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Pyrroloquinoline Quinone Prevents
Developmental Programming of
Microbial Dysbiosis and Macrophage

Polarization to Attenuate Liver Fibrosis

in Offspring of Obese Mice

Jacob E. Friedman,! Evgenia Dobrinskikh,?> Alba Alfonso-Garcia,> Alexander Fast,> Rachel C. Janssen,’ Taylor K. Soderborg,1
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Karen R. Jonscher (©3

Increasingly, evidence suggests that exposure to maternal obesity creates an inflammatory environment in wufero, exerting
long-lasting postnatal signatures on the juvenile innate immune system and microbiome that may predispose offspring to
development of fatty liver disease. We found that exposure to a maternal Western-style diet (WD) accelerated fibrogenesis
in the liver of offspring and was associated with early recruitment of proinflammatory macrophages at 8-12 weeks and
microbial dysbiosis as early as 3 weeks of age. We further demonstrated that bone marrow-derived macrophages
(BMDMs) were polarized toward an inflammatory state at 8 weeks of age and that a potent antioxidant, pyrroloquinoline
quinone (PQQ), reversed BMDM metabolic reprogramming from glycolytic toward oxidative metabolism by restoring tri-
chloroacetic acid cycle function at isocitrate dehydrogenase. This resulted in reduced inflammation and inhibited collagen
fibril formation in the liver at 20 weeks of age, even when PQQ_was withdrawn at 3 weeks of age. Beginning at 3 weeks
of age, WD-fed mice developed a decreased abundance of Parabacteroides and Lactobacillus, together with increased Rumi-
nococcus and decreased tight junction gene expression by 20 weeks, whereas microbiota of mice exposed to PQQ_retained
compositional stability with age, which was associated with improved liver health. Conclusion: Exposure to a maternal WD
induces early gut dysbiosis and disrupts intestinal tight junctions, resulting in BMDM polarization and induction of proin-
flammatory and profibrotic programs in the offspring that persist into adulthood. Disrupted macrophage and microbiota
function can be attenuated by short-term maternal treatment with PQQ_prior to weaning, suggesting that reshaping the
early gut microbiota in combination with reprogramming macrophages during early weaning may alleviate the sustained
proinflammatory environment, preventing the rapid progression of nonalcoholic fatty liver disease to nonalcoholic steatohe-

patitis in offspring of obese mothers. (Hepatology Communications 2018;2:313-328)

Introduction nonalcoholic fatty liver disease (NAFLD), the most

prevalent liver disorder worldwide. NAFLD affects
early 60% of U.S. women of childbearing age  ~34% of obese children in North America,"” up to
are overweight or obese. Their offspring tend  half of whom have progressed to nonalcoholic steato-
to have increased liver fat and regardless of hepatitis (NASH; characterized by inflammation and

sex, have increased risk of progressing to obesity and

cellular damage in addition to steatosis) at the time of

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMDM, bone marrow-derived macrophage; BSA, bovine serum
albumin; CARS, coherent anti-Stokes Raman scattering; CD, clusters of differentiation; CH, chow diet; FLIM, fluorescence lifetime intensity micros-
copy; IFNYy, interferon-gamma; IL, interleukin; LPS, lipopolysaccharide; NADH, reduced nicotinamide adenine dinucleotide; NAFLD, nonalcoholic
fatty liver disease; NASH, nonalcoholic steatohepatitiss OXPHOS, oxidative phosphorylation; PQQ, pyrroloquinoline quinone; TCA, tricarboxylic acid;
TGF, transforming growth factor; WD, Western-style diet.
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diagnosis.?) Children with NASH are more likely to
have advanced fibrosis, even after adjusting for obe-
sity.) Both NAFLD and NASH may progress to
hepatocellular carcinoma, and fatty liver disease is rap-
idly becoming a leading cause for liver transplant in the
United States.”) However, the causative mechanisms
underlying disease development are not well under-
stood, and longitudinal studies are needed to track the
progression of NAFLD that potentially begins during
the perinatal period.

Evidence in rodents and nonhuman primates sug-
gests that exposure to a high-fat or Western-style diet
(WD; high fat, high sugar) during pregnancy and lac-
tation creates a long-lasting metabolic signature on the
infant liver, its innate immune system, and microbiota,
which together predispose the offspring to NAFLD
and accelerate the transition of NAFLD to NASH.®”
Dietary changes can have major effects on microbial
composition and release of lipopolysaccharide (LPS), a
key driver released by gram-negative bacteria, that pro-
voke inflammation, insulin resistance, and may even
program bone marrow-derived stem cells® prior to the
development of obesity. Inflammation in LPS-exposed

macrophages'®” is causally linked through accumulation
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of mitochondrial reactive oxygen species and succi-
nate’” secondary to metabolic reprogramming to a
“Warburg” metabolism (increased aerobic glycolysis
together with a reprogrammed tricarboxylic acid
[TCA] cycle and decreased oxidative phosphorylation
[OXPHOS]). Restoring oxidative metabolism in mac-
rophages might attenuate proinflammatory activation
and promote an anti-inflammatory phenotype, which
is thought to be required to attenuate and/or reverse
fibrosis.'" Similarly, the severity of NAFLD is
strongly associated with gut dysbiosis"?; animal stud-
ies have demonstrated direct roles for the gut micro-
biota in each of the liver lesions that are observed in
NAFLD, including steatosis, "> NASH,™ and fibro-
sis.’® Because early immune development is highl
dependent on triggers provided by the microbiota,®
infants born to obese mothers might be exposed to
products of gut dysbiosis that activate macrophages in
the liver and bone marrow. However, the timing,
mechanisms involved, and whether interventions that
alter oxidative stress can prevent early innate immune
system “programming” are unknown.

Our study shows that maternal obesity/diet causes
critical dysbiosis of early gut microbiota during weaning

Additional Supporting Information may be found at onlinelibrary.wiley.com/doi/10.1002/hep4.1139/full.
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that is associated with programmed dysregulation in
bone marrow-derived macrophage (BMDM) metabo-
lism, including crucial and distinct roles in liver progres-
sion from steatosis to NASH. The novel dietary
antioxidant di-sodiated pyrroloquinoline quinone (Bio
PQQ), shown to be safe in humans, may be a potent
countermeasure during pregnancy and lactation for pro-
tecting against NAFLD risk in the next generation.

Materials and Methods
ANIMALS AND DIETS

All experiments were reviewed, approved, and
monitored by the University of Colorado Institutional
Animal Care and Use Committee in accordance with
the Guide for Care and Use of Laboratory Animals
published by the National Research Council.

WD accelerates steatosis and mild fibrosis' "’ and at
20 weeks of age recapitulates a phenotype similar to
human NASH"®); therefore, we used a similar formula-
tion in our studies. Sibling C57BL/6] mice were ran-
domly stratified into breeding groups and fed either
standard chow (CH, 2019; Envigo, Indianapolis, IN)
or WD (TD.88137; Envigo) ad libitum with or without
BioPQQ_ supplementation in their drinking water
(3.8uM), as described’” Di-sodiated PQQ_
(BioPQQ) was generously provided to K. R. J. as a gift
by the Mitsubishi Gas and Chemical Company. Litters
were culled to five to eight mice per dam, and oftspring
were either continued on the maternal diets (CH, WD,
or WDPQQ) or were weaned to WD without PQQ_
(WDPQQ/WD). A subset of CH-fed offspring was
supplemented for 2 weeks with PQQ_beginning at 6
weeks of age to investigate the effects of short-term
postnatal PQQ_exposure. Mice were weighed weekly.
Tissues from offspring were harvested during the light
cycle following a 4-hour fast either at the time of wean-
ing (postnatal day 21), at 12 weeks, or at ~20-22 weeks
of age. Tissues were dissected, weighed, snap frozen,
and stored at —80°C until used or were embedded in
optimal cutting temperature medium and cryosectioned.
Intrahepatic mononuclear cells were isolated as
described, with the exception of further purification of
clusters of differentiation (CD)11b cells in order to
include all macrophage populations.*” BMDMs were
isolated and cultured as described.?" Up to three sib-
lings per litter were studied from at least two breeding
pairs per group; therefore, “n” represents number of
mice. Data collected from male mice are presented
because they respond more robustly to diet-induced
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obesity than female mice.??’ Body composition, mea-
sured 24-48 hours prior to sacrifice, was determined in

adult mice by using quantitative magnetic resonance
(Echo MRI Whole Body Composition Analyzer; Echo
Medical Systems, Houston, TX).

SERUM CHEMISTRY AND
HORMONE ANALYSES

Serum was collected and stored as describe
Aspartate aminotransferase (AST), alanine amino-
transferase (ALT), cholesterol, and triglycerides were
measured using standardized protocols by the Univer-
sity of Colorado Anschutz Department of Laboratory
Services clinical laboratory. Insulin and leptin levels
were measured using kits following the manufacturer’s
directions (Crystal Chem, Downers Grove, IL;
ALPCO Diagnostics, Salem, NH, respectively).

d.1”

COHERENT ANTI-STOKES AND
SPONTANEOUS RAMAN IMAGING

Coherent anti-Stokes Raman scattering (CARS) sig-
nals to visualize lipid droplets and quantitate steatosis
were obtained by combining two laser beams tuned for
lipid-specific vibrations, as described® and in the
Supporting Information. Mosaics were formed with
two-by-two CARS images of 512 X 512 pixels, with
1.38 um/pixel, acquired at 2,840 cm~ ! Raman shift and
analyzed using Analyze Particles in Image] (National
Institutes of Health). A tabulation of the number of lipid
droplets with corresponding surface areas was used to
produce histograms for three different droplet size groups:
small (surface area <4 um?), medium (4-100 um?), and
large droplets (>100 um?). Images were acquired from
eight mice per group and three cryosections per mouse
liver. Spontaneous Raman spectra were acquired with a
Raman microscope (InVia Confocal; Renishaw, Glouces-
tershire, United Kingdom) as described.*® On average,
n = 24 lipid droplets were analyzed per diet group and
were visualized in two separate liver sections from n = 4
mice per group for the Raman studies.

SECOND-HARMONIC
GENERATION AND TWO-
PHOTON AUTOFLUORESCENCE
MICROSCOPY

Microscopy was used for label-free fibrillary collagen
imaging as described® and in the Supporting
Information. Sections (5 um) from liver fixed in 4%

315


http://onlinelibrary.wiley.com/doi/10.1002/hep4.1139/full
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1139/full
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1139/full

FRIEDMAN ET AL.

paraformaldehyde and embedded in paraffin were
scanned in 15 random regions of interest, n = 6 mice
per group. Images were acquired at 20 X magnification
and analyzed in Image].

FLUORESCENCE LIFETIME
INTENSITY MICROSCOPY

Fluorescence lifetime intensity microscopy (FLIM)
was performed to detect changes in metabolism
characterized by levels of free versus bound reduced
nicotinamide adenine dinucleotide (NADH) in
BMDMs, using a Zeiss 780 laser-scanning confocal/
multiphoton-excitation fluorescence microscope, as
described in the Supporting Information. Phasor
transformation and data analysis were carried out using
Global SimFCS (Laboratory for Fluorescence Dynam-
ics, University of California, Irvine) as described.®¥
Fractional analysis of free versus bound NADH in
each pixel was determined based on fluorescence life-
time corresponding to 0.4 nanosecond (bound) and
3.4 nanoseconds (free) for NADH (Supporting Fig.
S1). Pixels occupied by the NADH signal were quanti-
fied in 15 images per condition. Average percentage
change compared to CH was plotted for each condi-
tion using Prism 6.0 (GraphPad, San Diego, CA).

TOTAL RNA EXTRACTION AND
QUANTITATIVE REAL-TIME
POLYMERASE CHAIN REACTION

RNA isolation from homogenates of snap-frozen
liver tissue, cecum (with feces), and isolated BMDMs
was performed using the RNeasy Mini Kit (Qiagen,
Valencia, CA) following the manufacturer’s instruc-
tions. Quantitative real-time polymerase chain reaction
was performed as described."'”*>) Forward and reverse
sequences for primers are summarized in Supporting
Table S1. For all gene expression experiments in
BMDMs, TagMan probes were used (Applied Biosys-
tems, Waltham, MA).

ISOLATION OF HEPATIC
MACROPHAGES AND
FLOW CYTOMETRY

Hepatic macrophages were isolated as described.
Briefly, livers were minced in cold Hank’s balanced salt
solution and digested using collagenase, type I
(Worthington, Lakewood, NJ) and deoxyribonuclease
I (Worthington) for 30 minutes at 37 °C, then filtered

(20)
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and centrifuged at 50g for 3 minutes at 4 °C. Superna-
tants were further separated over a 16% Histodenz gra-
dient at 1,400¢ for 15 minutes at 4°C. Cells were
collected at the interface, and equivalent numbers of
cells were washed with phosphate-buffered saline and
then incubated with Fec block (Invitrogen, Waltham,
MA) in 5% bovine serum albumin (BSA) for 15
minutes at room temperature. Cells were pelleted,
washed with 5% BSA, and then resuspended in 5%
BSA with F4/80, CD11b, and CD45 antibodies
(Invitrogen) prior to incubation at room temperature
for 30 minutes. Stained cells were washed with 5%
BSA and then resuspended in fluorescence-activated
cell sorting buffer (phosphate-buffered saline, 1 mM
ethylene diamine tetraacetic acid, 25 mM 4-(2-hydrox-
yethyl)-1-piperazine ethanesulfonic acid pH7.0, 1%
BSA). Cells were analyzed by flow cytometry at
the University of Colorado Cancer Center Flow
Cytometry Core Facility.

BMDM ACTIVATION

BMDMs were differentiated from monocytes
with macrophage colony-stimulating factor for 7
days and then activated for 24 hours with LPS
(100 ng/mL) with and without interferon-gamma
(IFNy) (2 ng/mL), with or without BioPQQ (100 uM).
Nitrites were measured as described, using the Griess
reagent.®

LIVER HISTOLOGY AND
SCORING

Livers were fixed for 24 hours in 4% paraformalde-
hyde, embedded in paraffin and sectioned, and then
stained with hematoxylin and eosin or picrosirius red
(Research Pathology Core, University of Colorado,
Anschutz) as described.®® Liver sections were blindly
scored by a pathologist for NAFLD severity.?”
Briefly, each section was initially given an aggregate
score based on Brunt criteria for steatosis (0-3), fibrosis
(0-5), inflammation (0-6), liver cell injury (0-4), and
reactive change (0-3). Steatosis scores evaluated the
presence of macrosteatosis (1, 0%-33%; 2, 34%-66%;
3, 67%-100%). Fibrosis was scored based on the den-
sity of positive pixels in picrosirius red-stained sections,
measured primarily in the interstitial space, and inte-
grated intensities ranged from 1 to 2.6 in arbitrary
units, normalized to CH-fed mice. The inflammation
score (0-6) accounted for the presence of lobular
inflammation (0-3), foci of inflammatory cells (0-1),
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TABLE 1. EFFECT OF WD AND PQQ ON BODY COMPOSITION AND SERUM CHEMISTRY OF
DEVELOPMENTALLY PROGRAMMED OFFSPRING

Maternal Diet: CH WD WDPQQ WDPQQ
Offspring Diet: CH WD WDPQQ WD

n=>56 n=3-6 n=3-6 n==6 P Value*
Body weight (g) 27.7+x1.4° 43.1+0.8 343x1.0° 334+05° <0.0001
% Liver mass 44+01" 6.6+05 47+0.17 4.4+0.47 0.0003
% Right kidney mass 0.71 =0.03* 0.44 =0.02 0.49+0.02 0.45+0.01 <0.0001
% Left kidney mass 0.69 +0.02° 0.46 =0.03 0.52 +0.02 0.45+0.01 <0.0001
% Fat mass 172x1.8° 413+1.0 34.6+2.0" 32.1x1.4% <0.0001
AST (UL) 28 +26" 171+37.8 50.4 + 9.6 NM 0.0068
ALT (U/L) 13.5+0.9 154.2 +45.7 42 +10.5' NM 0.0315
Cholesterol (mg/dL) 104.4+14.2} 249 +37.4 163.8=10.1" NM 0.0358
Triglycerides (mg/dL) 94.8+15.3 91.2+6.6 101.4+75 NM 0.7903
Leptin (ng/mL) 1.07 £0.431 562 +0.74 552 +0.74 NM 0.0007
Insulin (ng/mL) 0.87+0.11 1.34+0.31 0.84+0.19 NM 0.2189

*Ordinary one-way analysis of variance performed using the Holm-Sidak correction for multiple comparisons. P values demonstrating
significant differences between groups are shown in bold. Mann-Whitney U tests used for pairwise comparisons to WD/WD:
fP<0.05, ¥P<0.01, P < 0.001; n refers to individual mice rather than litters.

Abbreviation: NM, not measured.

and lipogranulomas (0-2). The liver cell injury score
was based on ballooning (0, none; 2, few; 4, many).
Reactive change was the aggregate score from the
examination of ductal reaction and enlarged hepato-
cytes (0, none; 1, <50%; 2, 51%-100%). With this
modified score, a calculated value of the NAFLD
activity score >10 (from a potential score of 21) was

defined as NASH.

METABOLOMICS AND
MICROBIOTA ANALYSIS

Metabolomics analyses using ultrahigh-performance
liquid chromatography—mass spectrometry were per-
formed as described in the Supporting Information.
Bacterial profiles were determined by broad-range
amplification and high-throughput sequence analysis
of 16S ribosomal RNA genes as described in the

Supporting Information.

STATISTICS

Data were expressed as mean = SEM or SD. Statis-
tical differences between groups were determined by
one-way analysis of variance using Holm-Sidak or
Tukey correction for multiple comparisons, two-way
analysis of variance, or Mann-Whitney U test using
Prism 6.0. Statistical differences were determined
as significant for P<0.05. MetaboAnalyst (www.
metaboanalyst.ca) was used for display and analysis
of metabolomics data. Explicet (v2.10.5) and R were
used for display and analysis of microbiota data.
Permutation-based analysis of variance tests were

performed using Bray-Curtis dissimilarity scores and

100,000 replicate resamplings.

Results

PQQ, SUPPLEMENTED ONLY
DURING PREGNANCY AND
LACTATION, ATTENUATES
WD-INDUCED ADIPOSITY AND
INDICES OF LIVER FUNCTION IN
ADULT OFFSPRING OF OBESE
PREGNANCY

In this study, we tested the role of maternal WD
and early life exposure to di-sodiated PQQ), given only
during pregnancy and lactation, on the prevention of
progression toward liver fibrosis and evaluated changes
in macrophage biology and microbiota composition.
Body composition characteristics for the cohorts are
summarized in Table 1. Body weight of WD offspring
significantly increased by 56% compared to CH-fed
mice (P < 0.0001), while weight gain increased signifi-
cantly less in WDPQQ-treated groups (increased by
an average of 22%, P=0.0024). Most of the gain
could be attributed to fat mass, which significantly
increased in WD-fed mice by 140% compared to CH-
fed controls (P < 0.0001). PQQ treatment significantly
reduced overall percentage of fat in WD-fed offspring
at 20 weeks of age, even when PQQ_was withdrawn
at weaning (3 weeks of age) (WDPQQ/WD,
P=0.0002). Although liver hypertrophy induced by
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WD decreased in PQQ-exposed animals, kidney atro-
phy (assessed by average percentage kidney mass) did
not, suggesting the action of PQQ_might preferentially
target the liver in this model. The levels of serum
AST, ALT, cholesterol, triglycerides, and metabolic
hormones are shown in Table 1. We observed a robust
reversal of WD-induced increases in AST and ALT
levels by PQQ_(P=0.015, P=0.0177, respectively),
as well as modest improvements in cholesterol
(P=10.0238). Serum triglycerides did not change
appreciably with diet or PQQ, and PQQ _did not alter
WD-induced leptin levels.

WD RESULTS IN HISTOLOGIC
FEATURES ASSOCIATED WITH
FIBROSIS THAT ARE BLUNTED
BY PQQ SUPPLEMENTATION

Mice fed WD beginning after weaning normally are
resistant to developing histologic evidence of NASH
until approximately 1 year of age.?® We hypothesized
that feeding WD beginning at conception would
accelerate progression to fibrosis and that supplemen-
tation with PQQ_during gestation and lactation would
counteract this response. We therefore investigated
whether di-sodiated PQQ_improved histologic features
associated with NASH at 20 weeks of age. As
expected, livers from WD mice had marked macro-
steatosis in all lobular zones detected by blinded histo-
logic assessment (Fig. 1A; Table 2). In contrast,
steatosis was dramatically reduced by PQQ_supple-
mentation (Fig. 1A, lower panels); strikingly, steatosis
was also reduced in offspring only supplemented with
PQQ during gestation and lactation (WDPQQ/WD).
We next used CARS to visualize hepatic lipid droplets
in WD-fed offspring (Fig. 1B). PQQ supplementation
reduced the mean lipid droplet area by approximately
half (Fig. 1C), with persistent improvement in the
WDPQQ/WD group.

Retinol export is one of the earliest indicators of
hepatic stellate cell activation, which results in fibrotic
scarring.?*3" We used spontaneous Raman spectros-
copy to probe for the presence of retinoids in individ-
ual lipid droplets in liver cryosections and found one
notable difference: a reduction in peak intensity at
1,593cm ™ ! in the WD mice (Fig. 1D,E blue) com-
pared to the WDPQQ_mice (green). The peak at
1,593cm ™' was attributed to the conjugated C=C
stretch vibrations of retinol,®® suggesting retinoids are
more highly retained in lipid droplets in WDPQQ_
mice. Some retinoid loss was observed from the
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WDPQQ/WD droplets (red); however, both short-
and long-term PQQ_supplementation prevented reti-
noid loss from WD-fed offspring. Furthermore, we
compared droplet diameters with retinoid signal and
found a negative association (Spearman coefficient
r=-0.478, P=0.101) between the presence of large
droplets (macrosteatosis) and retinoids (Fig. 1F). No
such correlation was found for medium and small
diameter droplets.

Because retinol loss is an early sign of impending
liver fibrosis, picrosirius red staining and second-
harmonic generation microscopy were used to visual-
ize collagen deposition in fixed liver sections to
confirm the presence of fibrosis. Although 20 weeks
on a WD is very early for development of fibrosis in
@8 collagen deposition in the interstitial space
was clearly observed in WD liver sections, particularly
under polarized light (Fig. 2A, panel b, 2C, panel b).
As quantified by analysis of positive pixels (Fig.
2B,D), PQQ_supplementation, even when only pro-
vided to the dams, significantly reduced collagen
deposition and progression toward fibrosis in WD-
ted offspring. Brunt scoring (Table 2) revealed a pat-
tern of elevated histologic features, including fibrosis,
inflammation, liver cell injury, and reactive change in
livers of WD mice that were either normalized to
control levels or reduced by half in PQQ-treated mice
(Supporting Fig. S2). Adding the percentage of large
diameter droplets from the CARS analysis (0, 1%-
10%; 2, 11%-20%; 4, 21%-30%; 6, 31%-40%; 8,
41%-50%) plus the second-harmonic generation
intensity values (normalized to CH-fed mice) yielded
a modified NAFLD activity score ranging from 0
through 31 that increased the relative weighting of
macrosteatosis and fibrosis (Fig. 2E). Although some
signs of inflammation and liver cell injury were pre-
sent in the WDPQQ/WD group, it is important to
note that these mice only received di-sodiated PQQ_
through their mothers to age 3 weeks (i.e., weaning)
and were subsequently maintained on WD without
PQQ_for an additional 17 weeks. Therefore, Bio
PQQ_supplementation in very early life exerted a
notable and persistent protective effect.

mice,

EXPRESSION OF PROFIBROTIC
GENES IS INCREASED BY WD
AND SUPPRESSED BY PQQ_
SUPPLEMENTATION

To further elucidate potential mechanisms by which
di-sodiated PQQ_might act to reduce fibrosis in WD-
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FIG. 1. PQQ_supplementation reduces steatosis and retinoid loss in livers of WD-fed mice at 20 weeks of age. (A) H&E staining of
liver sections from 20-week-old offspring. Locations of central veins and portal triads are indicated (magnification X 200). (B) CARS
microscopy was used to visualize lipid droplets in 12-um-thick cryosections from mouse livers at 20 weeks. Representative images from
eight mice per group are shown for offspring of dams treated with or without PQQ _and for offspring removed from PQQ_at weaning.
Image magnification X 60, resulting in a field of view of ~1.4X 1.4pum? scale bars are 50 um. Background subtraction was performed
with Fluoview software. (C) Distribution of droplet areas was calculated as described in Materials and Methods. Images were acquired
from three separate liver cryosections from six mice per group. Points represent data, the red line denotes the mean, pink boxes denote the
75% confidence interval and colored boxes denote the 25% confidence interval for each diet group. (D) Spontaneous Raman spectra exam-
ined over a spectral range from 1,400 to 1,700 cm™ " were averaged from 12 lipid droplets from livers of WD (blue trace), WDPQQ_
(green trace), and WDPQQ/WD (red trace)-fed offspring at 20 weeks of age. (E) Ratio of abundance of 1,593 em” Y/1,440 cm™? for
n =5 mice/group. The peak at 1,440 cm™ " is a background peak used for normalization. Data are mean = SEM, * P < 0.05 as compared
to WD. (F) Correlation between large droplet size and retinoid signal in hepatic lipid droplets. CH, WD, and WDPQQ _in A-E represent
both maternal and offspring diets. Abbreviations: AU, arbitrary unit; CV, central veins; H&E, hematoxylin and eosin; PT, portal triad.
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TABLE 2. SUMMARIZED BRUNT SCORE OF NOTABLE HISTOLOGIC FEATURES*

Offspring Diet: CH WD WDPQQ WDPQQ/WD P Value
Steatosis 0.17+0.18° 2.17+0.18 1.00 = 0.28¢ 1.50 +0.24" <0.0001
Fibrosis 1.00+0.21% 2.58+0.25 0.96+0.19° 0.82+0.19° <0.0001
Inflammation 0.00 = 0.00° 5.33+0.37 1.83+0.91% 2.33+0.83" 0.0001
Liver cell Injury 0.00 = 0.00* 1.67 £0.37 0.00 = 0.00* 0.33x0.37" 0.0005
Reactive change 0.00 = 0.00* 1.67 £0.37 0.00 = 0.00* 0.67 = 0.46 0.0019
Total 1.17 +0.28¢ 13.41+0.71 3.80+0.97° 5.65 +1.07° <0.0001

*One-way analysis of variance performed with the Tukey correction for multiple comparisons between groups. P values demonstrating
significant differences between groups are shown in bold. Data are mean = SEM, n = 6/group. Fibrosis scores were obtained from
quantitation of positive pixels per 100 X field in picrosirius red-stained sections viewed under cross-polarized light (Fig. 2A). Scores
were averaged per group and normalized to the CH-fed mice. Total represents the sum of mean scores for all histologic features.
Mann-Whitney U tests used for pairwise comparisons to WD/WD: fP<0.05, *P< 0.01, P < 0.001.

fed offspring, we measured hepatic messenger RNA
expression levels of extracellular matrix-modifying
genes as well as expression levels of genes involved in
profibrotic signaling, inflammation, and oxidative
stress. WD significantly increased expression of
extracellular matrix-modifying genes, and both
maternal PQQ_and long-term supplementation pre-
vented this dietary effect (Fig. 3A), with expression
of collagen type 3 alpha 1 chain (Co/3al) and tissue
inhibitor of metalloproteinase 1 (7imp1) significantly
differing between WDPQQ/WD and WDPQQ_
groups. The expression of profibrinogenic markers
actin, alpha 2 (Acfa2) and transforming growth factor
beta 1 (7gfb1) were significantly increased by WD
and reduced by PQQ_in both treatment groups;
however, 7gfb2 was unchanged and expression levels
for TGFp receptor 1 subunit (7gfor1) were only
slightly modulated by diet and PQQ _(Fig. 3B). Acza2
and 7gfb3 expression levels were significantly differ-
ent between WDPQQ_and WDPQQ/WD mice.
Expression of 7gfb3, heme oxygenase 1 (HmoxI),
interleukin 6 (I/6), and nitric oxide synthase 2
(Nos2), genes found in proinflammatory macro-
phages, was significantly increased by WD and
decreased by PQQ_(Fig. 3B,C). We therefore deter-
mined expression of markers associated with recruit-
ment of inflaimmatory macrophages in the liver
(chemokine (C-C motif) receptor 2 [Cer2], integrin
subunit alpha M [ITGAM/Cd115], lymphocyte anti-
gen 6 [Ly6c]) and found they were all dramatically
increased in livers of WD-fed offspring and
decreased in both PQQ-treated groups (Fig. 3D),
with Ccr2  expression significantly higher in
WDPQQ/WD oftspring compared to WDPQQ.
Taken together, these data suggest that early PQQ_
supplementation can attenuate WD-induced pro-
gression toward NASH, at least in part, by limiting
macrophage activation and recruitment.
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WD AND PQQ EXPOSURE IN VIVO
BLUNTS MACROPHAGE
RECRUITMENT AND SHIFTS
PROINFLAMMATORY AND
PROREMODELING GENE
EXPRESSION IN LIVER AND
BMDMs

To determine whether the proinflammatory liver
phenotype induced by WD exposure is activated
early in the disease process and to further explore
whether rescue of the phenotype by PQQ_was due
to attenuated recruitment of inflammatory macro-
phages, we used flow cytometry to sort resident and
recruited hepatic macrophage populations obtained
from 12-week-old mice from our diet groups (Fig.
4A), assessed inflammatory polarization in liver
(Fig. 4B), and isolated BMDM from these mice
(Fig. 4C). Macrophage recruitment to the liver was
significantly expanded in mice fed WD, and infiltra-
tion was attenuated in mice supplemented with
PQAQ, although differences were not statistically sig-
nificant (Fig. 4A). We observed an increase in the
proinflammatory to anti-inflammatory 1714 to 1/10
expression ratio in liver from WD-fed mice that was
diminished to control levels by PQQ_consumption
(Fig. 4B), reflecting a similar pattern observed in the
recruited macrophage population (Fig. 4A). A simi-
lar attenuation in recruitment of inflammatory mac-
rophages was also found following injection
intraperitoneally with LPS in CH-fed mice supple-
mented with PQQ_for 2 weeks (Supporting Fig.
S3A). Acute (5-hour) exposure of CH-fed mice to
PQQ_ also significantly reduced LPS-induced
expression of proinflammatory activation markers
(I/115, Ii6, Nos2, and tumor necrosis factor [77nf])
and profibrotic marker arginase 1 (Argl) in liver
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FIG. 2. PQQ _supplementation diminishes collagen deposition in livers from WD-fed offspring. (A) Fixed liver sections were stained
with picrosirius red and viewed under cross-polarized light at 100 X to visualize collagen fibrils. a) CH, b) WD, ¢) WDPQQ, d)
WDPQQ/WD. (B) Quantification of positive pixels present in picrosirius red-stained sections. (C) SHG imaging was performed on
fixed liver sections at a magnification of 20X. a) CH, b) WD, ¢) WDPQQ, d) WDPQQ/WD. (D) Quantification of mean intensity
of the SHG signal. (E) Group-averaged modified NAS, including Brunt criteria, SHG, and CARS indices. Data are mean = SEM,
n = 5-6/group. Representative images are shown for each group. One-way analysis of variance with Tukey correction was used to
compare between groups. *P < 0.05, ***P < 0.0001 compared to WD. CH, WD, and WDPQQ in A-E represent both maternal and
offspring diets. Abbreviations: AU, arbitrary unit; CV, central veins; NAS, NAFLD activity score; PT, portal triad; SHG, second-

harmonic generation.

(Supporting Fig. S3B), with concomitant suppressed
production of nitric oxide (Supporting Fig. S3B,
inset). Taken together, these data suggest that both
chronic and short-term PQQ_ supplementation
relieves hepatic inflammation by attenuating recruit-
ment of inflammatory macrophages.

To determine whether proinflammatory activation
by WD extends to BMDMs, we tested the innate
immune response in BMDMs obtained from 8-12-
week-old mice from our diet groups. Upon stimulation
with LPS, expression of proinflammatory 1/6, Argl,
and /15 was strongly induced by WD and 1/70 was
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down-regulated (Fig. 4C), suggesting WD consump-
tion leads to inflammatory polarization of the
BMDMs that was attenuated in cells from mice fed
WD + PQQ. Furthermore, BMDMs from CH-fed
mice costimulated with LPS/IFNy and PQQ_ also
exhibited a diminished inflammatory response (Sup-
porting Fig. S3C), suggesting that PQQ at physiologic
doses can directly attenuate proinflammatory macro-
phage activation.

WD SUPPRESSES AND PQQ_
INCREASES BMDM METABOLIC
PROGRAMMING TOWARD
OXIDATIVE METABOLISM

To investigate whether the suppressed expression of
proinflammatory genes in PQQ-treated macrophages
was associated with metabolic reprogramming, we
used FLIM to measure levels of endogenous NADH
as a cellular metabolic marker of aerobic glycolysis.*?

FLIM maps of phasor plots and quantitation of
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percentage free versus bound NADH are shown in
Fig. 5A. The green signal in the FLIM map corre-
sponds to more glycolysis (increased free NADH), and
red corresponds to more OXPHOS (bound NADH).
In unstimulated conditions, BMDMs from all three
diet groups had low levels of free NADH, suggesting
OXPHOS as the primary metabolic program in quies-
cent macrophages. In contrast, upon stimulation with
LPS and IFNy, BMDMs exhibited a striking increase
in the fraction of free NADH and a corresponding
reduction of bound NADH, suggesting increased gly-
colysis. Proinflammatory activation was augmented
(increased green signal) when BMDMs were derived
from WD-fed mice (Fig. 5A, middle panel) relative to
those derived from CH-fed mice (Fig. 5A, top panel),
suggesting that WD had effects on the bone marrow
progenitors which subsequently increased macrophage
aerobic glycolysis. Surprisingly, activation of BMDMs
derived from WDPQQ-fed mice (Fig. 5A, bottom
panel) increased the fraction of free NADH compared
to those derived from WD-fed animals, suggesting
in vivo exposure to PQQ_ programs additional
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FIG. 4. PQQ_ attenuates recruitment of inflammatory macro-
phages and LPS-induced activation of BMDMs. (A) Percent
abundance of FACS-sorted hepatic macrophage populations
obtained from CH, WD, and WDPQQ-fed offspring at 12
weeks. (B) mRNA expression levels of proinflammatory and pro-
fibrotic genes in liver. Endogenous normalization was to 18§
7RNA and Gapdh. (C) mRNA expression levels of proinflamma-
tory and profibrotic genes in BMDMs stimulated with or with-
out LPS for 24 hours. Endogenous normalization was to 18§
YRNA and Gapdh. Data are mean* SEM, n = 4/group.
Mann-Whitney U test was used to compare groups pairwise.
“*P<0.001 compared with WD. Abbreviations: FACS,
fluorescence-activated cell sorting; mRNA, messenger RNA; n.s.,
not significant; rRNA, ribosomal RNA.

metabolic pathways using NADH/NAD™ that may be
activated by LPS/IFNy. In addition, free NADH
localized proximal to the nucleolus, as observed in
highly synthetic cells,®® and is consistent with a state
of macrophage activation. Importantly, regardless of

FRIEDMAN ET AL.

diet, PQQ_cotreatment reduced free cellular NADH
levels, although in the case of WD-fed mice, levels did
not return to control values.

While FLIM provides an assessment of the overall
change in metabolic activity in live cells at the glycoly-
sis and TCA cycle level, ultrahigh-performance liquid
chromatography—mass spectrometry-based metabolo-
mics affords direct measurements of steady state levels
of metabolic intermediates of these pathways (Fig. 5B;
Supporting Table S2). Stimulation of BMDMs with
LPS/IFNy increased lactate and pyruvate as well as the
lactate/pyruvate ratio. Levels of citrate and succinate
increased with stimulation, and PQQ_coculture pro-
foundly reduced citrate concentrations compared to
stimulated levels in all diet groups. Mice exposed to
PQQ_in vivo had elevated levels of pyruvate, succinate,
and fumarate in unstimulated cells, suggesting
increased oxidative activity at baseline. These data
expand on evidence from the FLIM analyses by show-
ing that BMDM metabolic reprogramming in
response to proinflammatory stimuli is exacerbated in
adult offspring of WD-fed mice. At the same time,
our data suggest a protective role for PQQ on BMDM
activation by LPS/IFNy in WD-fed mice, particularly
when mice are exposed to PQQ_during gestation and
lactation.

WD OR PQQ_EXPOSURE IN
EARLY LIFE HAS PERSISTENT
EFFECTS ON MICROBIAL
COMPOSITION

In newborn infants, gastrointestinal microbes are
noted for their ability to serve as direct inducers/
regulators of the infant immune system (reviewed in
Houghteling and Walker®¥). Using 16S ribosomal
RNA gene sequencing of cecal contents, we deter-
mined bacterial profiles in weanling mice at postnatal
day 21 from CH-, WD-, and WDPQQ-fed dams and
in 20-week-old adult offspring from the same diet
groups plus WDPQQ/WD animals. Relative abun-
dances of the six most abundant phyla (Fig. 6A) and
genera (Fig. 6B) were plotted for weanlings and adults.
Firmicutes were more abundant in WD-fed mice com-
pared to CH-fed mice, regardless of age. Lachnospira-
ceae and §24-7 were the most abundant families, and
Lachnospiraceae decreased with PQQ_supplementation
in both age groups. In cecal tissue, the expression of
tight junction protein 1 (Z}jp7; also known as ZO-1), a
marker of intestinal barrier function, was decreased by
60% in WD-fed mice compared to CH-fed
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FIG. 5. PQQ_shifts cellular metabolism toward OXPHOS in activated BMDMs. (A) FLIM maps are shown in the top panel,
phasor plots and quantitation of percentage free versus bound NADH are displayed below for BMDMs differentiated from 8-12-
week-old offspring fed CH, WD, or WDPQQ. Green signal in the FLIM map corresponds to pixels occupied by free NADH (more
glycolysis), and red corresponds to pixels with more bound NADH (more OXPHOS). In unstimulated conditions, cells had low levels
of free NADH, suggesting oxidative phosphorylation as the primary metabolic program. In contrast, on stimulation with LPS and
IFNy (+LPS/IFNy), macrophages exhibited significantly increased free NADH, suggesting increased glycolysis. PQQ_ treatment
shifted the NADH signal back to more bound NADH (more OXPHOS) for all groups. (B) Signal intensities of metabolites identi-
fied by ultrahigh-performance liquid chromatography—tandem mass spectrometry. Representative data are shown. Abbreviations: AU,
arbitrary units; US, unstimulated.
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FIG. 6. PQQ-induced microbial changes may persist into adulthood. 16S rRNA sequencing was performed on cecal contents from
n = 5-7 mice/group. Relative abundance of the top 99.5% most abundant (A) phyla and (B) genera for adults and weanlings were
plotted as a percent of OTU abundance. Permutational analysis of variance P values for pairwise comparisons are noted (*P < 0.05,
*P<0.01, *P<0.001). (C) mRNA levels of zona occludens 1 (Zjp1) in RNA isolated from cecum, normalized to 78S. (D) Count
of OTUs with P<0.05 when compared between weanlings and adults plotted for each diet group. (E) Mean percentage abundance

of OTUs with significant changes between adults and weanlings

mRNA, messenger RNA; OTU, operational taxonomic unit; rRNA,

counterparts and decreased by 40% in PQQ-
supplemented mice (Fig. 6C), suggesting continuous
exposure to PQQ_ improved WD-induced barrier
dysfunction.

Significant differences in overall genus-level micro-
bial composition were observed between dietary groups
(Supporting Table S3) for both weanlings (P = 0.0086)
and adults (P = 1.0E-05). Diet was significantly associ-
ated with microbial composition in both weanlings
(P=10.0067) and adults (P=0.00019). After adjusting
for diet, PQQ exposure was also significantly associated
with the overall microbiota composition in both wean-
lings (P=0.026) and adults (P=0.0069). To further
examine the relationships between treatment and age

only in WD-fed mice. Data are mean = SEM. Abbreviations:
ribosomal RNA.

groups, Manhattan plots were generated for pairwise
comparisons of diet/treatment/age groups (Supporting
Fig. S4A; Supporting Table S4), and the number of
taxa with P<0.05 in each comparison was plotted by
diet group (Fig. 6D). PQQ-treated mice retained more
of an early life microbial profile than did CH-fed or
WD-fed mice, suggesting that early exposure to PQQ_
may have persistent effects on the gut microbial com-
munities of adults, despite continued consumption of
WD. We identified unique genera in WD-fed mice
that differed in abundance between each age group
within diets (Fig. 6E). Relative abundance of Parabac-
teroides and Lactobacillus was significantly decreased in
WD-fed adult mice compared to weanlings, while
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Ruminococcus was significantly increased. An unsuper-
vised Random Forest analysis was performed, and
Prevotellaceae was identified as the most important
microbial feature contributing to overall differences
between age and diet groups (Supporting Fig. S4B).
PQQ_supplementation, regardless of age, resulted in
decreased abundance of Prevotellaceae (Supporting Fig.
S4C). Taken together, these data suggest that influen-
ces of WD on the infant microbiota are augmented in
adulthood and that Bio PQQ_supplementation in early
life, even after its withdrawal, leads to a protective
microbial profile that persists into adulthood.

Discussion

Multiple lines of evidence suggest maternal obesity-
induced developmental programming of NAFLD in
the offspring involves the innate immune system as
well as metabolic perturbations by gut bacteria.***®
Maternal microbiota drive early postnatal innate
immune development,(37) while in adults, gut bacterial
disorders induced by obesity are likely mediated by
cells of the innate immune system, a phenomenon
observed in Ragl™"~ mice lacking all cells of the adap-
tive immune system."® Here, we show that maternal
WD induces metabolic reprogramming in macro-
phages shortly after weaning, shifting their polarization
toward glycolytic metabolism. We also observed that
BMDMs from WD-fed mice had an augmented
response to ex wvivo activation compared to CH-fed
mice and a switch toward glycolytic metabolism that
was abrogated by PQQ_supplementation, even when
PQQ_was withdrawn at weaning. Our findings show
that PQQ-exposed offspring are protected from fibro-
sis and are consistent with and expand upon a previous
report using a thioacetamide mouse model of fibrosis
in which oral PQQ _protected mice from fibrosis; pro-
tection was associated with decreased infiltration of
hepatic macrophages.®® We observed a phenotype in
adult mice characterized by increased recruitment of
hepatic macrophages, loss of retinoids, increased fibro-
genesis, exacerbated inflammation, and liver damage
accompanied by high ALT, occurring in as little as 20
weeks. Importantly, our data suggest that macrophage
activation by maternal WD involves programming of
gut dysbiosis as early as 3 weeks of age that can persist
into adulthood, reflected by an increase in abundance
of proinflammatory genera, such as Ruminococcus, and
decreased expression of a gene regulating tight junction
tormation. Consequently, our results are consistent
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with early programming effects of diet and PQQ_on
the gut microbiota and BMDM polarization and sug-
gest that reshaping of the early gut microbiota and
reprogramming of macrophages during the early wean-
ing period are critical for pronounced development of
NAFLD to NASH.

Despite continuous feeding with WD postnatally,
early exposure to di-sodiated PQQ_ attenuated the
development of liver injury and fibrosis through mech-
anisms that appear to involve restoration of oxidative
metabolism in macrophages and retention of an early
life microbial composition. In addition to its antioxi-
dant action, PQQ _is a noted potentiator of oxidore-
ductase activity, both in bacteria and mammals, and
promotes oxidative metabolism through modulation of
lactate dehydrogenase activity.®” The increased abun-
dance of citrate in BMDMs following stimulation
combined with the augmented response in WD-fed
mice with rescue by in vitro addition of PQQ suggests
that reprogramming of the TCA cycle at isocitrate
dehydrogenase may be attenuated by PQQ. Further-
more, metabolic reprogramming and increased citrate
concentration have been associated with induction of
immunologic memory in macrophages, mediated by
hypoxia inducible factor 1 alpha,(40) which is critical
for controlling macrophage polarization and an inflam-
matory phenotype. It is tempting to speculate that
PQQ restores the TCA/oxidative cycle function in the
bone marrow microenvironment and results in a shift
in BMDM metabolism with persistent hepatoprotec-
tive effects by potentiating oxidoreductase action.

A key process occurring during birth and the early
postnatal period is the transmission of commensal bac-
teria from mother to neonate. Although pioneering
microbiota shape the nascent infant immune system,
little is known about how early dysbiosis in the gut
might affect subsequent development of the gut-liver
axis. Our results suggest that as WD-fed offspring
aged, abundance of Lactobacillus and Parabacteroides
decreased and Ruminococcus increased. Shifts in these
genera were not apparent in PQQ-supplemented mice.
Indeed, PQQ _administration led to remarkable stabil-
ity of the microbiota, with a significant reduction of
Prevotellaceae abundance, regardless of age. Increased
abundance of Ruminococcus was recently reported in a
study of 57 patients with biopsy-proven NAFLD to be
independently associated with NASH,™ although
reduction of this genus and Prevotella were reported in
children with NASH.“Y Abundance of Parabacteroides
was increased in human NASH and could discriminate
between NAFLD and controls in pediatric patients.“?
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Species within Lactobacillus have been tested as probi-
otics and have protected against dyslipidemia in mice
fed a high-fat diet.*® Although additional studies are
required, our data suggest that alterations in the micro-
biota of neonates born to mothers with obesity might
produce an early proinflammatory response, resulting
in altered liver or gut gene expression and, potentially,
persistent immunologic changes in the infant that can
be blunted by PQQ. Longitudinal analyses of the
microbiota at the strain level using larger group sizes
are required to further decipher these effects on meta-
bolic reprogramming of the immune system and sus-
ceptibility to liver disease in later life. Our results
suggest that BMDMs, derived from a stem cell pro-
genitor, are susceptible to metabolic reprogramming by
a maternal WD in early life. Further research into
mechanisms responsible for programming bone mar-
row cells is warranted.

In conclusion, we provide experimental evidence
that PQQ_attenuates early microbial dysbiosis as well
as macrophage metabolic reprogramming and proin-
flammatory polarization in offspring of obese mothers,
preventing acceleration of NAFLD. The major source
of this nontoxic nonsynthetic antioxidant is die-
tary,*” and PQQ_is enriched in breast milk.*”
Although levels in lean versus obese mothers have not
been studied in humans or animals, PQQ is a poten-
tially safe therapeutic to test for prevention of develop-
mental  programming  of = NAFLD/NASH.
Importantly, because disruption of immune develop-
ment during the early neonatal period more pro-
foundly and persistently alters postnatal immune
responses than does disruption during adult life,“®
our results highlight the importance of the neonatal
period as a critical developmental window to protect
obese offspring from the harmful effects of diet-
induced lipotoxicity and potentially halt the devastat-
ing trend of increasing pediatric NAFLD associated
with childhood obesity.
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with Dr. Robert Rucker (University of California,
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