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LETTER TO THE EDITOR
A medium chain fatty acid, 6-hydroxyhexanoic
acid (6-HHA), protects against obesity and
insulin resistance
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To the Editor,

from mice on high-fat diet (HFD; eWAT; data not shown). To
investigate the role of 6-HHA in the context of obesity in vivo,
Obesity, one of the most serious health concerns worldwide, ex-
acerbates periodontitis pathogenesis and reduces the effectiveness
of treatments1. Conversely, periodontitis-associated inflammation
disrupts systemic lipid and glucose homeostasis, the major risk
factors for developing obesity-associated pathologies1. Accumu-
lated studies have demonstrated that certain supplemental dietary
lipids such as dietary polyunsaturated fatty acids, have beneficial
outcomes for diabetic and obese patients. In addition to dietary
lipid supply, the oral and gut microbiota produce fatty acids (FAs)
which provide the host with essential nutrients and aid in defense
against pathogens. Hydroxyhexanoic medium chain FAs (MCFAs;
6e12 carbons) are bacterial-derived lipids shown to have anti-
inflammatory and insulin sensitization effects in diverse cell
types such as hepatocytes2. However, whether and to what extent
oral microbiota-produced MCFAs may ameliorate obesity-
associated metabolic dysfunction are largely unknown.

We recently demonstrated that spent culture supernatants
(SCS) from the commensal oral bacterial species Streptococcus
gordonii (Sg) mitigated periodontitis-associated inflammation3. To
identify the anti-inflammatory mediator of Sg SCS, we performed
an ultra performance liquid chromatography (UPLC) analysis and
identified a total of 324 components significantly enriched as
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6-hydroxyhexanoic acid (6-HHA) was the only MCFA identified
among the top enriched 12 components (Fig. 1A).

Previously, we found 0.1 mmol/L 6-HHA suppressed proin-
flammatory cytokine production in human gingival fibroblasts3.
Furthermore, 0.25 and 0.5 mmol/L 6-HHA downregulated in-
flammatory markers in epididymal white adipose fat pads isolated

wildtype (WT; C57BL/6 J) HFD fed-mice were intraperitoneally
(i.p.) injected with 6-HHA or vehicle every other day for
3 weeks at 1.1 or 2.2 mg/kg body weight. Compared to mice on
regular chow (RD), mice on HFD for 16 weeks significantly
gained more body weight (BW) (Fig. 1B). Dosage studies showed
that 6-HHA (2.2 mg/kg) significantly decreased HFD-induced BW
gain (Fig. 1B). We then focused on 6-HHA at the 2.2 mg/kg dose
to investigate its functional role in the context of obesity.

To determine the effect of 6-HHA on adiposity in obesity, we
first assessed the BW and body composition of 6-HHA-treated
HFD mice and the vehicle controls. As shown in Fig. 1C, 6-HHA
treatment significantly decreased obesity-associated weight gain
and adiposity, and slightly increased lean mass compared to
vehicle controls. Systemicaly, obesity disrupts systemic metabolic
and energy balance. Therefore, we next measured whole-body
metabolic profiles in HFD mice in the presence or absence of
6-HHA treatment by indirect mouse calorimetry analysis. As
shown in Supporting Information Fig. S1AeS1C, treatment with
6-HHA did not alter activity, food intake or energy expenditure
(EE) in HFD mice. However, the respiratory exchange ratio (RER)
significantly shifted towards carbohydrate metabolism in the
6-HHA group compared to controls (Fig. S1D). Hyperglycemia
and insulin resistance are major drivers for obesity-associated
pathologies. Treatment with 6-HHA did not alter insulin
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Figure 1 6-Hydroxyhexanoic acid (6-HHA) ameliorates obesity-associated metabolic dysfunction. (A) Identification of 6-HHA. Top panel:

structure of 6-HHA.Bottompanel: top enriched components of Sg SCS. (B)Bodyweight ofmice fed on regular (RD) or high-fat diet (HFD; on diet for

16 weeks) followed by intraperitoneal (i.p.) injection with vehicle (water) or 6-HHA (1.1 or 2.2 mg/kg) every other day for additional three weeks.

(C) Body weight and body composition, (D) insulin tolerance test (ITT) and AUC analysis, (E) 6-h fasting glucose and (F) serum insulin levels in

6-HHA (2.2 mg/kg) or vehicle-treated HFDmice (on diet for 16 weeks followed by 3 weeks of treatment). (G) Representative H&E images (20�) of

epidydimal and inguinal adipose tissues (eWATand iWAT, respectively; scale bar: 10mm), and (H)Western blot analysis of tested proteins from eWAT

of HFD mice in (C). Densitometric analysis is shown on the right panel, and data were normalized to ACTB. (I) Serum-free fatty acid (FFA) and

(J) leptin levels in HFD mice 16-h post-fasting, and (K, L) RNA-seq analysis of eWAT of HFD mice in (C). KEGG categories were determined by

Enrichr analysis. (M) Levels of mRNAs encoding the indicated genes in eWAT (datawere normalized toGapdh), and (N, O) serum levels of measured

cytokines from mice in (C). (P) IL-6 levels in medium from differentiated 3T3-L1 cells treated with 0.1 mmol/L 6-HHA (24-h) in the presence or

absence of 10 ng/mLTNFa. Data were first normalized to cellular protein content and then compared to control groups (con). (Q) FFA release from

differentiated 3T3-L1 cells pretreated with 50 ng/mL PTX (24-h) in the presence or absence of 0.1 mmol/L 6-HHA. Cells were treated with 1 mmol/L

isoproterenol (1-h) before measurement. Data were normalized to cellular protein content and represented as fold change compared to con.

(R)Workingmodel of the effects of 6-HHA on obesity-associated metabolic dysfunction. All data are presented as mean� SEM. In BeO, nZ 4e10

mice/group and each data point indicates one individual mouse. In P and Q, n Z 3 (experimental replicates). *indicates statistical significance of

6-HHA treatment effect between HFD groups, TNF effect in the 6-HHA groups in (P), and 6-HHA effect in (Q); #indicates statistical significance of

dietary effects (B, D, E, N, O), TNF effect (P), or PTX effects in cells with 6-HHA treatment (Q). Statistical significancewas determined by Student’s

t-test (HeJ, M) or one-way ANOVA followed by post hoc test (B, D, E, NeQ); P < 0.05.

6-HHA ameliorates metabolic dysfunction in diet-induced obesity 1893
tolerance in lean mice (Fig. 1D). However, 6-HHA significantly
improved obesity-associated insulin intolerance and elevation of
fasting glucose without altering serum insulin levels (Fig. 1DeF).
Together, these data suggest that 6-HHA protects against obesity-
associated systemic metabolic defects.

Obesity-disrupted systemic glucose and insulin homeostasis is
attributed to metabolic dysfunction of multiple peripheral tissues.
In HFD mice, 6-HHA significantly ameliorated hepatic steatosis
and liver damage (serum alanine transaminase, ALT) (Fig.
S11EeS1G) which was correlated with reduced hepatic expres-
sion of genes involved in lipogenesis and inflammation
(Fig. S1H). Aberrant adipogenesis, chronic inflammation, insulin
resistance and elevated lipolysis are common features of adipose
dysfunction in obesity. Notably, 6-HHA treatment decreased
crown-like structures in both inguinal (iWAT) and eWAT (Fig. 1G)
and significantly improved adipose insulin sensitivity in eWAT of
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HFD mice (Fig. 1H). Systemically, 6-HHA lowered serum levels
of free fatty acids (FFA) and leptin in HFD mice (Fig. 1I and J). At
the cellular level, there were comparable levels of tested adipo-
genesis markers (Fig. S1I) and intracellular lipid accumulation
(Fig. S1J) between 6-HHA and the control groups in differentiated
3T3-L1 cells. These observations were correlated with a compa-
rable insulin action in differentiated 3T3-L1 cells between tested
groups in vitro (Fig. S1K). Furthermore, 6-HHA had no effect on
mature 3T3-L1-derived cytokine production under basal condi-
tions but significantly suppressed tumor necrosis factor-a (TNF-
a)-induced IL-6 secretion (Fig. 1P).

To characterize the broad effect of 6-HHA on adipose tissues in
the context of obesity, we next performed a bulk RNAseq analysis in
the eWAT from6-HHA treatedHFDmice and controls. Treatment of
6-HHAsuppressed adipose proinflammatory signatures (Fig. 1L and
M)which were concomitant with reduced serum levels of IL-1b and
IL-6 (Fig. 1N and O) as well as IL-6 production from mature adi-
pocytes (Fig. 1P). Conversely, 6-HHA significantly induced
signaling pathways involved in fatty acid metabolism (Fig. 1K.
Indeed, we found that 6-HHA reduced serum FFA levels in HFD
mice (Fig. 1I) suggesting a potential negative role of 6-HHA in
regulating lipolysis, a process regulated by G protein-coupled re-
ceptors (GPCRs)4. To answer whether 6-HHA inhibits GPCR-
mediated adipocyte lipolysis, we next treated differentiated 3T3-
L1 cells with pertussis toxin (PTX), a well-known inhibitor of the
Gai family that inhibits lipolysis signaling cascades5, prior to
6-HHA exposure. As shown in Fig. 1Q, the isoproterenol (ISO)-
induced FFA release from mature adipocytes was significantly
reduced by 6-HHA. However, this 6-HHA-mediated anti-lipolytic
effect was dampened in the presence of PTX indicating an inhibi-
tory role for 6-HHA in Gai-mediated adipocyte-FFA release
(Fig. 1Q).

In summary, we have identified and characterized the effect of a
novel bacterial commensal metabolite, 6-HHA, on improving
adiposity, systemic inflammation, systemic energy and metabolic
homeostasis in mice with diet-induced obesity (Fig. 1R). Together
these findings suggest that supplementation with microbial-derived
MCFAs may possess the dual therapeutic potential to improve
periodontitis and obesity-associated metabolic disorders. We
recognize that the protective role of 6-HHA on systemic metabolic
homeostasis observed in rodents might not be phenocopied in
humans. Furthermore, identifying the in vivo origins of 6-HHA (oral
vs. gut microbiome) as well as the main tissue/cell type specific
GPCR-targets of 6-HHA are areas of interest for future studies.
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