the presence of MCFAs.

There were very similar levels of lipids across multiple
classes in muscle of MCFA-fed WT and Gpr84 KO mice,
indicating that the differences in mitochondrial metabo-
lism between genotypes were unlikely due to a major
change in the flux of MCFA into this tissue. It is possible
that differential generation of breakdown products of
MCFA (e.g., short-chain FA) between genotypes may
partially contribute to changes in mitochondrial metabo-
lism given their documented role in regulating muscle
mitochondria (59). More likely was that changes in
Gpr84-associated intracellular signaling pathways may
partly explain the distinct mitochondrial phenotypes.
Gpr84 signals through a Ga;/o-coupled pathway (24), with
recent work suggesting a complex interplay of ligand
binding and regulation at the level of the receptor (60). A
typical consequence of Gai signaling is inhibition of ade-
nylate cyclase, decreased cAMP levels, and inhibition of
PKA (61). This is of relevance as PKA is recruited to the
outer mitochondrial membrane, where it regulates mito-
chondrial dynamics, structure, and mitochondrial respi-
ration (62). Importantly, mitochondria-localized PKA is
involved in mitochondrial turnover by phosphorylat-
ing outer mitochondrial membrane-localized dynamin-
related protein 1 to subsequently inhibit mitochondrial
fission (63, 64) and phosphorylating the proapoptotic
protein BCL2-associated agonist of cell death to promote
survival (65). In addition, activation of Gi signaling acti-
vates the MAPK/ERK signaling pathway (66), which has
been implicated in both the regulation of mitochondrial
dynamics and mitochondria-related apoptosis (67-70).
The absence of Gpr84 in the presence of excess ligand (i.e.,
MCFA-enriched diet) could potentially lead to altered
activity in either of these pathways, which may underpin
the changes in mitochondrial turnover. Availability of
potent, selective Gpr84 ligands would help to specify the
precise role of Gpr84 in these effects.

Another metabolic alteration in MCFA-fed Gpr84 KO
mice was a mild impairment in glucose tolerance, which
contrasts with findings from another recent study, where
glucose tolerance was similar in WT and Gpr84 KO mice
(71). This change in glucose tolerance was associated with
areduction in circulating insulin levels, with clamp studies
revealing only limited effect of Gpr84 deletion on
insulin-stimulated glucose uptake in muscle, despite the
profound alterations in mitochondrial content/function. It
is important to point out that the marked decrease in in-
trinsic mitochondrial function was somewhat masked by
the substantial increase in mitochondrial number, and as
such the bioenergetic capacity at the level of the whole
muscle was essentially retained. Of interest was the fact

GPR84 AND MITOCHONDRIAL METABOLISM

that muscle insulin action was largely unperturbed in
Gpr84 KO mice, despite increases in both mitochondrial
ROS production and markers of oxidative damage. The
reason for the dissociation between oxidative stress and
insulin resistance in Gpr84 KO muscle requires further
investigation, but it is worth noting that the relation-
ship between ROS and insulin resistance is by no means
simple (72).

The decreased plasma insulin in MCFA-fed KO mice
during the GTT suggested that Gpr84 might influence in-
sulin secretion directly. In isolated pancreatic islets, we
found that MCFA pretreatment led to slight augmentation
of GSIS that was wholly dependent on the presence of
Gpr84. Differences in insulin secretion were not due to
differences in islet insulin content, which was not affected
by laurate treatment, MCFA feeding, or genotype. The
augmentation in insulin secretion was surprising as
Gi-coupled receptors are usually associated with in-
hibitory GSIS effects in B cells (73). However, in this study,
pancreatic islets were preincubated with MCFAs, and
MCFAs were not present during the acute GSIS experi-
ments, potentially suggesting that the 48 h pretreatment
could have induced gene expression changes independent
of the acute Gi-coupled regulation of insulin secretion.
Furthermore, the effect of MCFA contrasts with that of B
cells chronically exposed to long-chain saturated or un-
saturated FAs, whereby GSIS is inhibited (74). This chronic
inhibitory response, which depends on both FA metabo-
lism and stimulation of GPCRs such as GPR40, is not to be
confused with the acute, stimulatory effects of LCFAs on
insulin secretion (75).

In summary, our study has revealed novel roles for
Gpr84 in both the regulation of mitochondrial metabolism
in muscle and as a mediator of MCFA-induced insulin
secretion. Increased understanding of the pharmacology
of Gpr84 (60), along with further development of agents
specifically targeting this receptor (76) will help to define
how the pleiotropic actions of Gpr84 are regulated under
both physiologic and pathologic conditions.
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