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Gut substrate trap of D-lactate from microbiota
improves blood glucose and fatty liver disease in

obese mice
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D-lactate from the gut microbiota
influences blood glucose and fatty liver
disease. Trapping D-lactate in the gut
improves blood glucose and lowers liver
inflammation and fibrosis during obesity.

@ Blood D-lactate is higher during obesity in mice and humans

Gut microbiota is the main source of D-lactate in mice
Microbiota-derived D-lactate raises host blood glucose

A gut substrate trap of D-lactate lowers blood glucose and
MAFLD in obese mice
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SUMMARY

L-lactate participates in metabolism, including the Cori cycle, but less is known about D-lactate. We found
that circulating D-lactate was higher in humans and mice with obesity. D-lactate increased hepatic glycogen,
triglycerides, and blood glucose more than equimolar L-lactate in mice. Stable isotope analyses showed that
D-lactate is metabolized in mice and in hepatocytes to pyruvate, TCA intermediates, lipids, and glucose. The
gut microbiota is the main source of blood D-lactate. Colonization of mice with a bacterial strain that pro-
duced D-lactate elevated blood glucose more than an L-lactate producer. Oral delivery of a biocompatible
polymer that traps gut D-lactate, forcing fecal excretion, lowered blood glucose and insulin resistance in
obese mice in a polymer length- and dose-dependent manner. This D-lactate trap lowered hepatic inflamma-
tion and fibrosis in mice with metabolic dysfunction-associated fatty liver disease (MAFLD)/metabolic
dysfunction-associated steatohepatitis (MASH). Therefore, microbial-derived D-lactate contributes to host
glucose and lipid metabolism and can be trapped to improve metabolic disease during obesity.

INTRODUCTION

Obesity is the strongest risk factor for type 2 diabetes (T2D) and
metabolic dysfunction-associated fatty liver disease (MAFLD).
These interlinked diseases cause a high health and economic
burden." Obesity, T2D, and MAFLD are associated with changes
in the intestinal microbiota, including alterations in bacterial taxon-
omy, function, and bacterial metabolites.>> Gut bacteria can
contribute to host energy balance and nutrient absorption and pro-
duce metabolites that are substrates for host metabolism.® The
gut microbiota can regulate blood glucose solely via hepatic gluco-
neogenesis without altering energy expenditure.'®"" Little is
known about the identity of microbiota-derived molecules that
contribute to hepatic gluconeogenesis and lipogenesis. Typically,
the microbiota is considered a source of inflammatory ligands, but
its ability to directly fuel metabolic processes involved in T2D and
MAFLD progression to metabolic dysfunction-associated steato-
hepatitis (MASH) should be considered.

We hypothesized that microbial D-lactate influences liver
metabolism. It was originally thought that mammals lacked
D-lactate dehydrogenases (D-LDHs), and consequently,
D-lactate was not well metabolized to pyruvate. It was incor-
rectly hypothesized that D-lactate had to be metabolized by
D-a-hydroxy acid dehydrogenase, which is 5 times slower than
LDHs.'? However, mice and humans have D-LDHs."® ' It is text-
book knowledge that L-lactate derived from skeletal muscle
glycolysis fuels the liver to produce glucose in the Cori cycle.'®
Cori and Cori made this discovery using D-lactate extracted
from bacteria and found that oral delivery or injection of
D-lactate in rodents leads to glycogen deposition in the liver,
whereas exogenous L-lactate delivery “hardly forms any liver
glycogen.”'® Over 75% of infused D-lactate is metabolized in
healthy men."® D-lactate and L-lactate enantiomers have similar
chemical and physical properties, and monocarboxylate trans-
porters (MCT1-8) can transport both D- and L-lactate.’> MCT1
is a key transporter in the intestine and liver and has a higher
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Km for D-lactate compared with L-lactate in both tissues.'®'*

The rates of gluconeogenesis and oxidation from L- and
D-lactate are comparable in bovine kidney, heart, and liver tissue
in vitro."” Despite evidence that D-lactate can be metabolized in
mammals, its metabolic fate is unknown.

People with diabetes and rodent models of diabetes both have
higher levels of blood and urine D-lactate.’®'® It is often
assumed that the increased methylglyoxal pathway flux is
responsible for the doubling of blood D-lactate in T2D.?° How-
ever, bacteria can also produce D-lactate, including gut com-
mensals in the Lactobacillus genera. Serum D-lactate is also
higher in MAFLD patients, and serum D-lactate is correlated
with the severity of MAFLD.?' D-lactate is more immunogenic
compared with L-lactate.?? As such, D-lactate activates hepatic
Kupffer cells and promotes neutrophil recruitment to the liver
during infection.”>** However, the role of D-lactate in inflamma-
tion during MAFLD is unknown.

Since the portal circulation connects the gut and liver, we hy-
pothesized that gut microbiota-derived D-lactate participates in
host metabolism related to hepatic control of blood glucose and
liver fat. We found that D-lactate participates in host glucose
and lipid metabolism and that a single strain of bacteria that pro-
duces more D-lactate can raise blood glucose in mice. We also
hypothesized that sequestration and elimination of gut micro-
biota-derived D-lactate before it crosses the gut barrier using a
substrate trap of D-lactate produced by bacteria in the lumen of
the gut would lower blood glucose during obesity and lower a
trigger for liver inflammation during MAFLD. We designed a new
biocompatible D-lactate gut substrate trap and found that oral de-
livery of this polymer lowered blood glucose, markers of insulin
resistance, and hepatic inflammation and fibrosis in obese mice.

RESULTS

Blood D-lactate is higher in obese mice and humans

We determined D-lactate concentration in a genetic mouse
model of obesity with and without hyperglycemia using ob/ob
mice that experience transient hyperglycemia around 10 weeks
old and return to normoglycemia at 20 weeks old due to
increased insulin secretion. We found that D-lactate levels
were significantly higher in the portal and systemic serum of
male ob/ob mice at both 10 and 20 weeks old compared with
their age-matched wild-type (WT) controls, whereas L-lactate
was not different (Figures 1A-1D and 1G-1J). The obesity-
related increase in D-lactate was larger in portal blood compared
with the systemic blood (i.e., 11.8-fold versus 3.6-fold increase in
ob/ob mice). People with obesity had higher plasma D-lactate
levels, but L-lactate was not different (Figures 1E and 1F). We
confirmed that higher maximal enzymatic activity of L-lactate de-
hydrogenase (L-LDH) compared with D-LDH in the liver mirrored
the higher concentrations of blood L-lactate versus D-lactate in
mice (i.e., L-lactate and L-LDH are 30-50 times higher)
(Figures S1H-S1K). Compared with WT mice, D-lactate was
significantly higher in the cecum and feces of ob/ob mice
(Figures 1K-=1M). Antibiotic treatment significantly decreased
D-lactate in the cecum and feces of ob/ob mice to a level that
is similar to the WT mice (Figures 1K-1M). Antibiotics also low-
ered serum D-lactate and random-fed blood glucose in ob/ob
mice (Figures 10 and 1Q). Cecum and fecal L-lactate levels
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were also decreased after antibiotics, but this decrease did not
affect serum levels of L-lactate (Figures 1L, 1N, and 1P). These
data show that microbial-derived D-lactate underpins increased
blood D-lactate during obesity, whereas the contribution of mi-
crobial L-lactate to systemic L-lactate is negligible.

D-lactate promotes higher liver glycogen, triglycerides,
and blood glucose compared with L-lactate

Specific pathogen-free (SPF) mice had higher hepatic glycogen
and triglycerides versus germ-free mice in both the fasted and
re-fed states (Figures 2A-2E). Mice injected with D-lactate
had higher glycogen when fasted and re-fed and higher triglyc-
erides when re-fed (Figures 2F-2J). Injection of sodium lactate
causes stress,”® and 4 g/kg injections increased blood levels
(Figures S1A and S1B). Gavage of 1 g/kg did not alter systemic
blood D-lactate but increased portal D-lactate levels within the
first 20 min (Figures S1C and S1E). Systemic L-lactate levels
were increased in both control and high-fat diet (HFD)-fed
mice after gavage of 1 g/kg L-lactate (Figure S1D). After oral
gavage of 1 g/kg of either L-lactate or D-lactate, HFD-fed mice
had higher blood glucose compared with mice on a control
diet (Figures 2K-20). D-lactate ingestion caused higher blood
glucose compared with L-lactate in obese HFD-fed mice but
not in lean mice on a control diet (Figures 2P-2S). In lean
germ-free mice, blood glucose was also not different after
gavage of 1 g/kg of L- or D-lactate (Figures S1F and S1G). These
data demonstrate that D-lactate fuels glycogen and triglyceride
synthesis in the liver and raises higher blood glucose levels
more than L-lactate in obese mice.

D-lactate participates in whole-body metabolism and
contributes to the TCA cycle, gluconeogenesis, and
lipogenesis in hepatocytes

We next showed that oral/gut D-lactate can be metabolized by
the host. We gavaged germ-free and SPF mice with '*C-labeled
glucose, L-lactate, or D-lactate and measured *C-labeled CO,
in the expired breath of conscious mice using a stable isotope
gas analyzer (Figure 3A). Germ-free and SPF mice oxidized
oral glucose, L-lactate, and D-lactate at a comparable rate
(Figures 3B-3G). We then used '3C-labeled lactulose, a syn-
thetic non-absorbable sugar. We showed that a gut commensal
(Lactobacillus delbrueckii) can metabolize '*C-labeled lactulose
to produce '*C-labeled D-lactate (Figure 3H). Using '*C-labeled
lactulose as a substrate, ~60% of the produced D-lactate con-
tained '3C, whereas less than 2% of the L-lactate contained
3G (Figure 3l). We then gavaged germ-free and SPF mice with
13C-labeled lactulose and measured '3CO, in their breath
(Figure 3J). In the SPF mice, the gut commensals were able to
convert lactulose into D-lactate, which was eventually metabo-
lized into CO,, where the time course for holobiont metabolism
was ~twice as long compared with oral glucose, L-lactate, or
D-lactate (Figures 3K and 3L). Germ-free mice could not metab-
olize oral lactulose due to a lack of gut microbiota. These data
suggest that microbial-derived D-lactate can be utilized by the
host as a fuel source.

We injected mice with either ['*C] L-lactate or ['*C] D-lactate to
compare L- and D-lactate uptake and storage in the liver of
mice (Figure 3M). There was no difference between D- or
L-lactate uptake into total liver extracts or the aqueous and lipid
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(A and B) (A) Systemic blood serum D-lactate and (B) L-lactate in 20-week-old WT and ob/ob mice.

C and D) (C) Portal blood serum D-lactate and (D) L-lactate in 20-week-old WT and ob/ob mice.

E and F) (E) Blood plasma D-lactate and (F) L-lactate in people that were non-obese and people with obesity.
G and H) (G) Systemic blood serum D-lactate and (H) L-lactate in 10-week-old WT and ob/ob mice.

K and L) (K) Cecal D-lactate and (L) L-lactate in 10-week-old WT, ob/ob mice, and ob/ob mice treated with antibiotics.
M and N) (M) Fecal D-lactate and (N) L-lactate in 10-week-old WT, ob/ob mice, and ob/ob mice treated with antibiotics.
O and P) (O) Systemic blood serum D-lactate and (P) L-lactate in 10-week-old ob/ob mice and ob/ob mice treated with antibiotics.
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(I and J) () Portal blood serum D-lactate and (J) L-lactate in 10-week-old WT and ob/ob mice.
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Q) Blood glucose levels in 10-week-old ob/ob mice and ob/ob mice treated with antibiotics.

The numbers of independent biological replicates were (A-D) WT n = 11 and ob/ob n = 11-12; (E and F) non-obese n = 7-9 and obese n = 51-55; (G) WTn =10 and
ob/obn=11; (H-J)WT n=11and ob/obn=12; (Kand L) WT n =5, ob/ob n =12, and ob/ob + antibiotics n = 10; (M and N) WT n =5, ob/ob n = 11, and ob/ob +
antibiotics n = 11; and (O-Q) ob/ob n = 11-12 and ob/ob + antibiotics n = 10-11. p values were calculated using unpaired t tests (A-J), Brown-Forsythe and Welch
ANOVA (K), Kruskal-Wallis test (L-N), Mann-Whitney test (O), or Welch’s t test (P and Q) and considered statistically significant at p < 0.05. Graphs depict

mean + SEM.

phases in the liver of mice (Figure 3N). We treated murine primary
hepatocytes with [3-'3C] L-lactate or [3-'3C] D-lactate (Figure 30).
We found that 75%-80% of the L-lactate contained '3C in he-
patocytes (Figure 3P). In [3-'3C] L-lactate-treated primary hepato-
cytes, ~60% of pyruvate, 30% of glucose, 40%-60% of tricarbox-
ylic acid cycle (TCA) intermediates, 2% of palmitic acid, 50% of
aspartate, and 44% of glutamate contained '*C (Figures 3Q-3V).
Similarly, [3-'3C] D-lactate-treated primary hepatocytes had
~80% '3C enrichment of D-lactate and ~35% of pyruvate, 15%
of glucose, 20%-30% of TCA intermediates, and 1.5% of palmitic
acid, 22% of aspartate, and 20% of glutamine contained *C
(Figures 3W-3AC).

We showed that physiological levels of [3-'3C] D-lactate
(0.4 mM) and [3-"3C] L-lactate (4 mM) can be metabolized by pri-
mary hepatocytes. About 50%-60% of the L- or D-lactate was
labeled with '*C (Figures S2A and S2G). We observed '3C
enrichment in pyruvate, glucose, TCA intermediates, aspartate,
and glutamate in both [3-3C] D-lactate- and [3-'3C] L-lactate-
treated cells (Figures S2B-S2F and S2H-S2L). The level of
enrichment is roughly 10 times higher in the L-lactate than in
the D-lactate-treated cells. These data indicate that both D-
and L-lactate are taken up by the liver and are metabolized in
the TCA cycle, gluconeogenic and lipogenic pathways in
hepatocytes.
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Figure 2. D-lactate promotes higher blood glucose, liver glycogen, and liver triglycerides compared with equimolar L-lactate
(A) Livers were collected from age-matched germ-free or SPF mice.
(B and C) (B) Liver glycogen and (C) triglyceride content in germ-free and SPF mice after 12 h of fasting.
(D and E) (D) Liver glycogen and (E) triglyceride content in germ-free and SPF mice after 12 h of fasting and 2 h of refeeding.
(F) Liver samples were collected from C57BL/6N mice receiving either 4 g/kg of L-lactate or D-lactate via intraperitoneal (i.p.) injection.
(G and H) (G) Liver glycogen and (H) triglyceride content in mice after 12 h fasting and 2 h after L-lactate or D-lactate injection.
(legend continued on next page)
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Microbial D-lactate increases host blood glucose

We show that gut microbiota are major contributors to blood
D-lactate by comparing germ-free mice to mice that were born
germ-free but then “conventionalized” through exposure to mi-
crobiota from SPF mice (Figure 4A). Age-matched conventional-
ized mice had higher levels of D-lactate in systemic blood
compared with germ-free mice in both fasted and fed states,
whereas L-lactate levels were similar (Figures 4B-4E).

We colonized germ-free mice with a strain of bacteria that pro-
duces either a high or low level of D-lactate (Figure 4F). In vitro,
the D-lactate™'®H strain, Lactobacillus intestinalis ASF360, pro-
duced 100 times more D-lactate than the D-lactate"®" strain,
Lactobacillus reuteri 149, which is consistent with previous liter-
ature.?* The total lactate production (D-lactate + L-lactate) was
similar between the two strains (Figure 4G). Germ-free mice
colonized with D-lactate™®" versus D-lactate"°"V-producing
bacteria had similar body weight and food intake (Figures 4H
and 4l). Mice colonized with the D-lactate™®" had higher
random-fed blood glucose 2-4 weeks after initial colonization.
Mice were then recolonized at week 6, and mice recolonized
with the D-lactate™®" had higher random-fed blood glucose
for weeks 7 and 8 (Figure 4J). Fasting blood glucose was also
higher in mice colonized with D-lactate™'®" compared with
D-lactate"°" at both weeks 2 and 7 (Figure 4K). Serum and fecal
D-lactate were higher in mice colonized with D-lactate!'G
compared with D-lactate"®" at week 2, and elevated serum
D-lactate persisted at week 7 (Figures 4L and 4N). L-lactate
was not different in the blood or feces (Figures 4M and 40).
These data demonstrate that microbial-derived D-lactate con-
tributes to host blood glucose levels and that a single strain of
bacteria that produces more D-lactate can elevate fasted and
fed blood glucose in mice. It appears to take ~2 weeks after
colonization with a D-lactate producer to increase blood
glucose.

A substrate trap of gut microbial D-lactate lowers blood
glucose and liver fat

We first aimed to provide proof-of-principle that a non-absorb-
able, biocompatible, gut luminal D-lactate trap can acutely
decrease blood glucose and liver fat. It is known that certain poly-
mers of D-lactide form a stereocomplex with L-lactate.?® We hy-
pothesized that certain polymers of L-lactate would capture
D-lactate in the gut. Polymers of L- or D-lactate are biodegrad-
able, non-toxic, and already used in resorbable medical devices
such as sutures, implants, and drug delivery systems.>” We found
that a 24-unit poly(L-lactide) (PL24) could bind/capture D-lactate
in semi-permeable dialysis chambers and then performed an
acute test in lean mice and compared oral delivery of a 24-unit
poly(D-lactide) (PD24, an L-lactate trap), PL24 (D-lactate trap),
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and a 20-unit poly(D-L-lactide) (PDL20, a combined D- and
L-lactate trap) (Figure 5A). As a control, PD24 did not affect blood
glucose, but PL24 and PDL20 both lowered blood glucose 4 h af-
ter oral delivery (Figure 5B). We found that microbial D-lactate is
required for the blood glucose-lowering effects of PL24.
Compared with PD24, blood glucose remained unchanged 4 h af-
ter PL24 treatment in both germ-free mice and germ-free mice
colonized with D-lactate"®"V bacteria (Figures 5C and 5D). Since
D-lactate fueled liver triglyceride synthesis, we fed obese mice
HFD containing 10% PL24 for 1 day (Figure 5E). Liver triglyceride
content was reduced in mice that received HFD containing 10%
PL24 compared with HFD only (Figure 5F).

We tested if intervening with dietary PL24 could improve blood
glucose in mice with preexisting obesity using mice fed an HFD
for 23 weeks and then switched to a diet with or without 10%
PL24 for 7 additional weeks (Figure 5G). In both fasted and fed
conditions, serum D-lactate levels were lower in mice that
consumed PL24, whereas serum L-lactate was unchanged
(Figures 5H-5K). 24-h fecal output of D-lactate was higher in
mice that consumed PL24, whereas L-lactate was unchanged
(Figures 5L and 5M). Fasting blood glucose, fasting insulin, and
the HOMA-IR index were all lower in mice that consumed PL24
(Figures 5N-5P). PL24 did not alter body mass or caloric intake
(Figures 5Q and 5R). These data show that dietary PL24 traps
gut D-lactate (but not L-lactate), which increases fecal excretion
of D-lactate, thereby lowering blood D-lactate, blood glucose,
and blood insulin in obese mice.

We tested polymer length using 10% dietary PL10 (shortest
polymer), PL38, and PL65 (longest polymer) in HFD-fed obese
mice (Figure S3A). HOMA-IR and fasting blood glucose were
lower in obese mice fed PL38 and PL65 compared with HFD
alone (Figures S3B and S3C), but fasting insulin was not different
(Figure S3D). Random-fed blood glucose was measured weekly,
and the area under the curve (AUC) of random-fed blood glucose
over 9 weeks was lower in PL38- and PL65-fed mice
(Figures S3E and S3F). None of the polymers altered body
weight or caloric intake (Figures S3G and S3H). We next tested
the dose-response of dietary PL65 in mice with preexisting
obesity during a shorter 4-week intervention with PL65
(Figure S3I). Fasting blood glucose was lower in mice that
received 20% PL65 (Figure S3J). All doses of dietary PL65
(2%, 5%, 10%, and 20%) lowered blood glucose and AUC dur-
ing a glucose tolerance test (Figures S3K and S3L). PL65 did not
affect body mass, caloric intake, or serum TLR4 activity (i.e.,
metabolic endotoxemia) (Figures S3M-S30). To further test the
specificity of the polymer in the gut environment, we performed
targeted metabolomics in the fecal samples collected from mice
that ingested HFD (control) and HFD containing 20% PL65.
There were no significant changes in branched-chain amino

1 and J) (1) Liver glycogen and (J) triglyceride content in mice after 12 h fasting and 2 h refeeding and 2 h after L-lactate or D-lactate injection.
K) Blood glucose after oral gavage of 1 g/kg of L-lactate or D-lactate in either control or HFD-fed mice.

N and O) (N) Glucose over time and (O) AUC in control or HFD-fed mice after D-lactate gavage.

(
(
(L and M) (L) Glucose over time and (M) AUC in control or HFD-fed mice after L-lactate gavage.
(
(

P and Q) (P) Glucose over time and (Q) AUC in control diet-fed mice after L-lactate versus D-lactate gavage.

(R and S) (R) Glucose over time and (S) AUC in HFD-fed mice after L-lactate or D-lactate gavage.

The numbers of independent biological replicates tested were (B and C) germ-free n = 16-19 and SPF n = 6, (D and E) germ-free n = 21 and SPF n = 7, (G-J)
L-lactate n = 8-9 and D-lactate n = 7-8, (L-O) control n = 9 and HFD n = 10, and (P-S) L-lactate n = 10 and D-lactate n = 10. p values were calculated using
unpaired t tests (B-E, G-J, M, and O) and paired t test (Q and S) and considered statistically significant at p < 0.05. Graphs depict mean + SEM.
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Figure 3. D-lactate participates in whole-body metabolism and the TCA cycle, gluconeogenesis, and lipogenesis in hepatocytes

(A) "3C-labeled glucose, L-lactate, or D-lactate was gavaged in mice, and '*C in the CO, from expired breath was measured using a stable isotope gas analyzer.
(B and C) (B) Glucose oxidation measured as pg of '*CO, every 5 min and (C) cumulative glucose oxidation.

(D and E) (D) L-lactate oxidation measured as pg of *CO, every 5 min and (E) cumulative L-lactate oxidation.

(F and G) (F) D-lactate oxidation measured as pg of '3CO, every 5 min and (G) cumulative D-lactate oxidation.

(H) A gut commensal (Lactobacillus delbruekii subsp. bulgaricus) was cultured in de Man, Rogosa, and Sharpe (MRS) broth without dextrose and with 1-'3C™-
lactulose to trace D-lactate production from lactulose.

(I) *3C-labeled and non-labeled D- and L-lactate measured by liquid chromatography-mass spectrometry (LC-MS).

(J) Germ-free and SPF mice were gavaged U-'3C-lactulose, and ®CO, from their breath was measured using the stable isotope gas analyzer.

(K and L) (K) Lactulose oxidation measured as pg of '*CO, every 5 min and (L) Cumulative lactulose oxidation.

(M) C57BL/6N mice were injected intravenously (i.v.) with [C'¥] L-lactate or [C'*] D-lactate, and livers were collected.

(N) [C"] L- and D-lactate DPMs per mg of liver tissue in total homogenates, aqueous phase, and lipid phase extracted from livers.

(O) C57BL/6N mice were fasted for 12 h and re-fed for 3 h, then primary hepatocytes were isolated and incubated overnight. After 3 h of serum starvation, these
primary hepatocytes were treated with either [3-'°C] L-lactate or [3-'°C] D-lactate for 8 h.

(P-V) '3C isotopomer enrichment in (P) lactate, (Q) pyruvate, (R) glucose, (S) palmitate, (T) TCA cycle intermediates (citrate, a-ketoglutarate, succinate, fumarate,
and malate), (U) aspartate, and (V) glutamate in hepatocytes treated with non-labeled L-lactate or [3-'3C] L-lactate.

(W-AC) '3C isotopomer enrichment in (W) lactate, (X) pyruvate, (Y) glucose, (Z) palmitate, (AA) TCA cycle intermediates (citrate, a-ketoglutarate, succinate,
fumarate, and malate), (AB) aspartate, and (AC) glutamate in hepatocytes treated with non-labeled D-lactate or [3-'3C] D-lactate.

The numbers of independent biological replicates tested were (B-G) germ-free and SPF n = 4, (l) D- and L-lactate n = 3, (K and L) germ-free and SPF n = 4, (N)
L-lactate n = 6 and D-lactate n = 6, (P-V) L-lactate n = 7-11 and [3-'3C] L-lactate n = 11, and (W-AC) D-lactate n = 8-11 and [3-'3C] D-lactate n = 11-12, two
biological replicates in primary hepatocyte isolation and six technical replicates in each isolation. p values were calculated using the Mann-Whitney test (C, E, G,
and L). Graphs depict mean + SEM. DPMs, disintegrations per minute.

acids, short-chain fatty acids, and bile acids in the feces of PL65- A gut substrate trap of D-lactate lowers hepatic

treated mice compared with control animals (Figures S4A-S4C).
These data indicate that dietary ingestion of polymers of
L-lactate can lower blood glucose during a glucose challenge
during the fasted state in obese mice, which depends on poly-
mer length and dose.
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inflammation and fibrosis in MAFLD/MASH

We tested if dietary PL65 can mitigate aspects of fatty liver dis-
ease using an established model of MAFLD progression to
MASH in mice.”® Mice were placed on either a control diet,
MASH diet, or MASH diet with 20% of PL65 packed into the
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Figure 4. Microbiota is the main source of D-lactate, and microbial D-lactate increases host blood glucose

(A) Blood samples were collected from germ-free and conventionalized mice. Conventionalized mice were obtained by exposing previously germ-free mice to the
microbiota from SPF mice for 23 weeks.

(B and C) (B) Systemic blood serum D-lactate and (C) L-lactate levels in germ-free and conventionalized mice after 24 h of fasting.

(D and E) (D) Systemic blood serum D-lactate and (E) L-lactate levels in random-fed germ-free and conventionalized mice.

(F) Germ-free mice were monocolonized with Lactobacillus intestinalis ASF360 (D-lactate™®", produce high levels of D-lactate) or Lactobacillus reuteri 149
(D-lactate"°", produce low levels of D-lactate) upon export from germ-free cages (week 0) and then recolonized 6 weeks later.

(G) D-lactate and L-lactate production in bacterial culture media from D-lactate™'®" and D-lactate°" strains.

(H-J) (H) Weekly body weight, (l) cumulative food intake, and (J) change in random-fed blood glucose in germ-free mice colonized with either D-lactate™ %" or
D-lactate®" strains.

(K) Fasting blood glucose at weeks 2 and 7.

(L and M) (L) Systemic blood serum D-lactate and (M) L-lactate at weeks 2 and 7.

(N and O) (N) Fecal D-lactate and (O) L-lactate at weeks 2 and 7.

The numbers of independent biological replicates tested were (B and C) germ-free n = 22 and conventionalized n = 12, (D and E) germ-free n = 19 and con-
ventionalized n = 12, (G) D-lactate™®" n = 3 and D-lactate*®" n = 3, (H-J) D-lactate™'®" n = 10-16 and D-lactate"®"’ n = 14, (K) D-lactate™'®" n = 9-11 and
D-lactate"®" n = 13, and (L-O) D-lactate™®" n = 11-15 and D-lactate®" n = 13. p values were calculated using unpaired t tests (B-E) and two-way repeated
measures ANOVA with Bonferroni’s multiple comparison test (H-J) and Mann-Whitney U tests (G and K-0O). p values were considered statistically significant at
p < 0.05. Graphs depict mean + SEM.

diet by weight (MASH + PL65) for 20 weeks. Dietary PL65 did not  glucose, and blood insulin (Figures 6A-6C). Dietary PL65 low-
alter body weight or caloric intake (Figures S5A and S5B). The ered HOMA-IR, blood glucose, and blood insulin compared
MASH diet increased liver mass, but the MASH + PL65 diet did  with the MASH diet (Figures 6A-6C). Metabolic endotoxemia
not increase liver mass compared with the control diet was also increased in the MASH group compared with controls;
(Figure S5C). The MASH diet increased HOMA-IR, blood however, PL65 did not change metabolic endotoxemia in
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Figure 5. A gut substrate trap of microbial D-lactate trap lowers blood glucose and liver fat and improves insulin resistance in obese mice
(A) PD24 (poly-D-lactide), PL24 (poly-L-lactide), and PDL20 (poly-DL-lactide) can capture L-lactate and/or D-lactate.

(B) Change in fasting blood glucose 4 h after a single dose (100 mg) of PDL20, PD24, or P24 in lean mice.

(C and D) (C) Blood glucose before and 4 h after a single dose (100 mg) of PD24 or PL24 in germ-free mice and (D) germ-free mice colonized with D-lactate"®"
bacteria.

(E) Obese mice were on a 60% HFD for 29 weeks and then switched to 60% HFD + 10% PL24 for 1 day.

(F) Liver triglycerides in obese mice after 18 h of fasting and then re-fed for 2 h with 60% HFD or 1 day of 60% HFD + 10% PL24.

(G) Obese mice were on a 60% HFD for 23 weeks and then switched to 60% HFD with or without 10% PL24 in the diet for 7 weeks.

(H and ) (H) Serum D-lactate and (l) L-lactate in mice after 12 h fasting.

(J and K) (J) Serum D-lactate and (K) L-lactate in random-fed mice.

(L and M) (L) D-lactate and (M) L-lactate in the feces over 24 h.

(N-P) (N) Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) index, (O) fasting blood glucose, and (P) fasting insulin after 12 h fasting.

(Q and R) (Q) Weekly body weight and (R) cumulative caloric intake for the 7 weeks after switching to 60% HFD with and without 10% PL24 in the diet. The
numbers of independent biological replicates tested were (B) PDL20n =7, PD24 n =9, and PL24 n =9, (C and D) PD24 n = 5-6 and PL24 n = 6, (F) control n = 11
and PL24 n = 11, (H-Q) control n = 13 and PL24 n = 7-8, and (R) control n = 3 and PL24 n = 3, since food intake was monitored in each cage. p values were
calculated using ordinary one-way ANOVA (B), two-way ANOVA (C and D), unpaired t test (F and H-P), and two-way repeated measures ANOVA with Bonferroni’s

multiple comparison test (Q and R). p values were considered statistically significant at p < 0.05. Graphs depict the mean + SEM.

MASH-diet-fed mice (Figure S5E). The MASH diet increased the
MASH activity score, which was calculated as the sum of steato-
sis, hepatocellular ballooning, and inflammation pathologist
scores in hematoxylin and eosin (H&E)-stained liver sections in
all five lobes (Figures 6D and 6E). Importantly, dietary PL65 low-
ered the MASH activity score (Figures 6D and 6E). The MASH
diet increased liver steatosis and ballooning relative to the con-
trol diet, but the MASH + PL65 did not change liver steatosis
and ballooning relative to the control diet (Figures 6F and 6G). Di-
etary PL65 lowered the inflammation score, which was lower in
both the control and MASH + PL65-fed mice relative to the
MASH diet-fed mice (Figure 6H). Individual pathological scoring
was also conducted for each lobe of the liver (Figure S6). PL65
reduced inflammation in all lobes of the liver, which was the
most consistent effect of a dietary gut substrate trap of
D-lactate during MASH. The right medial lobe had the lowest
inflammation, fibrosis, and steatosis, whereas the caudate lobe
had the highest, and all the other lobes showed intermediate dis-

8 Cell Metabolism 37, 1-14, September 2, 2025

ease progression (Figure S6). The left lateral lobe was chosen for
more detailed analyses since it is the largest liver lobe and has an
intermediate level of disease progression. The control group had
lower steatosis indicated by oil red O (ORO) area compared with
both the MASH and MASH + PL65 groups (Figures 61 and 6J).
MASH diet-fed mice had higher hepatic myeloperoxidase
(MPO) and eosinophilic peroxidase (EPO) activity compared
with the control mice (Figures 6K and 6L). Dietary PL65 lowered
MPO and EPO activity compared with the MASH diet-fed mice
(Figures 6K and 6L). Dietary PL65 also lowered the area of F4/
80 staining in the liver, indicative of lower liver-resident macro-
phages (Figures 6M and 6N). These data show that PL65 lowers
liver neutrophils, eosinophils, and macrophages during MASH.
Livers from MASH diet-fed mice had higher hydroxyproline
content compared with controls, but MASH + PL65 did not
have higher hydroxyproline content compared with controls
(Figure S5D). Hepatic fibrosis was scored by a pathologist based
on picrosirius red (PSR) staining (Figures 60-6R). MASH diet-fed
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mice had higher fibrosis compared with controls (Figure 60).
MASH + PL65-fed mice did not have higher fibrosis compared
with controls (Figure 60). Moderate zone 3 hepatic fibrosis was
only seen in the MASH group but not in the controls or MASH +
PL65-fed mice (Figure 6P). The PSR-positive area was quantified
in all the liver lobes of each liver, and dietary PL65 lowered the
area of PSR compared with the MASH diet-fed mice
(Figures 6Q and 6R). The MASH group had a higher area of
a-smooth muscle actin (SMA) compared with controls, and die-
tary PL65 lowered the area of a-SMA compared with the MASH
diet-fed mice (Figures 6S and 6T). These results show that die-
tary PL65, a gut substrate trap of D-lactate, lowered blood
glucose and insulin, lowered hepatic inflammation, and lowered
hepatic fibrosis in obese mice.

DISCUSSION

The source of D-lactate and its role in energy metabolism and
metabolic disease are poorly understood. We found that blood
D-lactate is higher in obese mice and people with obesity and
that gut microbiota is the main source of elevated D-lactate dur-
ing obesity. D-lactate is rapidly metabolized in humans since af-
ter injection blood D-lactate levels peak by 5 min and return to
basal levels within 30 min with no detectable D-lactate excretion
in the urine.”® The metabolic fate of D-lactate is unclear, but
D-lactate may be a more efficient substrate for liver mitochon-
drial respiration compared with other tissues.**' We investi-
gated if D-lactate can be used as a substrate for gluconeogen-
esis, glycogen synthesis, and lipogenesis and directly
compared equimolar D-lactate and L-lactate. We found higher
liver glycogen content in mice that received D-lactate injection
compared with L-lactate-injected mice under fasted and fed
conditions. D-lactate was also described as “more efficient”
for liver glycogen formation in rats in the Cori cycle.'® We discov-
ered that oral D-lactate promoted higher blood glucose
compared with equimolar L-lactate in obese mice but not lean

Cell Metabolism

mice. It is not yet clear how obesity or an obesogenic
diet alters the metabolism of D-lactate.

Estimations based on our data from mouse models suggest
that D-lactate influences blood glucose through additional
mechanisms beyond direct substrate supply. Multiple experi-
ments showed that a change in blood D-lactate by 10-
100 pmol/L corresponded with a ~1 mmol/L change in blood
glucose. In addition, other glucoregulatory variables, such as
blood insulin levels and liver inflammation, were altered by this
magnitude of change in blood D-lactate. Therefore, the totality
of the evidence to date supports the concept that the importance
of D-lactate in altering host metabolism and/or blood glucose
may not be as a quantitative fuel.

The reasons for potential differences in tissue-specific meta-
bolism of L-lactate versus D-lactate are also not yet clear. D-
and L-lactate are absorbed at the same rate by the intestine.'®
Beyond substrate availability of millimolar L-lactate versus
micromolar D-lactate, L-lactate is used in the brain, muscle,
and adipose tissue, which all contain the lactate receptor G pro-
tein-coupled receptor 81 (GPR81).>> One previous study
showed that oral gavage of D-lactate activates brown adipose
tissue via GPR81 and alleviates metabolic dysfunction in diet-
induced obese mice.>* However, the D-lactate dose used in
this previous study is much lower than the half maximal effective
concentration (EC50) of D-lactate for GPR81 (20 mM),** and
mice were not housed at thermoneutrality to study energy bal-
ance, which makes the results from this previous study hard to
interpret.

D-lactate produced by gut microbiota is positioned to travel in
the portal circulation and influence liver metabolism. We provided
proof-of-principle evidence showing that colonization of mice
with bacteria that produce higher D-lactate equates to higher
blood glucose. Importantly, these experiments use a bacterial
strain that was a fast producer of high D-lactate versus a strain
of bacteria that produced L-lactate. Despite each strain of bacte-
ria producing a similar total lactate load, the mice colonized with a

Figure 6. A gut D-lactate trap lowers hepatic inflammation and fibrosis in MALFD/MASH

(A-C) (A) HOMA-IR, (B) blood glucose, and (C) blood insulin after a 4-h fast.

(D) MASH activity score was calculated by a pathologist blinded to the experimental conditions based on the MASH clinical research network scoring system

using all five lobes of the liver.
(E) Representative H&E images at 40x magnification.

(F-H) (F) Steatosis score, (G) ballooning score, and (H) inflammation score based on the MASH clinical research network scoring system using H&E-stained

sections in all lobes of the liver.

() ORO-positive area in millimeters per field of view in the left lateral lobe at 20x magnification.

(J) Representative ORO images at 10x magnification.
(K) MPO enzymatic activity in the left lateral lobe of the liver.
(L) EPO enzymatic activity in the left lateral lobe of the liver was measured.

(M) F4/80 positive area in millimeters per field of view in the left lateral lobe at 20x magnification, and each point on the graph represents one image analyzed.
(N) Representative F4/80 images at 20x magnification.

(O) Fibrosis score based on the MASH clinical research network scoring system using PSR-stained sections in all lobes of the liver. A fibrosis score of 0 represents
a score of 0 (no fibrosis), a score of 1 on the graphs represents a score of 1A (mild zone 3 perisinusoidal fibrosis), and a score of 2 represents a score of 1B
(moderate zone 3 perisinusoidal fibrosis) using the MASH clinical research network scoring system.

(P) Breakdown of the number of mice assigned to each fibrosis score within each group.

(Q) PSR-positive area in millimeters per field of view in all lobes of the liver at 20x magnification, and each point on the graph represents one image analyzed.
(R) Representative PSR images at 40x magnification.

(S) a-SMA positive area in millimeters per field of view in the left lateral lobe at 20x magnification, and each point on the graph represents one image analyzed.
(T) a-SMA representative images at 20 x magnification. The numbers of independent biological replicates tested were (A, C, K, and L) controln =7, MASHn = 8,
MASH + PL65n =7. (B, D-J, and O-S) Controln =7, MASH n = 8, MASH + PL65 n = 8. (M) Controln =7, MASHn =7, MASH + PL65n = 7. p values were calculated
using ordinary one-way ANOVA (A-C, K, M, and Q) and Kruskal-Wallis test (F-I, L, O, and S). p values were considered statistically significant at p < 0.05. Graphs
are mean + SEM.
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D-lactate producer had higher blood glucose. These data sug-
gest that gut microbiota-derived D-lactate is preferentially ab-
sorbed, transported, and/or metabolized into host blood glucose
compared with microbial L-lactate. We found that D-lactate
could be metabolized by hepatocytes in vitro, but a higher per-
centage of L-lactate was incorporated into glycogen, TCA inter-
mediates, and even glucose. These data strongly suggest that
in vivo transport or tissue communication signals dictate the
fate of gut-derived D-lactate versus L-lactate. The role of
D-lactate in immunometabolism and endocrine control of meta-
bolism should also be considered. D-lactate can impact host
immunity.® Gut microbiota-derived D-lactate improves immune
defense against bacterial infection.”>?* Commensal bacterial-
derived D-lactate traverses the gut into the portal circulation, re-
cruits neutrophils to the liver, and programs liver-resident Kupffer
cells to promote immune defense (i.e., high inflammation) against
systemic bacterial infections.

We aimed to sequester D-lactate derived from gut microbiota.
We found that polymers of L-lactate bound D-lactate. This
D-lactate trap was attractive because polymers of L-lactate,
commonly referred to as polylactic acid (PLA), are biodegradable
polymers already used in medical devices and drug delivery sys-
tems with good safety profiles. Given the isomeric relationship be-
tween D-lactate and L-lactate, it was known that a polymer of
L-lactate decreases the free D-lactate concentration in vitro by
forming a stereocomplex with D-lactate.?® We found that oral de-
livery of specific poly-L-lactides, the cyclic ester formed by two
lactic acid molecules, can force the excretion of gut D-lactate,
thereby lowering blood D-lactate and blood glucose. We also
found that specific poly-L-lactides could lower liver fat in obese
mice acutely, which, along with the potentially immunogenic
properties of microbial D-lactate in the liver, prompted us to test
if poly-L-lactides could mitigate features of MAFLD or MASH.

We found that dietary supplementation with a poly-L-lactide
(PL65) polymer as a gut D-lactate trap improved inflammation
and fibrosis in a mouse model of MAFLD/MASH. The D-lactate
trap did not alter liver fat content, which is consistent with a small
contribution of D-lactate to lipogenesis (~2%) in primary mouse
hepatocytes. The reduced liver fibrosis was confirmed by a
pathologist and lower a-SMA, and this effect of PL65 may be
linked to lower liver inflammation. Oral PL65 had the most consis-
tent and profound effect on lowering inflammation, which
occurred in all lobes of the liver. D-lactate promotes neutrophil
infiltration to the liver by priming hepatic endothelial cells.®
Neutrophil accumulation and release of MPO and neutrophil elas-
tase in the liver is a key feature of MASH progression.>> We show
that PL65 lowers liver MPO and EPO, which is consistent with
studies that show that depletion of neutrophils or lowering neutro-
phil effector molecules lowers MASH progression in mice.*®*’

We showed that oral PL65 lowered a marker of liver macro-
phages. Bacterial-derived D-lactate can activate liver-resident
macrophages (i.e., Kupffer cells).”* Similar to neutrophils,
Kupffer cells contribute to MASH progression.”"*%° Future
research should determine how D-lactate alters liver immune re-
sponses in MAFLD and MASH.

In summary, we demonstrate that microbial-derived
D-lactate influenced blood glucose. Trapping D-lactate in the
gut with dietary, biocompatible polymers lowered blood
glucose, lowered blood insulin, and improved glucose control
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in obese mice. A gut substrate trap of D-lactate also reduced
hepatic inflammation and fibrosis in MASH. These findings
expand our knowledge of the Nobel Prize-winning discovery
of the Cori cycle. Microbial D-lactate represents a shunt in
the Cori cycle where a microbial (non-host) source of
D-lactate can be captured and sequestered in the gut, thereby
providing potential therapeutics for obesity-induced dysglyce-
mia and MAFLD/MASH.

Limitations of the study

One goal of this study was to compare equimolar D-lactate and
L-lactate as proof-of-principle. Even though our experiments
show that D-lactate had a higher potential to raise blood glucose
and increase liver glycogen and hepatic fat compared with equi-
molar L-lactate, it is critical that L-lactate circulates in millimolar
concentrations and blood D-lactate is generally 50- to 100-fold
lower in mammals. We recognize the importance of L-lactate,
which, based on the amount of substrate, exceeds the potential
of D-lactate as a quantitative fuel for host metabolism. The differ-
ence between microbiota to generate a chronic load of D-lactate
versus results obtained during a large oral bolus of D-lactate dur-
ing a gavage should be carefully considered. We found differ-
ences in D-lactate versus L-lactate levels in the portal and sys-
temic circulation after gavage and microbial colonization, but
we cannot fully explain the divergent mechanism of action in
L-lactate versus D-lactate metabolism.

Another limitation of this work is that we do not yet know how
relatively small changes in D-lactate caused changes in blood
glucose. We also do not know why hepatocytes in culture
convert relatively less D-lactate to glucose, glycogen, and other
intracellular intermediates, but D-lactate is an efficient substrate
for metabolism in vivo. Future work should focus on other cell
types and tissue communication of D-lactate metabolism inte-
grated with substrate metabolism and excretion. Since our ani-
mal experiments were performed using male mice, exploring
whether there is a sexual dimorphism in how D-lactate influences
metabolic health is a future goal. Although we found that people
with obesity have higher blood D-lactate, all other work was in
cells or mice, which is a limitation of our study. Blood D-lactate
levels are elevated in people with diabetes and positively corre-
lated with MAFLD severity in humans.'®"'%?! Hence, an impor-
tant future goal is to determine the human relevance of
D-lactate metabolism and to consider the microbiota as a source
of D-lactate that participates in metabolic disease. Future work
should also aim to determine the amount of D-lactate that is
generated by the host methylglyoxal pathway versus the micro-
biota in humans.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals and Reagents

Sodium L-lactate Sigma Aldrich L7022
Sodium D-lactate Sigma Aldrich 71716

[3-'3C] sodium D-lactate Cambridge Isotope Laboratories CLM-10768-PK
[3-13C] sodium L-lactate Cambridge Isotope Laboratories CLM-1579-0.1
[C'¥] D-lactate American Radiolabeled Chemicals ARC-0593-50
[C'] L-lactate American Radiolabeled Chemicals ARC 3081-50
Collagenase from Clostridium histolyticum Sigma Aldrich C5138

type IV

EGTA BioShop EGT202.50
HEPES Sigma/BioShop H3375/HEP001
William’s E medium Wisent 301-018-CL
Dulbecco’s Modification Eagle’s Medium gibco A14430-01
(DMEM) without glucose/phenol red/L-

Glutamine/Sodium Pyruvate

Fetal Bovine Serum (FBS) Wisent 098-150
Phosphate Buffered Saline (PBS) Wisent 311-010-CL
Antibiotic-antimycotic mixture Wisent 450115EL
L-glutamine Invitrogen 25031049
D-glucose Sigma Aldrich G7021-1KG
Sodium pyruvate Sigma Aldrich P2256-5G
NovoRapid® (Insulin) Novo Nordisk Canada DIN02244353
o-Dianisidine dihydrochloride Sigma Aldrich D3252-5G
o-Phenylenediamine 98% Beantown Chemical H2116750-25G
Hydrogen peroxide EMD HX0635
Potassium Phosphate Dibasic Sigma Aldrich P3786-500G
Sulfuric Acid EM Science 7664-93-9
Hydrochloric Acid Sigma Aldrich 258148-2.5L
Sodium Hydroxide Sigma Aldrich 221465-500G
Isopropanol VWR BDH Chemicals BDH1133-1LP
Bovine collagen type | Sigma Aldrich C9879-1G
Chloramine T Trihydrate Sigma Aldrich 402869-100G
4-(Dimethylamino)benzaldehyde (MDAB) Sigma Aldrich 156477-25G
Hexadecyltrimethylammonium Bio Basic Inc. CB0108
bromide (CTAB)

Acetic acid Glacial Caledon Laboratories Inc. 1000-1-29
Citric acid Caledon Laboratories Inc. 30201
Sodium acetate Sigma Aldrich S2889
Sodium citrate, dihydrate BioShop CIT0oO01
Tween20 Sigma Aldrich P1379
Hematoxylin Sigma Aldrich GHS232
Ammonium hydroxide solution Sigma Aldrich 320145
Lithium carbonate, ACS, for MI Sigma Aldrich 62470
Lactobacillus MRS Broth w/o Dextrose Cepham Life Sciences 66416-0
Ampicillin trinydrate Sigma Aldrich A6140

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Neomycin trisulfate salt hydrate Sigma Aldrich N6836
Ultrapure LPS from E. coli (O111:B4) InvivoGen TLRL-3PELPS
D-Glucose (1-'3C, 98-99%) Cambridge Isotope Laboratories Inc. CLM-420-0.25
Lactulose (U-"3C5, 99%) Cambridge Isotope Laboratories Inc. CLM-9043-PK
[1-'3C™] lactulose Omicron LAC-009
Dulbecco’s Modification Eagle’s Medium Wisent 319-051
(DMEM) with 4.5 g/L glucose and 2 mM

I-glutamine

Penstrep Wisent 450-201
Normocin InvivoGen ANT-NR-05
HEK Blue detection media InvivoGen HB-DET2
HEK Blue selection media InvivoGen HB-SEL
PURASORB PL10 Corbion N/A
PURASORB PL38 Corbion N/A
PURASORB PL65 Corbion N/A
PURASORB PL24 Corbion N/A
PURASORB PD24 Corbion N/A
PURASORB PDL20 Corbion N/A

Critical commercial assays

Pierce™ BCA Protein Assay Kit Thermo Scientific 23225
Amplite™ Colorimetric D-Lactate AAT Bioquest 13809
Dehydrogenase (LDH) Assay Kit

Amplite® Colorimetric L-Lactate AAT Bioquest 13813
Dehydrogenase (LDH) Assay Kit

PicoProbe D-Lactate Assay Kit Abcam ab174096
(Fluorometric)

Picoprobe L-Lactate Assay Kit Abcam ab169557
(Fluorometric)

Amplite™ Fluorimetric D-Lactate Assay Kit AAT Bioquest 13810
Amplite® Fluorimetric L-Lactate Assay Kit AAT Bioquest 13814
Glycogen Assay Kit Il (Colorimetric) Abcam ab169558
Triglyceride Assay Kit Abcam ab65336
High sensitive mouse insulin ImmunoDiagnostics 32270
immunoassay kit

VECTASTAIN Elite ABC-HRP Kit, BioLynx VECTPK6101

Rabbit I9G

Antibodies

F4/80 (D2S9R) XP Rabbit mAb

a-smooth muscle actin (D4K9N) XP
Rabbit mAb

Cell Signaling Technology
Cell Signaling Technology

Cat# 70076T; RRID: AB_2799771
Cat# 19245T; RRID: AB_2857972

Experimental Models: Organisms/Strains

Mouse: C57BL/6N
Mouse: C57BL/6N Germ-free

Mouse: Ob/Ob™"

Mouse: C57BL/6J

Lactobacillus reuteri 149

Lactobacillus intestinalis ASF360
Lactobacillus delbrueckii subsp. bulgaricus
HEK-293T mTLR4 Cells

Taconic Biosciences, Inc.

In-house colonies bred in the Farncombe
Gnotobiotic Unit at the McMaster Animal
Facilities

The Jackson Laboratory

The Jackson Laboratory

Gifted by Dr. Kathy McCoy (UCalgary)
Gifted by Dr. Kathy McCoy (UCalgary)
ATCC

InvivoGen

RRID:IMSR_TAC:B6
N/A

RRID:IMSR_JAX:000632
RRID:IMSR_JAX:000664
N/A

N/A

11842

HKB-mTLR4
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Rodent Diets

60% HFD Research Diets D12492

60% HFD + 10% PL24
60% HFD + 10% PL10
60% HFD + 10% PL38
60% HFD + 10% PL65
60% HFD + 2% PL65
60% HFD + 5% PL65
60% HFD + 20% PL65
Control diet

MASH diet

MASH diet + 20% PL65

Research Diets
Research Diets
Research Diets
Research Diets
Research Diets
Research Diets
Research Diets
Research Diets
Research Diets
Research Diets

Diet formula in Table S1
Diet formula in Table S1
Diet formula in Table S1
Diet formula in Table S2
Diet formula in Table S2
Diet formula in Table S2
Diet formula in Table S2
D09100304

D19101102

Diet formula in Table S1

Software

GraphPad Prism Version 10 GraphPad Software RRID:SCR_002798
Qupath Version 0.5.1 Qupath RRID:SCR_018257
ImageJ2 Version 2.14.0/1.53v NIH RRID:SCR_002285

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human samples

Human plasma samples were obtained from an existing biobank and ongoing experiment in humans at Université Laval. Patients with
obesity were bariatric surgery candidates (average BMI = 43.14 kg/m? + 0.48) with at least one metabolic syndrome, including type 2
diabetes, hypertension, or dyslipidemia. Non-obese people (average BMI = 26.76 kg/m? + 0.33) were participants without obesity
from the control group of an ongoing, prospective, and observational study on bone outcomes. Inclusion criteria included: adult
male or female; BMI in the overweight category (25.0 to 29.9 kg/m2); not meeting the Diabetes Canada criteria for diabetes or pre-
diabetes (HbA1c <6.0% and fasting blood glucose <6.1 mmol/L). All participants provided written, informed consent, and the study
was approved by the Quebec Heart and Lung Institute Research Centre Ethics Review Board (MP-10-2018-2957, 2015-2466, 21160
and 2016-2569, 21237).

Animal models

All animal experiments were done in accordance with the Canadian Council on Animal Care and approved by the Animal Review
Ethics Board (AREB) at McMaster University and the Animal Care Committee at the University of Ottawa, with approved Animal
Use Protocols. C57BL/6J and ob/ob mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). C57BL/6N mice
were purchased from Taconic Biosciences (Germantown, NY, USA). C57BL/6N germ-free mice were bred in the Farncombe Gnoto-
biotic Unit at the McMaster Central Animal Facility. During experiments, all mice were housed in a specific pathogen-free room main-
tained at 22-23°C and on a 12 h light/dark cycle with free access to food and water. Mice in the MAFLD/MASH study were housed at
29-30°C during the experiment.

METHOD DETAILS

Biochemical analysis

Plasma insulin was assessed using high-sensitive mouse insulin immunoassay kit (ImmunoDiagnostics, Cat# 32270). D-lactate was
determined using PicoProbe D-Lactate Assay Kit (Fluorometric) (abcam, Cat# ab174096) or Amplite™ Fluorimetric D-Lactate Assay
Kit (AAT Bioquest, Cat#13810). L-lactate was determined using PicoProbe L-Lactate Assay Kit (Fluorometric) (abcam, Cat#
ab169557) or Amplite® Fluorimetric L-Lactate Assay Kit (AAT Bioquest, Cat#13814). D-LDH and L-LDH enzyme activity was
measured using Amplite™ Colorimetric D-Lactate Dehydrogenase (LDH) Assay Kit (AAT Bioquest, Cat# 13809) and Amplite®
Colorimetric L-Lactate Dehydrogenase (LDH) Assay Kit (AAT Bioquest, Cat# 13813), respectively. Liver glycogen and triglyceride
were determined using Glycogen Assay Kit Il (Colorimetric) (abcam, Cat# ab169558) and Triglyceride Assay Kit (abcam, Cat#
ab65336), respectively.

D- and L-lactate levels during obesity

Adult male WT (C57BL/6J) and ob/ob mice were 10 and 20 weeks old when they were fasted for 4 hours and refed for 2 hours before
portal and cardiac blood were collected, and serum was isolated. Mice were sacrificed and the liver was collected and flash-frozen in
liquid nitrogen. In a separated cohort of WT and ob/ob mice at 10 weeks old, half of the ob/ob mice were place on a broad spectrum of
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antibiotics (1.0 g/L ampicillin and 0.5 g/L neomycin in the drinking water, changed every 2 days) for one week, blood glucose was
monitored every two days. Mice were sacrificed and cardiac blood, cecum and feces were collected and flash-frozen in liquid nitro-
gen. All samples were stored at -80°C until further analysis.

Circulating D- and L-lactate levels during lactate tolerance tests

Chow and HFD-fed mice were fasted for 12 h before the test. Tail blood samples were collected at time 0, 30, 90 min after injecting 4
g/kg or gavaging 1 g/kg of sodium D- and L-lactate. In a separate cohort of chow and HFD-fed mice, portal blood samples were
collected at time 0, 10, 20 min after gavaging 1 g/kg of sodium D-lactate.

D- and L-lactate in germ-free and conventionalized mice

Conventionalized male mice were obtained by exporting germ-free mice from the axenic gnotobiotic unit and mixing the dirty
bedding from SPF mice with that of previously germ-free mice weekly for 23 weeks. Blood from the portal vein of age-matched
germ-free and conventionalized mice was collected after 24 h fasting or in a random-fed condition.

Liver glycogen and triglyceride in germ-free and SPF mice after D- and L-lactate injection

Germ-free and SPF mice were sacrificed after 12 h fasting or after 12 h fasting and 2 h refeeding. After 12 h fasting and 12 h fasting
and 2 hours refeeding, mice were injected (4g/kg, i.p.) with sodium L-lactate or equimolar sodium D-lactate. All mice were sacrificed 2
hours after the injection. Livers were excised and flash-frozen in liquid nitrogen. All samples were stored at -80°C until further analysis.

Glucose and lactate tolerance tests

Mice were 6 h-fasted and tail blood glucose was measured after injection of glucose (0.7 g/kg i.p.) using a glucometer (StatStrip
Xpress®, Nova Biomedical). C57BL/6N mice were kept on either a control diet or 60% HFD (Research Diets, D12492) for 8 weeks.
After 12 h fasting, these mice were gavaged with 1g/kg of sodium L-lactate or D-lactate and blood glucose was measured using a
glucometer. The area under the curve (AUC) was calculated using GraphPad Prism (v10).

In vivo lactate injections

Mice were fasted overnight from 7pm-7am, then re-fed for 2 h. Radiolabelled D- or L-lactate (5 pCi per mouse) was then injected via
the tail vein. Following injection, ~10 pl of blood was collected from the tail every 5 mins for 30 mins. Serum was separated via centri-
fugation at 4 degrees at 5,000 x g and radioactivity was determined using 2 pl of serum using liquid scintillation counting. After 30 min,
mice were sacrificed, and tissues were removed and stored at -80°C degrees. To determine the incorporation of D- or L-lactate in the
lipid fraction, tissues were homogenized in ice-cold PBS prior to undergoing a lipid extraction (Bligh and Dyer), protein determination
using BCA (Thermo Scientific), and radioactivity determination using liquid scintillation counting.

In vivo 13C tracing

A gut commensal (Lactobacillus delbrueckii subsp. bulgaricus) was cultured with MRS broth (without dextrose). [1-'*C™] lactulose
was added to the MRS broth to trace the production of D-lactate from lactulose. The metabolites in the bacteria culture media were
extracted using methanol and acetonitrile. D- and L-lactate was analyzed using a chiral column via LC/MS. For '3C tracing in mice,
germ-free and SPF mice were housed in Promethion Metabolic Cages (Sable Systems International, USA). A '3C-labeled tracer was
gavaged into each mouse and '3C in the CO, from their breath was measured using the stable isotope gas analyzer.

Mouse primary hepatocytes

Male C57BL/6N mice were fasted for 12 hours and refed for 3 hours and primary hepatocytes were isolated, as described.’® Then
glucose (10 mM), pyruvate (1 mM), insulin (100 nM), and lactate (10 mM, non-labeled and 'C-labeled D- and L-lactate) were added to
each well, and 8 h later cells were rinsed with ice-cold saline (NaCl 0.9%) and harvested in dry-ice cold 80% MeOH. In a separate
mouse primary hepatocyte isolation, physiological doses of D-lactate and L-lactate were used to treat the cells. The treatment con-
ditions were glucose (10 mM), insulin (100 nM), D-Lactate (0.4 mM, non-labeled and '3C-labeled), L-lactate (4 mM, non-labeled and
13C-labeled). Pyruvate was added in 1:10 ratio to lactate concentration in each well. Cell extracts were then kept at -80°C until further
analysis. For metabolomics with Gas Chromatography-Mass Spectrometry (GC-MS) cell extracts were analyzed by targeted metab-
olomics, as previously described,*'**? using an Agilent 8890 GC equipped with a DB5-MS+DG capillary column coupled to an Agilent
5977B MS instrument.

Mouse primary hepatocytes metabolite quantification

To quantify TCA cycle intermediates, D-lactate or L-lactate, and palmitate, myristic acid-d27 was added as an internal standard to
the samples. Cells were then lysed by sonication before centrifugation (10 min at 20,000 g). Supernatants were harvested, transferred
to a new tube containing 700 pL of acetonitrile (ACN), vortexed, and centrifuged. For the quantification of glucose and pyruvate, small
modifications to the protocol described above were performed. Myristic acid d-27 and xylose were added as internal standards to
the samples. Samples were then lysed by sonication; they were then centrifuged, and supernatants were harvested and kept at 4°C.
The pellet obtained was rinsed with purified water, vortexed, and centrifuged. The water supernatant was added to the first super-
natant and centrifuged (10 min at 20,000 g). For both methods, the resulting supernatants were dried using nitrogen gas before a
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2-step derivatization protocol. First, methoxyamination was performed using the protocol by Fiehn et al.** Second, we performed

silylation with MTBSTFA/1%TBDMCS using the modified protocol from Patel and coworkers for the first analysis method.** For
glucose and pyruvate, we performed silylation with MSTFA/1% TCMS using the protocol by Fiehn et al.”® Then, samples were in-
jected into the GC-MS system (1 pL was injected in split mode at 250°C). The carrier gas, helium, was kept at a constant flow
rate of TmL/min. The GC oven temperature oven was held at 50°C for 2 min, then raised to 150°C at a rate of 20°C/min for 5 min,
and from 150°C to 300°C at a rate of 10°C/ min; column temperature was then kept constant at 300°C for another 10 min. The quad-
rupole was held at 150°C and the MS source at 230°C. The scanning mode for a mass range of 50 to 650 Da. The Agilent MassHunter
Workstation Software was used to perform analyses and metabolites were identified with the NIST/EPA/NIH Mass Spectral Library
(NIST 2017, Gaithersburg, MD, USA). Metabolite levels were normalized with the internal standard(s) and for cell number. Isotopomer
quantification was further corrected for their natural abundance measured in samples with L/D-Lactate.

Colonization of Germ-free mice with D-lactate producers

Lactobacillus intestinalis ASF360 (D-lactate"'®", which produces high levels of D-lactate) or Lactobacillus reuteri 149 (D-lactate
which produces low levels of D-lactate) were cultured in MRS media in an anaerobic chamber at 37 °C. and CFU was determined
using an MRS plate. Germ-free mice were colonized with D-lactate™®" or D-lactate"°"V bacteria at upon export from the axenic
gnotobiotic unit (i.e., week 0) and then re-colonized on week 6 by gavaging 1 x10° CFU/mL of live bacteria. Body weight, food intake,
and random-fed blood glucose were recorded weekly. Blood and fecal samples were collected throughout the study, where
indicated.

LOW
’

Acute polylactide administration

Polylactide was from Corbion (Gorinchem, Netherlands) and then reduced to a fine powder using a Polymix® Laboratory Grinding
Mills (PX-MFC 90 D, Kinematica, Switzerland) and stored at -20 °C. For acute experiments, powdered polymers were mixed with
saline (1:1 [w:v]) to yield a uniform resuspension. SPF Mice were fasted for 24 h and subsequently fed with small increments of sa-
line-sorbed PDL20, PD24 or PL24 (approximate final dose = 100 mg/mouse). PL24 and PD24 polymers were also tested in 24
h-fasted Germ-free mice and Germ-free mice colonized with D-lactate"°"¥ producing bacteria (two weeks after colonization). Blood
glucose was monitored before (0h) and 4h after administration of different polymers. PL24 was packed into a 60% HFD and fed to a
separate cohort of mice, where 35-week-old mice were on a 60% high-fat diet (HFD) for 29 weeks and then switched to 60% HFD +
10% PL24 (w:w) for 1 day. These obese mice were fasted for 18 h and then refed for 2 h with 60% HFD or 60% HFD + 10% PL24 and
then mice were sacrificed, livers were excised, and triglycerides were determined.

Long-term feeding with PL24

Six-week-old male C57BL/6N mice were kept on HFD for 23 weeks and then switched to a HFD supplemented with 10% PL24 (w:w)
whereas a control group was kept on the HFD for 7 additional weeks. Body weight, food intake, and random-fed blood glucose were
monitored weekly. On week 4, mice were individually placed in clean cages without bedding, and feces were collected for lactate
output assessment. On week 6 random fed blood D- and L-lactate were measured. On week 7, blood glucose, insulin, and D-
and L-lactate were measured in mice after 12h fasting and HOMA-IR calculated (Fasting Insulin [mIU/L] x Fasting Glucose [mmol/
L])/22.5). The polymer length and dose study are performed in the same animal model. Details of these studies are in supplementary.

Polylactide length and dose study

Six-week-old male C57BL/6N mice were kept on HFD for 23 weeks. Mice were then randomized into four groups: control (60% HFD
only), PL10 (60% HFD + 10% PL10), PL38 (60% HFD + 10% PL38), and PL65 (60% HFD + 10% PL65). They were kept on their as-
signed diet for 9 weeks. Body weight, food intake and random-fed blood glucose was monitored weekly. At week 8, blood glucose
and insulin were monitored after 4h fasting. HOMA-IR was used to assess fasting insulin resistance and was calculated as follows:
(Fasting insulin [mIU/L] x Fasting Glucose [mmol/L])/22.5. In a separate cohort, 6-week-old male C57BL/6N mice were kept on HFD
for 23 weeks. They were randomized into five groups: control (60% HFD only), PL65_2% (60% HFD + 2% PL65), PL65_5% (60%
HFD + 5% PL65), PL65_10% (60% HFD + 10% PL65), and PL65_20% (60% HFD + 20% PL65) and remained on their designated
diet for 4 weeks. Body weight, food intake and random-fed blood glucose was monitored weekly. At week 3, a glucose tolerance
test was performed in these mice after 6h fasting. At week 4, 4h fasting blood glucose were monitored.

Fecal targeted metabolomics

For targeted metabolomics in mouse fecal samples, feces from individual mice were first crushed and homogenized on dry ice,
before lyophilization. To measure short-chain fatty acids, samples were processed by the Service d’analyse ciblée du metabolome
par GC/MS at the Centre de recherche du CHU de Québec - Université Laval. A slightly modified method of the one published by
Mohammadi et al. was used.”* In brief, 10 mg of powdered feces was mixed with 100 mg of sodium chloride, 20 uL of phosphoric
acid (85%), 35 pL of milli-Q water and 8 pL of internal standard (2-ethylbutyric acid). Then, 150 L of acetonitrile was added, followed
by thorough mixing and centrifugation for 2 min at 16,000 g. The upper phase was harvested and, after 20 minutes of stirring at 85°C,
500 pL of the gas phase was injected into a ZB-FFAP column (Phenomenex) and analyzed on a gas chromatograph-mass spectrom-
eter system (as detailed in*°). Absolute quantification was performed using a calibration curve with standards. For bile acids,
powdered feces samples were sent to the metabolomics platform and bioanalytical services of the Centre de recherche du CHU
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de Québec - Université Laval for absolute quantification by LC-MS/MS, using the same method as previously published.**” For the
relative quantification of amino acids and succinate, powdered feces were resuspended in 80% methanol to obtain a 10mg/mL so-
lution. Samples were sonicated twice for 10 min (30 sec on/off) before being centrifuged at 20,000 g for 10 min at 4°C. A volume of
200 pL per sample was transferred to a new tube, combined with the internal standard by vortexing, and dried using nitrogen. Finally,
samples were processed as described for stable isotope tracer analysis.

PL65 in MAFLD/MASH

Twelve-week-old male C57BL/6N mice were fed a control diet (Research diets: D09100304), MASH diet (D19101102), or MASH diet
containing 20% (w:w) PL65 (see Table S1). Mice were housed in Solace Zone (ARES Scientific) thermoneutral cages at 29°C for
20 weeks. Body weight, food intake and random-fed blood glucose was monitored weekly. At week 19, 4h fasting blood glucose
and serum insulin were measured. Mice were sacrificed at week 20 in the random-fed state and the liver was separated into the
five lobes (left lateral, left medial, right medial, right lateral and caudate lobes) and a piece of each lobe was processed for histology.

Metabolic endotoxemia measurement via HEK TLR4 reporter cell

HEK-293T cells transfected with mouse TLR4 were purchased from InvivoGen and grown and cultured and assayed according to the
manufacturer’s protocol. Briefly, mouse serum samples were heated at 56°C for 10 minutes before the assay. 20 pL of E. coli LPS
standards and mouse serum samples were added to the 96-well plate. HEK-293T cells were plated in 96-well plate at density of
15,000 or 30,000 cells/well with 180 pL of HEK-blue detection media. The plate was read at an absorbance of 630 nm after 24 h
incubation.

MPO and EPO enzymatic activity assays

MPOQO assay protocol was followed according to Yu et al., and EPO assay protocol was followed according to Sanderson et a
A 40-50 mg piece of the left lateral lobe of the liver was chipped and homogenized in 1X PBS in a 1:10 ratio. The homogenates were
centrifuged at 10,000 rpm for 10 minutes at 4 degrees, and the supernatant and fat layer were discarded. The pellet was resuspended
in 1X PBS and centrifuged again at 10,000 rpm for 10 minutes at 4 degrees. The supernatant and fat layer were discarded, and the
pellet was resuspended in MPO buffer and CTAB solution. The resuspended pellet was freeze-thawed three times in liquid nitrogen,
and then centrifuged at 10,000 rpm for 10 minutes at 4 degrees. The supernatant was collected for the assays. For the MPO assay, 10
uL of supernatant and 200 uL of reaction mix was added per well. Reaction mix: 5 mM potassium phosphate dibasic pH 6, 0.5 mM
o-dianisidine dihydrochloride, and 0.0005% hydrogen peroxide. Absorbance was read at 460 nm immediately after adding reaction
mix for 30 minutes with absorbance being measured every 5 minutes. For the EPO assay, 50 uL of supernatant and 50 uL of reaction
mix was added to each well. Reaction mix: 75 mM potassium phosphate dibasic pH 8, 6.6 mM hydrogen peroxide, 1.5 mM o-phenyl-
enediamine. Plate was left for a 10-minute incubation at room temperature. The reaction is stopped with 1 mM sulfuric acid. Absor-
bance was read at 492 nm. A blank well of water was included in each assay.

| 48,49

Hydroxyproline assay

Assay protocol was followed according to Cissell et al.>® with some modifications as described in our previous manuscript.”' A20 mg
piece of the left lateral lobe of the liver was chipped and homogenized in 5M HCI (1 mL of HCI was added for every 80 mg of tissue).
A standard was prepared of 2.7 mg bovine collagen type | in 337 uL HCI. Tissues and standard were homogenized and autoclaved for
45 minutes. Four volumes of 1M NaOH was added per one volume of 5M HCI in each tube containing the autoclaved liver homog-
enates. The tubes were centrifuged at 10,000 rpm for 5 minutes. The stock standard was used to make seven 1:2 serial dilutions. 50
uL of each sample/standard was added to clear bottom plate, and two 50 uL H20 blank wells were included. 100 uL of oxidation
buffer was added to each well and the plate was incubating at room temperature for 5 minutes. 100 uL of Ehrlich solution was added
to each well and mixed well. The plate was then incubated at 60 degrees for 45 minutes. After incubation, the plate was left to cool
down at room temperature for 10 minutes. Absorbance was then measured at 570 nm. Oxidation solution: 26% v/v isopropanol, 74%
v/v H20, 0.629 M sodium hydroxide, 0.140 M citric acid (monohydrate), 0.453 M sodium acetate pH6, 0.112 acetic acid, and 0.05 M
chloramine T. Ehrlich solution: 1 M MDAB, 70% v/v isopropanol, 30% v/v HCI.

Histology and immunohistochemistry

A piece of each of the 5 liver lobes from each mouse was prepared for histology and scored by a pathologist who was blinded to the
experimental conditions using MASH clinical research network scoring system using hematoxylin & eosin (H&E) and picrosirius red
(PSR)-stained sections in all lobes of the liver. The tissues were fixed in 4% paraformaldehyde and shaken at 4°C for 24 hours before
transferring to 70% ethanol. The tissues were paraffin-embedded and sent to McMaster Immunology Research Centre Histology
Core Facility for sectioning and staining with hematoxylin and eosin (H&E) and picrosirius red (PSR). The slides were scanned at
the facility with a Leica Aperio Scanscope XT at 20x magnification and sent to a pathologist for MASH activity scoring. Oil red O stain-
ing was conducted on the left lateral lobe of the liver at McMaster Immunology Research Centre Histology Core Facility. Immuno-
histochemistry was only conducted on the left lateral lobe of the liver for all targets. Briefly, the sections were deparaffinized and hy-
drated. Citrate buffer (10 mM sodium citrate in 0.05% tween20) was used for antigen retrieval after which endogenous peroxidases
were blocked. The primary antibody was added, and slides were left to incubate at 4°C, in the dark overnight. The secondary anti-
body was added the next day and slides were incubated for 30 minutes. Finally, HRP substrate solution was added, and the slides
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were incubated for 10 minutes (a-SMA) or 8 minutes (F4/80). The slides were then stained with hematoxylin and a bluing counterstain
(5N ammonium hydroxide in 70% ethanol or 0.05% lithium carbonate) after which they were dehydrated and mounted. Images were
taken with a Nikon Eclipse Ni microscope at 20x magnification. ImageJ and Qupath were used for image analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS
Mann-Whitney U-test was used to compare two groups. One-way analysis of variance (ANOVA) followed by Tukey’s multiple com-

parison test was used to compare more than two groups. Two-way repeated measures ANOVA with Bonferroni’s post hoc test was
applied to compare between groups throughout several time-points. Statistical significance was accepted at p < 0.05.
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