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Hydrochlorothiazide-induced glucose metabolism
disorder is mediated by the gut microbiota via

LPS-TLR4-related macrophage polarization

Jian-Quan Luo,"?34¢ Huan Ren,’?3>¢ Man-Yun Chen,'?3 Qing Zhao,"?* Nian Yang,"-** Qian Liu,"%3

Yong-Chao Gao,"?3 Hong-Hao Zhou, %3 Wei-Hua Huang,'?3* and Wei Zhang'-%3/*

SUMMARY

Hydrochlorothiazide (HCTZ) is reported to impair glucose tolerance and may
induce new onset of diabetes, but the pharmacomicrobiomics of the adverse ef-
fect for HCTZ remains unknown. Mice-fed HCTZ exhibited insulin resistance and
impaired glucose tolerance. By using FMT and antibiotic cocktail models, we
found that HCTZ-induced metabolic disorder was mediated by commensal micro-
biota. HCTZ consumption disturbed the structure of the intestinal microbiota,
causing abnormal elevation of Gram-negative Enterobacteriaceae and lipopoly-
saccharide (LPS) then leading to intestinal barrier dysfunction. Additionally,
HCTZ activated TLR4 signaling and induced macrophage polarization and inflam-
mation in the liver. Furthermore, HCTZ-induced macrophage polarization and
metabolic disorder were abrogated by blocking TLR4 signaling. HCTZ consump-
tion caused a significant increase in Gram-negative Enterobacteriaceae, which
elevated the levels of LPS, thereby activating LPS/TLR4 pathway, promoting
inflammation and macrophage polarization, and resulting in metabolic disorders.
These findings revealed that the gut microbiome is the key medium underlying
HCTZ-induced metabolic disorder.

INTRODUCTION

Hydrochlorothiazide (HCTZ), a thiazide-like diuretic widely used for the long-term management of hyperten-
sion, has been proven to reduce the risk of stroke, myocardial infarction, and heart failure.” Nevertheless,
compelling evidence from numerous trials and meta-analyses indicate that thiazide diuretics potentially in-
crease the risk of metabolic abnormalities, including hyperlipidemia, insulin resistance, and new-onset dia-
betes, especially in persons with abdominal obesity accompanied by metabolic abnormalities.”* Furthermore,
the data from the European working party on hypertension in the elderly demonstrated that hyperglycemia
induced by HCTZ was not an adverse effect experienced by a few patients but an impairment in glucose toler-
ance overall.” This risk prevents the recommendation of HCTZ in guidelines and limits its clinical application.

Although metabolic abnormalities have long been linked to HCTZ therapy, the precise mechanisms are not
well understood. Every 0.5-mEq/L decrease in serum potassium predicts a 45% increase in diabetes risk.”
One prevailing theory is that this risk attributed to thiazide-induced hypokalemia and might be compensa-
torily prevented by potassium-sparing diuretics.® However, several other studies claim that there is no cor-
relation between serum potassium and insulin sensitivity or blood glucose levels during thiazide-like
diuretic treatment.”® Moreover, even though pharmacogenomics has advanced our knowledge about
the role of genes in the HCTZ response, the mechanism underlying HCTZ-induced metabolic abnormalities

is still ambiguous.”'”

In recent years, growing evidence has emphasized the critical impact of the gut microbiota on the pathologies
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dysbiosis, is enriched in individuals with diabetes.'* Microbiota-derived components and microbial metabo-
lites, including lipopolysaccharide (LPS), bile acids (BA), trimethylamine N-oxide (TMAQ), and short-chain fatty
acids (SCFAs), are correlated with host metabolism.'® LPS penetrates the intestinal barrier and triggers meta-
bolic endotoxemia, resulting in low-grade inflammation and metabolic diseases.'®"’

HCTZ is able to bind the NADPH binding region of bacterial dihydrofolate reductase, which has the poten-
tial to modulate the gut microbiota.'® However, the role of HCTZ in modulating the gut microbiota has not
been reported. Gut microbiota-derived metabolites or components involved in HCTZ-induced metabolic
disorders are also unknown.

In this study, we aimed to explore the causal relationship between the HCTZ-driven gut microbiota and meta-
bolic disorder in mice. Our findings showed that HCTZ-impaired glucose tolerance was mediated by the gut
microbiota which activated hepatic macrophage polarization and inflammation through the LPS-TLR4
pathway. We demonstrated the effects of the gut microbiota on HCTZ-induced metabolic disorder.

RESULTS
HCTZ-induced glucose intolerance mediated by the gut microbiota

Results from pilot study indicated that HCTZ-fed mice showed a slow and steady increase in fasting blood
glucose (FBG) levels. Compared with the control group, 10 mg/kg HCTZ significantly increased FBG at
week 4, whereas 5 mg/kg HCTZ significantly increased FBG at week 8 (Figures STA-S1C). To obtain a better
understanding of HCTZ-induced metabolic disorder, 10 mg/kg-d HCTZ was used for further research.

Considering persons with abdominal obesity accompanying metabolic abnormalities are more likely to
develop new onset of diabetes,® we added high-fat diet (HFD) group. Mice were exposed to HCTZ or
vehicle control and were fed a normal chow diet or a high-fat diet (Figure 1A). As expected, the high-fat
diet aggravated HCTZ-induced metabolic disorder. A faster body weight gain trend was observed in the
HFD-HCTZ group than in the HFD group (Figure 1B). HCTZ exposure resulted in a significant increase in
FBG, FINS, and HOMA-IR and an impairment in glucose tolerance compared with controls in both the
NCD- and HFD-fed groups (Figures 1C-1G). Islet morphology exhibited an increased islet size induced
by HCTZ on two diets (Figure TH).

Antibiotic cocktails (Abx) were used for gut sterilization (Figure S2A), which had no impact on body weight (Fig-
ure S2B). Notably, after antibiotic treatment, the differences in metabolic abnormalities between HCTZ-
treated mice and control were abolished in both the NCD- and HFD-fed groups (Figures S2C-S2G). These re-
sults suggested that HCTZ-induced glucose metabolism disturbance was mediated by the gut microbiota.

FMT experiments were carried out to directly address the effect of the HCTZ-driven gut microbiota on glucose
metabolism (Figure S2H). No significant difference in weight or FBG was observed between these groups
(Figures S21 and S2J). However, recipients of fecal microbiota from HCTZ-treated mice exhibited a significant
increase in FINS and HOMA-IR levels and glucose intolerance compared with those of controls (Figures S2K-
S2N), as did recipients of FMT of HFD-HCTZ mice.

HCTZ remodulated the composition of gut microbiota and plasma metabolome

A tendency toward decreased alpha diversity (Chao index, Shannon index, Ace index, and Simpson index)
was observed after HCTZ treatment (Figure 2A). The PCoA of UniFrac distances revealed a remarkable sep-
aration of bacterial composition, suggesting that a shift in the gut microbiota was induced by HCTZ treat-
ment in both the NCD- and HFD-fed groups (Figure 2B). Using linear discriminant analysis effect size
(LEfSe), we observed a notable clustering effect in the gut microbiota induced by HCTZ (Figures S3A
and S3B). HCTZ changed the family level proportional abundance in the feces of mice and caused an
enrichment of Enterobacteriaceae (Figure 2C). Kyoto encyclopedia of genes and genomes (KEGG) enrich-
ment analysis revealed that the term "“lipopolysaccharide biosynthesis” was significantly enriched in HCTZ-
treated mice in the HFD-fed group (Figure 2D).

Untargeted metabolite profiling characterized the plasma metabolome. The orthogonal projections to latent
structures (OPLS) model exhibited a significant differentiation of clusters with HCTZ treatment on two diets
(Figure S3C). Differential metabolites were annotated with pathway enrichment analysis using KEGG. The me-
tabolomics map revealed that significant changes were enriched in the mTOR-signaling pathway and amino
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Figure 1. HCTZ consumption led to metabolic disorder

(A) Schematic of the HCTZ treatment of mice in both the NCD- and HFD-fed groups.

(B-G) Body weight (B), FBG (C), FINS (D), HOMA-IR (E), OGTT (F), and OGTT-AUC (G) of mice treated with HCTZ or vehicle control (n = 5-8 per group).
*p < 0.05, **p < 0.01. Data are represented as mean + SEM.

(H) Representative immunofluorescence images of insulin in islets. Scale bars = 500 pm.

acid-related metabolic pathways such as valine, leucine, and isoleucine biosynthesis pathways; arginine and
proline metabolism pathways; and D-arginine and D-ornithine metabolism pathways (Figure S3D).

HCTZ impaired the gastrointestinal barrier

We observed a significant increase in FITC-labeled dextran in serum, suggesting impaired intestinal
permeability after HCTZ treatment in both the NCD- and HFD-fed groups (Figure 3A). The mRNA expres-
sion levels of tight junction proteins (occludin and ZO-1) were significantly decreased in the terminal ileum
in HCTZ-treated mice (Figures 3B and 3C), while no significant difference was observed in the colon
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Figure 2. HCTZ consumption altered the gut microbiota profiles

(A) Alpha diversity (Chao index, Shannon index, Ace index, and Simpson index) of fecal samples (n = 5-7 per group).

(B) Principal coordinates analysis of fecal samples (n = 5-7 per group).

(C) Abundance of Enterobacteriaceae in the feces of mice treated with HCTZ or vehicle control under normal chow diet (left) and high-fat diet (right) (n = 5-7
per group). **p < 0.01. Data are represented as mean + SEM.

(D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of the most significantly changed pathways according to 16S rRNA
sequencing of fecal samples.

(Figures S4A and S4B). In line with the mRNA expression results, the immunofluorescence results also
showed the effect of HCTZ on occludin and ZO-1 protein levels (Figure 3D). The intestinal morphology
of the ileum indicated that HCTZ decreased the muscularis thickness (red arrows), the quantities of goblet
cells (yellow arrows), and the villus integrity, especially in the HFD-fed group (Figure 3E). These results indi-
cated that HCTZ treatment led to impairment in gut barrier function in the ileum.

4 iScience 26, 107130, July 21, 2023



iScience ¢? CellPress
OPEN ACCESS

A © FITC-dextran B _ lleum- Occludin c lleum- ZO-1
- = . T 2.5
P=0.08 3 50- 3 .
ary g — —
E 40 v 8 520] i
= w = 1.5 c
) — 5 . H oo «
: 30 g g 1.5 r 1
o B 1.0 9 A
T T b S
n o @
S —a— g ° ° AA
G 10{ o B Ay Vv 805 Sos{ ° - =+
n —eooww 4 R % £ %‘- v
s ] u M
" & 00 n AT ey T
0 : ; : T S 00— . . & 0.0 r . : T
NCD  HCTZ  HFD HFD-HCTZ & NCD  HCTZ  HFD HFD-HCTZ NCD  HCTZ  HFD HFD-HCTZ
D
o
O
P4
N
-
[&]
I
o
[T
I
N
'—
(8]
T
c
T 50pum
Occludin
E

o

O

4

- — X
N _— 2 ‘lc

o = y R e 3

L s : ;

x ™
=

Figure 3. HCTZ impaired the gastrointestinal barrier

(A) HCTZ increased the appearance of FITC-dextran in serum in both the NCD- and HFD-fed groups (n = 5-8 per group). **p < 0.01.

(B and C) HCTZ decreased the expression of the tight junction proteins occludin (B) and ZO-1 (C) in the ileum (n = 5-8 per group). *p < 0.05, **p < 0.01. Data
are represented as mean + SEM.

(D) Representative immunofluorescence images for occludin (green) and ZO-1 (red) in the ileum are shown. Scale bar = 50 pm.

(E) Representative images of H&E staining. Red arrows indicate muscularis thickness. Yellow arrows indicate goblet cells. Scale bar = 50 pm.
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Figure 4. LPS from the microbiota contributes to HCTZ-induced inflammation and insulin resistance

(A and B) Cecal content (A) and serum (B) LPS levels in mice treated with HCTZ or vehicle control (n = 6-8 per group). *p < 0.05. Data are represented as

mean + SEM.
(C) Correlation between serum LPS and HOMA-IR in the HFD-fed group (n = 5-8 per group).

(D-F) Serum TNF-a (D), IL-1B (E), and IL-6 (F) in mice treated with HCTZ or vehicle control (n = 5-8 per group). *p < 0.05. Data are represented as mean +

SEM.

(G) Serum LPS levels in recipient mice in the FMT experiment (n = 6-8 per group). *p < 0.05. Data are represented as mean + SEM.

(H-J) Serum TNF-a (H), IL-1B (1), and IL-6 (J) in recipient mice in the FMT experiment (n = 6-8 per group). *p < 0.05. Data are represented as mean + SEM.

LPS contributed to HCTZ-induced inflammation and insulin resistance

LPS concentrations were increased in HCTZ-treated mice both in the cecal contents (Figure 4A) and serum
(Figure 4B), especially in the HFD-fed group. More importantly, a positive correlation between serum LPS
and HOMA-IR in the HFD-fed group was observed (Figure 4C). The inflammatory cytokines TNF-a, IL-1,
and IL-6 were significantly elevated in serum samples from mice treated with HCTZ (Figures 4D-4F). In
FMT experiment, recipients of fecal microbiota from HCTZ-treated mice exhibited an obvious increase
in LPS concentrations in the cecal contents, as well as inflammatory cytokines TNF-a, IL-1B, and IL-6 in
serum samples (Figures 4G-4J). These data suggested that the HCTZ-induced LPS and inflammatory cyto-
kines were produced by the gut microbiota. To directly address the specific role of Gram-negative bacte-
ria-derived LPS on HCTZ-induced metabolic disorder, neomycin was used to selectively target Gram-nega-
tive bacteria (Figure S5A). As expected, neomycin treatment prevented metabolic derangements induced
by HCTZ in the high-fat diet setting (Figures S5B-S5F). These data demonstrated that metabolicimbalance
in HCTZ treatment was mediated by intestinal Gram-negative bacteria.

HCTZ caused hepatic macrophage polarization and inflammation through a TLR4-dependent
mechanism

To explore the detailed mechanism by which HCTZ induced metabolic disorders, we investigated the
induction of hepatic macrophage polarization and inflammation by HCTZ. The expression of downstream
genes of the LPS/TLR4 pathway, including MyD88, NF-xB, TNF-a, IL-18, and IL-6, were significantly
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Figure 5. HCTZ caused hepatic macrophage polarization and inflammation through a TLR4-dependent mechanism

(A-E) Relative MyD88 (A), NF-kB (B), TNF-a (C), IL-18 (D), and IL-6 (E) expression in the livers of mice treated with HCTZ or vehicle control (n = 5-8 per group).

*p < 0.05, **p < 0.01. Data are represented as mean + SEM.

(F-K) Representative western blots (F) and quantification of MyD88 (G), NF-kB (H), TNF-a. (1), IL-18 (J), and IL-6 (K) levels in the livers of mice treated with HCTZ

or vehicle control (n = 3-4 per group). *p < 0.05. Data are represented as mean + SEM.

(L) Representative H&E staining in the livers of mice treated with HCTZ or vehicle control.

(M and N) (M)Representative CD80 staining of hepatic F4/80" macrophages in mice treated with HCTZ or vehicle control.

(N) Flow cytometry analysis of CD80"-F4/80" macrophages (n = 3-4 per group). *p < 0.05. Data are represented as mean + SEM.
(O and P) (O)Representative CD206 staining of hepatic F4/80" macrophages in mice treated with HCTZ or vehicle control.

(P) Flow cytometry analysis of CD206"-F4/80" macrophages (n = 3-4 per group). *p < 0.05. Data are represented as mean + SEM.

iScience 26, 107130, July 21, 2023

7




¢? CellPress

OPEN ACCESS

iScience

A 5 B C 254 ) H "
e i 20{ ’ " = v
3 hid 201 =4 [} Lo
= g n ns « M ns 5 —
g E 15 LI | = 154 . = .é_
-~ [} | A = A A v
S lod o Folagw T raeis i F e, ElE
w ) +*= I 5 ‘ 1 o O
% N t& o.s* i'%,'“ Y s % BT a
. v - n TA EN m M4 u
51— 2 T ' ) L ) T 0.0 —— L e e e 01— T T T T T T
T:(':‘;‘z sl o Lot Takem B tor TAK2 ® -+ 5 ; ; . .
HCTZ x : . HCTZ - L. WT-Control ~ WT-HCTZ  Tir4”-Control Tir4"-HCTZ
NCD HFD NCD HFD NCD HFD
D E 5 1 a- ns
_», NCD-OGTT -7 HFD-OGTT w0, OGTT-AUC .. 3 2 —
g s | —]
3 -~ Control g 5 - Control T~ = ‘
£ 15 - HeTZ E = HeTZ 0% o ﬂ.: /o2 % %
b - HCTZ-TAK242 ° -+ HCTZTAK2G2 2 p=003 NS - !
3 104 TS § 18 ¥ Ik L 20 %' Aoy i: = é_ = ‘e . v
S @ " Ao
g 5  u® va % * - %
] 10 e
3 > H L0
o ] ™
o 1 — —
Do . . , Ts ; : , TAk2ez | - r - . v v g i i :
0 50 100 150 50 100 150 HCTZ F hd - r - * WT-Control ~ WT-HCTZ  Tiré"-Control Tir4-HCTZ
= Time (min) Time (min) & NCD HFD j
20 401
o NCD-ITT e HFD-ITT ITT-AUC — ns
a -e- Control oy -e- Control N n f Vlv
s -= HCTZ S = HCTzZ — 304
E s - HCTZ.TAK242 £ -4 HCTZ-TAK242 018 % L {— %
E -+ TAK242 E 10 = TAK242 2 5 % _I—II Z A =
$ 2 [ L Ada n
o ] ) ns * A 20- ™
§ 6 § E % /M {— 5 % g .
3 3 o . . A T
o o 5 % P4 n
3 4 3 %, % 10- —:.E
o <] 5 .
& ] ——— T
"o 20 4 e s 160m % y y y . L Mes v 5 r F D5 Tl 0
0 20 40 60 80 100 0 T T T T
Time (min) Time (min) NCD HFD WT-Control ~ WT-HCTZ  Tir"-Control TIr4”-HCTZ
K L M N
2 OGTT 45- OGTT-AUC 154 ITT 301 ITT-AUC
g -e- WT-Control ns d -~ WT-Control
° f 3 s = WT-HCTZ -
Ezo = WTHCTZ « i g L nae 254 . ! ns :
E T i 401 ’ E 108 - TLRe* -HCTZ v
= - TLRe*HCTZ @ L =10 I2) A v
; 3 ; 3 E =
I < % ]
3 -] g <204 , = i *
310 5 . N v 2 E
[V} o o 51 = %
g s 30+ _E_ © 151 e
<] L Q
o 2
U T T 1 m 0
0 50 100 150 25 T T T 0 y T T y 11 T r r ;
Time (min) WT-Control ~ WT-HCTZ  Tird"-Control Tir4"-HCTZ 0 20 40 60 80 100 WT-Control WT-HCTZ  Tird”-Control Tird"-HCTZ
i . Tima (min)
o . P
10
0
0 34.7 7 601
10° g - ns
] | — | r 1
-g_ n A M
£ 40 % T =
.
o a n A
R E
+ 3 o
o0 [T
3 -/ © 20
& 1,Wr-Control Tird 3 .
o o -Control 65.3 - o
Ty v 15}
g ‘03 © ms o 10 |I7d 10 ' -O ) ‘\03 l\O‘ 105 o ‘03 10 |D5 °\e .
+ koo T T T T
Q F4/80 > WT-Control ~ WT-HCTZ  Tir4"-Control Tir4”-HCTZ
39 R
'3 g 50 +| ns
£ T
10’ -
] o
s 5 %0 [ = %,
J o8 A
+ /- S E
© ° { WT-Control Tir4 B .
o 1 -Control 978 5
~ 2
o .{° E L=
0% ] 1}
(&) T -u v \ -
F4/80* > WT-Control ~ WT-HCTZ  Tir4”-Control TIr4"-HCTZ

Figure 6. The macrophage polarization and inflammatory effects of HCTZ were dependent on TLR4 signaling

(A-N) FBG (A), FINS (B), HOMA-IR (C), OGTT (D), OGTT-AUC (E), ITT (F), and ITT-AUC (G) in mice treated with the TLR4 inhibitor TAK-242 (n = 6-8 per group);
FBG (H), FINS (I), HOMA-IR (J), OGTT (K), OGTT-AUC (L), ITT (M), and ITT-AUC (N) in WT or TIr4~/~ mice treated with HCTZ or vehicle control (n = 4-5 per
group). *p < 0.05, **p < 0.01. Data are represented as mean + SEM.
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Figure 6. Continued

(O and P) (O) Representative CD80 staining of hepatic F4/80" macrophages of WT or TIr4™~ mice treated with HCTZ or vehicle control.
(P) Flow cytometry analysis of CD80"-F4/80" macrophages (n = 4-5 per group). **p < 0.01. Data are represented as mean + SEM.

(Q and R) (Q) Representative CD206 staining of hepatic F4/80" macrophages of WT or TIrd™/~ mice treated with HCTZ or vehicle control.
(R) Flow cytometry analysis of CD206*-F4/80" macrophages (n = 4-5 per group). **p < 0.01. Data are represented as mean + SEM.

increased after HCTZ treatment in both NCD- and HFD-fed groups (Figures 5SA-5E). The elevated protein
levels of MyD88, NF-kB, TNF-a, IL-1B, and IL-6 were further confirmed by Western blotting (Figures 5F-
5K). Histological analysis revealed that HCTZ treatment facilitated hepatic pathological changes,
including inflammation and necrosis, compared with controls on two diets (Figure 5L), while livers
from HCTZ-treated mice had more lipid vacuoles in the HFD-fed group (Figure 5L). Consistently, the
expression levels of MyD88, NF-kB, TNF-a, IL-1B, and IL-6 in the liver were higher after FMT with
stool samples derived from mice treated with HCTZ than with the control in both the NCD- and HFD-
fed groups (Figures S6A-S6K), suggesting that HCTZ activated the LPS/TLR4 signaling pathway in a
gut microbiota-dependent manner. We further quantified the immune cell populations of M1/M2 mac-
rophages in the liver in response to HCTZ treatment by flow cytometry. We screened F4/80" macro-
phages in the liver (Figure S7). Interestingly, under two diets, the M1-specific polarization marker
CD80 was induced by HCTZ in F4/80" macrophages (Figures 5M and 5N), as well as the prominent
M2 marker CD206 (Figures 50 and 5P).

The macrophage polarization and inflammatory effects of HCTZ were dependent on Toll-like
receptor 4 (TLR4) signaling

Since macrophage polarization and inflammation could decrease hepatogenous insulin sensitivity,'” we
tested the impacts of HCTZ on insulin sensitivity. Mice that were intraperitoneally treated with the pharmaco-
logical TLR4 inhibitor TAK-242 displayed lower weight gain than that of control mice (Figures S8A and S8B),
consistent with the observations in HFD-fed mice. HCTZ treatment successfully increased FBG, FINS, and
HOMA-IR and impaired glucose tolerance and insulin sensitivity, while TAK-242 treatment counteracted the
HCTZ-induced glucose metabolism disorder (Figures 6A-6G). Accordingly, pharmacological TLR4 inhibition
intercepted HCTZ-induced hepatic activation of the TLR4/MyD88/NF-kB pathway, macrophage polarization,
and inflammatory cytokine expression, including TNF-a, IL-18, and IL-6 (Figures S8C-S8H).

TLR4 deficiency increased weight gain compared with that of the wild-type (WT) controls (Figures S8l and
S8J). Consistent with pharmacological inhibition, WT mice treated with HCTZ exhibited increased FBG,
FINS, and HOMA-IR and impaired glucose tolerance and insulin sensitivity, while TLR4 deficiency abro-
gated HCTZ-induced glucose metabolism disorder (Figures 6H-6N). Similarly, HCTZ-related hepatic acti-
vation of TLR4 downstream signaling, macrophage polarization and inflammatory cytokine expression
were abolished in TIrd™’~ mice (Figures 60-6R, S8K and S8L). Together, these data suggested that the
absence of TLR4 signaling was sufficient to prevent HCTZ-induced glucose metabolism disorder by effec-
tively disturbing macrophage polarization and inflammation in the liver.

DISCUSSION

Our data revealed that the potential mechanisms underlying HCTZ-induced metabolic disorder were as
follows: (1) HCTZ consumption led to microbiota alteration, causing abnormal elevation of Gram-negative
Enterobacteriaceae and its metabolite LPS; (2) the HCTZ-induced microbial dysbiosis disrupted the intes-
tinal barrier and increased intestinal permeability, which allowed intestinal LPS to translocate into the cir-
culation; and (3) LPS activated TLR4/MyD88/NF-«kB pathways and induced macrophage polarization and
inflammation in the liver, ultimately leading to metabolic disorder.

HCTZ remodulated the gut microbial composition of mice. The proportion at the family level was signif-
icantly changed by HCTZ exposure, and the main change was the enrichment of Enterobacteriaceae.
Enterobacteriaceae, the main Gram-negative bacteria, is associated with gut microbiota dysbiosis and
systemic inflammation.”® Previous studies have reported an enhanced ratio of Enterobacteriaceae in in-
dividuals with diabetes in both the plasma and mesenteric adipose tissue.'” In this study, neomycin,
which is usually used to deplete Gram-negative bacteria in the gut,”’ prevented HCTZ-induced meta-
bolic derangements. A diet containing whole grains, prebiotics and traditional Chinese medicinal foods
reduced Enterobacteriaceae levels and ameliorated inflammation and metabolic phenotypes in

iScience 26, 107130, July 21, 2023 9



¢? CellPress

OPEN ACCESS

overweight people,”” suggesting that HCTZ-induced metabolic disorders might be controlled via dietary
intervention.

Microbiota-derived components and microbial metabolites are considered pivotal mediators of host-mi-
crobiota interactions. LPS is a cell wall structural component of most Gram-negative bacteria and is
released during bacterial lysis. Evidence has demonstrated that LPS contributes to low-grade inflamma-
tion, which is the hallmark of metabolic disorders.”>?* In mouse models, HFD increased serum LPS and
gut microbiota that produce LPS, leading to insulin resistance, which is consistent with the changes caused
by HCTZ.?° In our FMT studies, recipients of fecal microbiota from HCTZ-treated mice exhibited an obvious
increase in LPS concentrations in the cecal contents at the endpoint. It proved that HCTZ-induced LPS
elevation can be transferred to recipient mice through FMT. However, the deficiency lies in our negligence
to detect the level of LPS-producing bacteria in recipient mice. Furthermore, the metabolomics map
described the effect of HCTZ on the mTOR signaling pathway and amino acid-related metabolic pathways,
which are involved in the LPS-mediated physiological changes, including macrophage polarization, im-
mune activation, and metabolic changes.26'27

Long-term microbial dysbiosis causes a disrupted intestinal barrier, which, in turn, allows the transfer of the
intestinal microbiota and its metabolites to various metabolic organs and results in metabolic inflamma-
tion.?® lleum contains abundant anaerobic microbiota. lleal dysbiosis was dominated by the expansion
of Enterobacteriaceae which accounted for over 80% of the 16S sequences.”” Compared with the colon,
the ileum, with a thinner nonstratified mucus layer, is more readily penetrable by bacteria-sized particles.™
Accordingly, HCTZ exposure increased the intestinal permeability and downregulated the tight junction
proteins occludin and ZO-1 in the ileum rather than in the colon.

Intestinal LPS translocates to the systemic circulation and is then quickly recognized by Toll-like receptor 4
(TLR4).*" TLRA4 recruits the intracellular adapter molecule MyD88 and then activates downstream signaling
cascades, resulting in the induction and translocation of NF-kB and subsequent inflammation.*” Immune
cells, such as macrophages, have long been investigated at the molecular level for the role they play in
regulating metabolic homeostasis. TLR4 signaling-mediated macrophage polarization and inflammation
promote insulin resistance in hepatocytes. This evidence prompted us to explore in more detail whether
hepatic macrophage polarization plays a part in HCTZ-induced metabolic derangements.

Macrophages are often classified into two phenotypes: classically activated (M1) macrophages and alter-
natively activated (M2) macrophages.** The polarization of macrophages activated by LPS is a multistep
process beginning with the recognition of TLR4 and the subsequent downstream signaling cascades.*”
LPS-TLR4 signaling promotes M1 macrophage polarization at the early stage of inflammation and mediates
the normal defense response to infection, while M2 macrophages exert anti-inflammatory effects at the
end of inflammation.*** Abnormal macrophage polarization, with an increase in proinflammatory M1 mac-
rophages, enhances hepatic inflammation and liver injury in obesity induced by an HFD.* Here, we
observed simultaneous activation of M1-and M2-polarized macrophages in HCTZ-treated mouse livers,
which could be explained by the distinct role of LPS as an upstream regulator of macrophage polarization.
Furthermore, in in vivo and ex vivo studies, deletion of TLR4 not only reduced the secretion of proinflam-
matory mediators in macrophages but also counteracted obesity-associated insulin resistance.?”*® Corre-
spondingly, by blocking TLR4 signaling pharmacologically and genetically, the HCTZ-induced TLR4
signaling activation, macrophage polarization, and increases in inflammatory cytokines in the liver, as
well as the metabolic disorder, were abrogated.

In conclusion, the current study proposed an important step toward understanding how HCTZ regulates
the gut microbiota and induces metabolic abnormalities. Although these data are based on murine models
and still need to be verified in human trials, they provide new pathophysiological insights into the causal
relationship between the gut microbiota and HCTZ and open a new avenue for the prevention and treat-
ment of HCTZ-induced metabolic disorders.

Limitations of the study

Our study revealed that LPS derived from gut microbiota is the key medium underlying HCTZ-induced
metabolic disorder. Butyrate is important for metabolic and immune health. In gut microbiome studies,
depletion of butyrate and butyrate-producing taxa was recurrently documented in type 2 diabetes.*’
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However, the connection between butyrate-producing taxa and HCTZ-induced metabolic disorder has not
been considered yet. Another potential limitation to the findings presented is that we do not offer pro-
poses as gut microbial-based strategies to mitigate HCTZ-induced metabolic disorder.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-ZO-1 Affinity Cat#AF5145; RRID: AB_2837631
Rabbit monoclonal anti-Occludin Affinity Cat# DF7504; RRID: AB_2837631
Rabbit monoclonal anti- MyD88 Abcam Cat#ab219413;

Mouse monoclonal anti- NF-kB Abcam Cat#ab288751;

Rabbit polyclonal anti- TNF-o. Abcam Cat#ab183896;

Rabbit monoclonal anti- IL-1B Abcam Cat#ab234437,

Rabbit monoclonal anti- IL-6 Abcam Cat#ab259341;

Rat monoclonal anti-F4/80-APC eBioscience Cat# 17-4801-82 RRID:AB_2784648

Mouse monoclonal anti- CD80-FITC

eBioscience

Cat# 11-0801-86 RRID: AB_465135

Rat monoclonal anti- CD206-PE eBioscience Cat# 12-2061-82 RRID: AB_2637422
Chemicals, peptides, and recombinant proteins

TAK-242, Resatorvid, TLR4 inhibitor MCE HY-11109; CAS: 243984-11-4
Hydrochlorothiazide MCE HY-B0252;CAS: 58-93-5

Dimethyl sulfoxide Sigma-Aldrich D8418;CAS: 67-68-5

FD4 Sigma-Aldrich MFCD00131092; CAS: 60842-46-8

Neomycin trisulfate salt hydrate
Ampicillin sodium
Metronidazole

Vancomycin hydrochloride

Sangon Biotech
Sangon Biotech
Sangon Biotech

Sangon Biotech

A610366;CAS: 1405-10-3
A610028;CAS: 69-52-3
Ab600633;CAS: 443-48-1
A600983;CAS: 1404-93-9

Critical commercial assays

Mouse Insulin ELISA Kit Mericodia 10-1247-01
Instant ELISA Kit for Lipopolysaccharide Cloud-Clone Crop IEB526Ge
QlAamp DNA Stool Mini Kit Qiagen ID: 51604
Mouse TNF-a ELISA Kit Elabscience E-EL-M0044c
IL-1 beta Mouse ELISA Kit Invitrogen BMS6002TEN
IL-6 Mouse ELISA Kit Invitrogen KMC0061
Experimental models: Organisms/strains

Mouse: C57BL/6N-TIr4°™¢/Cya Cyagen Biosciences S-KO-05468
Oligonucleotides

Primer: ZO-1 Forward: This paper N/A
GCCGCTAAGAGCACAGCAA Reverse:

GCCCTCCTTTTAACACATCAGA

Primer: Occludin Forward: This paper N/A
TGAAAGTCCACCTCCTTACAGA Reverse:

CCGGATAAAAAGAGTACGCTGG

Primer: MyD88 Forward: This paper N/A
TGCCGTCCTGTCTACATCTTTG Reverse:

GTTGCTCAGGCCAGTCATCA

Primer: NF-«xB This paper N/A

Forward:GCATTCTGACCTTGCCTATCT
Reverse: CTCCAGTCTCCGAGTGAAGC
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REAGENT or RESOURCE SOURCE IDENTIFIER
Primer: IL-1B Forward: This paper N/A

TCGCTCAGGGTCACAAGAAA Reverse:

CATCAGAGGCAAGGAGGAAAAC

Primer: IL-6 Forward: This paper N/A
TCGTGGAAATGAGAAAAGAGTTG Reverse:

AGTGCATCATCGTTGTTCATACA

Primer: TNF-o. Forward: This paper N/A
TCGCTCAGGGTCACAAGAAA Reverse:

TTCGGAAAGCCCATTTGAGT

Other

Rodent Diet with 60 kcal% Fat Researchdiets D12492
RNAiso plus Takara D9108

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Wei Zhang (csuzhangwei@csu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
Data: All data reported in this paper will be shared by the lead contact upon request.

Code: This paper does not report original code.

Other items: Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

C57BL/6J male mice (6-7 weeks old) were provided by Hunan Slyk Jingda Experimental Animal Co., Ltd.
and were raised at the Experimental Animal Center of Central South University. TIr4~/~ mice on C57BL/
6N background and C57BL/6N control mice (male, 6-7 weeks old) were purchased from Cyagen Biosci-
ences. All studies with mice were approved by the Animal Ethics Committee of Central South University
and complied with the National Institutes of Health regulations for the care and use of animals in research.
All mice were housed under specific pathogen-free (SPF) conditions and controlled light-dark (12 h-12 h)
cycles, with free access to food and water. After a 1-week run-in period, mice were divided into different
groups with similar body weights before treatment. The animals were fed a normal chow diet (NCD,
MD17121, China) or a high-fat diet (HFD D12492, Research Diets, USA). For HFD studies, mice were sub-
jected to a 60% HFD. Feces were collected for gut microbiota analysis before sacrifice.

METHOD DETAILS

HCTZ administration

HCTZ was supplied in sterile drinking water. HCTZ was dissolved in DMSO and then added to drinking wa-
ter for mice. Add equal volume of DMSO to the control group. The drinking water was changed and
measured every 3-4 days. Because there are variable doses of HCTZ reported,*”*' a pilot study was per-
formed to determine the adequate dosage of HCTZ for this study. Animals were offered pure water or
HCTZ at a low dose (L, 5 mg/kg) or high dose (H, 10 mg/kg) for 12 weeks.
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Antibiotic cocktail (Abx) administration

In order to avoid interfering HCTZ intake, antibiotic cocktail (ampicillin, neomycin, metronidazole, and van-
comycin; 50 mg/kg, each) were administrated by oral gavage to ablate gut microbiota. The mice were
administrated with antibiotics starting 7 days before the 8-week diet and HCTZ supplementation regimens
and throughout the experiment. Water intake and food intake were observed during the antibiotics
treatment.

Neomycin administration

Neomycin is usually used to deplete Gram-negative bacteria in the gut.”’ Neomycin (0.5 g/L) was given in
the drinking water after day 7 before HCTZ administration before the 8-week diet and HCTZ supplemen-
tation regimens and throughout the experiment. Considering that mice fed a HFD are more susceptible to
HCTZ-induced metabolic abnormalities, neomycin treatment was provided to mice fed a HFD only.

Fecal microbiota transplantation (FMT)

Fresh feces from donor mice were collected at the end of the experiment, then suspended in maltodextrin-
trehalose solution at a 1:20 ratio .*” The suspension was passed through a 70 um nylon filter to remove food
residue. Mice were treated with the antibiotic cocktail for 7 days to deplete the gut microbiota. After a one-
day washout period, 200 pL of suspended bacteria in maltodextrin-trehalose solution was transferred into
gut-sterilized recipient mice intragastrically once a day for two weeks.

TAK-242 administration and Toll-like receptor 4 (TIr4) knockout

Mice were intraperitoneally treated with 1 mg/kg/day TAK-242 (TLR4 inhibitor) once daily. TIr4 knockout
mice were only exposed to HFD due to the susceptibility to HCTZ-induced metabolic abnormalities.

Fasting blood glucose (FBG) and fasting serum insulin (FINS)

The mice were fasted for 6 h before the tests. Blood from the tail vein was collected and measured imme-
diately by a blood glucose meter (Accu-Chek Active blood glucose meter, Roche, Switzerland). The con-
centration of insulin in serum was measured using a commercial insulin ELISA kit (Mercodia, Sweden)
according to the manufacturer’s protocols.

Oral glucose tolerance test (OGTT)

After fasting for 6 h, blood glucose was measured at 0 min. Subsequently, the animals were treated with
D-glucose (2 g/kg body weight) by oral gavage, and blood glucose was measured at 15, 30, 60, 90, and
120 min.

Insulin tolerance test (ITT)

After fasting for 4 h, insulin (0.75 U/kg, Sigma Aldrich, USA) was i.p. injected, and blood glucose was
measured before (0 min) and after the injection (15, 30, 60, and 120 min).

Analyses of serum LPS, TNF-«, IL-18, and IL-6

Serum LPS (Cloud-Clone Crop, IEB526Ge), TNF-a (Elabscience, E-MSEL-M0002), IL-1B (Invitrogen,
BMS6002TEN), and IL-6 (Invitrogen, KMC0061) were detected using commercial ELISA kits according to
the manufacturer’s protocols.

Analyses of cecal LPS

Cecal contents were suspended in PBS and centrifuged at 1000 x g for 20 min at4 °C. The supernatant was
collected for standard LPS detection.

Homeostatic model assessment of insulin resistance (HOMA-IR)

The index of homeostasis model assessment of insulin resistance (HOMA-IR) was calculated as fasting
serum insulin (FINS, pU/mL) X fasting blood glucose (FBG, mmol/L)/22.5.

16S rRNA microbiome gene sequencing

Fecal samples were collected from each group. Total genomic DNA was extracted using the CTAB/SDS
method. DNA quality and concentration was checked by 1% agarose gel electrophoresis. Then, DNA
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was diluted to Tng/pL. Bacterial taxa were analyzed by amplifying the hypervariable V3-V4 region of 16S
rRNA (Phusion® High-Fidelity PCR Master Mix, New England Biolabs). The main 400-450-bp amplicon
was sequenced and analyzed with a TruSeg® DNA PCR-Free Sample Preparation Kit (Illumina, USA). Qual-
ity filtering of 16S rRNA sequences was conducted on the Qubit® 2.0 Fluorometer (Thermo Scientific, USA)
and Agilent Bioanalyzer 2100 system. The resulting sequences were sequenced on an Illumina NovaSeq
6000 platform, and 250-bp paired-end reads were generated.

Assessment of intestinal permeability

Gut permeability was measured by 4-kDa FITC-dextran (FD4, Sigma, USA) in PBS at a concentration of
50 mg/mL. Mice were fasted for 6 h and gavaged with FD4 (0.01 mL/g body weight). After 1 h, whole
blood was collected from the canthus vein. Serum was collected and diluted in an equal volume of
PBS. The fluorescence value was quantified at excitation wavelengths of 485 nm and emission wave-
lengths of 535 nm.

Histological evaluation and immunofluorescence staining

Segments of tissues (pancreas, liver, and ileum) were fixed in 4% paraformaldehyde and embedded in
paraffin. For morphologic analysis, paraffin-embedded tissues were cut into 5-pm sections and subse-
quently stained with hematoxylin and eosin. Forimmunofluorescence, after deparaffinization and rehydra-
tion, tissues were blocked with 5% bovine serum albumin (BSA) for 30 min at room temperature, incubated
with anti-Flag primary antibodies at 4°C overnight, and then were incubated with the corresponding sec-
ondary Alexa Fluor antibody for 50 min at room temperature. The nuclei were counterstained with DAPI.
The tissues were imaged with Imaging Systems for Fluorescence (NIKON, Japan).

qRT-PCR

Total RNA of tissues was extracted using TRIzol reagent (Takara, Japan) according to the manufacturer’s
instructions. cDNA was synthesized from 500 ng of RNA using the PrimeScript RT Master Kit (Takara,
Japan). Quantitative PCR (gPCR) was performed on a LightCycler 480 Real-Time PCR detection system
(Roche, Switzerland) with a SYBR Real-Time PCR Kit (Takara, Japan). Gene expression was measured and
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using the 2"t method. The se-
quences of primers used in this study are listed in Table S1.

Western blots

Tissues were homogenized and lysed (30 min on ice) in RIPA buffer supplemented with protease inhibitor
cocktail (Sigma, USA) to harvest total protein. The homogenate was centrifuged at 14,000 x g for 15 min.
Equal amounts of protein (20 pg) were loaded on 4%-20% Ready Gels (Bio-Rad Laboratories) and then
transferred to a polyvinylidene difluoride membrane. After blocking with QuickBlock Western blocking
buffer (Beyotime Biotechnology), the membrane was incubated with primary antibodies against
MyD88 (Abcam, ab219413), NF-kB (Abcam, ab288751), TNF-a (Abcam, ab183896), IL-18 (Abcam,
ab234437), and IL-6 (Abcam, ab259341) at 4°C overnight and probed with secondary antibodies conju-
gated with horseradish peroxidase for 1-2 h at room temperature. The bands were visualized by
enhanced ECL chemiluminescence reagent (Invitrogen, USA). Signals were analyzed with Image Lab
and normalized to controls.

Flow cytometry

The liver homogenate was filtered through a 70-um cell strainer in PBS and centrifuged at 400 x g for 5 min
at4°C. Red blood cells were removed using red blood cell lysis buffer. For extracellular staining, cells were
stained with anti-F4/80, anti-CD80, and viability dye (Live/Dead) for 30 min in the dark, followed by washing
with PBS. For intracellular staining of cytoplasmic proteins, after viability and surface staining, a fixation/
permeabilization buffer set (BD Bioscience) solution was used according to the manufacturer’s protocol,
followed by washing with Perm/Wash buffer (BD Bioscience). Then, the cells were incubated with anti-
bodies against CD206 for 50 min in the dark. The antibodies used in this flow cytometry analysis were as
follows: anti-F4/80-APC (17-4801-82, eBioscience), anti-CD80-FITC (11-0801-86, eBioscience), anti-
CD206-PE (12-2061-82, eBioscience), and Live/Dead (423104, BioLegend). Data analysis was performed us-
ing FlowJo VX Software (FlowJo, Ashland, OR).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis was performed in GraphPad Prism 8 (GraphPad Software). Other than gut microbiome, other
data were performed in SPSS 22.0 (SPSS Inc., USA) and shown as the means + standard errors of the means
(SEMs). The number of animals was exhibited as “n" which was indicated in figure legends. Significant dif-
ferences between mean values were determined by Student’s t test and one-way ANOVA. The data for an-
tibiotics treatment experiments were determined with two-way ANOVA. P < 0.05 was considered statisti-

cally significant.
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