


[bookmark: _Hlk121000147]Cold exposure-induced loss of beneficial gut bacterial sEV is associated with the pathogenesis of bone loss through pyroptosis pathway

Supplementary 	Figure S1

[image: 温度]
Figure. S1 Cold exposure correlates with increased DALYs (disability-adjusted life-years) for fracture due to LBMD in humans. A,The correlation between the DALYs for fracture due to LBMD and the latitude in the 204 countries and territories. B,The correlation between the DALYs for fracture due to LBMD and the average temperature in the 204 countries and territories
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Supplementary Figure. S2 Microbiota depletion affected bone metabolic processes in both RT and CT mice
A, The schematic flowchart displays the in vivo treatment designs for the RT, RT+ABX, CT, and CT+ABX groups (n=6 per group).The blue box indicates mice housed under cold-temperature conditions, and the yellow box indicates mice housed at room temperature. B, qPCR validation of gut microbiota depletion efficacy in ABX-treated RT or CT mice.C,Representative μCT reconstructions of mouse femora illustrate trabecular (topr) and cortical ((bottom) compartments. Scale bars: 500 μm (trabecular), 1 mm (cortical) D–J, μCT-derived microarchitectural metrics included BMD, Tb.BV/TV, Tb.Th, Tb.N, Tb.Sp, Ct.Ar/Tt.Ar, and Ct.Th (n=6 per group). K, Fluorescence microscopy images showing calcein double labelling on the mineralizing surfaces of femoral sections. Scale bar: 50 μm. L, M, Dynamic bone formation indices: mineral apposition rate (MAR) and bone formation rate per bone surface (BFR/BS) (n=6 per group). N, Representative OCN immunostaining of distal femoral trabeculae and the associated quantification (O) of osteoblast number normalized to bone surface (N.OBs/BS) for RT, RT+ABX, CT, and CT+ABX cohorts. Scale bar: 50 μm (n=6 per group).  P, ELISA for serum OCN (n=5 per group) Q, Representative TRAP)staining in distal femoral sections highlighting osteoclasts, with accompanying quantification (R) of osteoclast number per bone surface (N.OCs/BS). Scale bar: 50 μm (n=5 per group). S, ELISA for serum CTX-I(n=5 per group).  one-way ANOVA with Dunnett’s multiple-comparison for multi-group data. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001
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Supplementary Figure S3. (A) Rarefaction curves demonstrating that the sequencing depth was sufficient to capture the microbial structural diversity. The composition of the identified gut microbiota was profiled at the levels of phylum (B), family (C), and species (D). (E) Relative quantification of fecal Bifidobacterium levels by qPCR (n = 3) Student’s t-test was used for two-group analyses, and one-way ANOVA with Dunnett’s multiple-comparison for multi-group data. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001
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[bookmark: _Hlk204460638]Supplementary Figure S4. GW4869 inhibits the release of sEV in B.p. A,The schematic flow diagram depicts GW4869 inhibits the release of sEV in B.p and the in vivo treatment protocols for theRT, CT, B.p-preDMSO, and CT+B.p-preGW4869 groups. B, The bacterial colony counting assay analysis the viability of B. p treated by DMSO or GW4869 (n=3 per group). C, The quantification of sEV production in protein level (n=3 per group). D,  The quantification of sEV number (n=3 per group).one-way ANOVA with Dunnett’s multiple-comparison for multi-group data. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001
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Supplementary Figure S5 B. p-sEV promote osteogenes of BMSCs in vitro A,quantification of RUNX2 protein levels normalized to GAPDH in BMSCs n=(3 per group ). B,quantification of COL1,RUNX2 and BMP2 protein levels normalized to GAPDH in BMSCs n=(3 per group).  one-way ANOVA with Dunnett’s multiple-comparison for multi-group data. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001
Supplementary Figure S6
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Supplementary Figure S6 Uptake of DiR-labelled sEV and DiO-labeled sEVs in bone tissue.
A, Representative fluorescence image showing in vivo distribution of sEVs in mice 24 h post-treatmen. B,Representative ex vivo fluorescence image showing exosome biodistribution in organs 24 h after sEV treatmentt. C, Representative ex vivo imaging of sEV biodistribution in femur and tibia 24 h post–sEV exposure. D, Representative fluorescence microscopy of the femur showing green DiO-labeled sEVs. Scale bar = 100 μm. TB, trabecular bone; BM, bone marrow.
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Supplementary Figure S7 B. p-sEV mitigate CT-triggered pyroptosis in bone tissue A, Densitometric quantification of NLRP3, cleaved Caspase-1, and cleaved GSDMD protein expression following cold exposure (n=9 per group). B,Quantitative analysis of protein levels for NLRP3, cleaved Caspase-1, and cleaved GSDMD in bone tissue of CT mice following B. p-sEV treatmen t (n=5 per group). C.Quantification of the effects of B. p-sEVs on NLRP3, cleaved CASP1, and cleaved GSDMD protein levels in BMSCs (n=3per group). Student’s t-test was used for two-group analyses, and one-way ANOVA with Dunnett’s multiple-comparison for multi-group data. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001
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Supplementary Figure S8 B. p-sEV restored nigericin-impaired osteogenic differentiation by inhibiting pyroptosis in BMSCs
A, Representative image of microscopic view TUNEL staining of BMSCs after vehicle, Nig, Nig + B. p-sEV treatment. Scale bars: 100 μm. B, Representative SEM images of BMSCs morphology. C, Representative Western blot showing NLRP3, cleaved CASP1, and cleaved GSDMD protein levels in BMSCs. D, Quantitative analysis of NLRP3, cleaved CASP1, and cleaved GSDMD protein expression in BMSCs (n=3 per group). E, ELISA of IL-1β in BMSCs supernatants. (n=3 per group). F, ELISA of IL-18 in BMSCs supernatants (n=3 per group). G,Representative Western blot showing COL1, RUNX2, and BMP2 protein levels in BMSCs (n=3 per group). H, Quantitative analysis of COL1, RUNX2, and BMP2 protein expression in BMSCs. I, Representative images of ARS and ALP staining in BMSCs, shown as microscopic fields and whole-well views. Scale bars: 500μm.one-way ANOVA with Dunnett’s multiple-comparison for multi-group data. *P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001
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Supplementary Figure. S9 MCC950 inhibited pyroptosis of bone tissues in CT mice.A, Representative western blot image showing the protein levels of NLRP3, Cleaved-CASP1 and Cleaved-GSDMD in bone tissues.B,uantitative analysis of COL1, RUNX2, and BMP2 protein expression in bone tissues (n=3 per group). C, ELISA for serum IL-1β (n=7 per group). D, ELISA for serum IL-18 (n=7 per group). E, Representative immunohistochemical staining for GSDMD and IL-1β in distal femoral trabecular regions. Student’s t-test was used for two-group analyses, and one-way ANOVA with Dunnett’s multiple-comparison for multi-group data.* P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001
Supplementary Table S1
	Nfatc1-F
	CAGTGTGACCGAAGATACCTGG

	Nfatc1-R
	TCGAGACTTGATAGGGACCCC

	Trap-F
	TGGTCCAGGAGCTTAACTGC

	Trap-R
	GTCAGGAGTGGGAGCCATATG

	Ctsk-F
	TCCGCAATCCTTACCGAATA

	Ctsk-R
	AACTTGAACACCCACATCCTG

	Atp6v0d2-F
	AAGCCTTTGTTTGACGCTGT

	Atp6v0d2-R
	TTCGATGCCTCTGTGAGATG

	Gapdh-F
	AGAAGGTGGTGAAGCAGGCATC

	Gapdh-R
	CGAAGGTGGAAGAGTGGGAGTTG

	16S rRNA primers 341F
	CCTAYGGGRBGCASCAG

	16S rRNA primers 806R
	GGACTACNNGGGTATCTAAT

	Bif-groEL-F
	TCCGATTACGAYCGYGAGAAGCT

	Bif-groEL-R
	CSGCYTCGGTSGTCAGGAACAG



Supplementary Table S2
DALYs number and age-standardized rate of fractures due to LBMD by GBD region, 2019. the latitude and average day temperature in 204 countries and territories.
	region
	DALYs  number
	DALYs  rate
	latitude [°]
	[bookmark: _Hlk121000035]average day temperature [℃]

	Afghanistan
	5791.51
	52.97
	33.93911
	13

	Albania
	3496.97
	83.59
	41.153332
	10

	Algeria
	17936.72
	58.67
	36.42
	16.7

	American Samoa
	32.86
	78.06
	-14.270972
	26

	Andorra
	308.95
	202.14
	42.31
	9.9

	Angola
	6455.2
	80
	-11.202692
	22

	Antigua and Barbuda
	41.41
	45.25
	17.060816
	27

	Argentina
	37750.43
	69.61
	-38.416097
	14.5

	Armenia
	2280.71
	56.25
	40.069099
	7

	Australia
	71878.28
	160.51
	-25.274398
	11

	Austria
	30433.32
	158.05
	47.516231
	20.5

	Azerbaijan
	4738.19
	50.96
	40.143105
	14

	Bahamas
	192.34
	55.23
	25.03428
	25

	Bahrain
	444.4
	45.73
	25.930414
	23

	Bangladesh
	51347.13
	41.76
	23.684994
	26.5

	Barbados
	224.43
	45.9
	13.193887
	26

	Belarus
	21390.35
	137.25
	53.709807
	5.5

	Belgium
	52300.24
	209.19
	50.503887
	9

	Belize
	130.35
	51.96
	17.189877
	25.5

	Benin
	3053.71
	78.6
	9.30769
	27

	Bermuda
	67.26
	49.64
	32.321384
	21

	Bhutan
	914.99
	188.88
	27.514162
	15.5

	Bolivia (Plurinational State of)
	7182.28
	87.61
	-16.290154
	21.8

	Bosnia and Herzegovina
	6327.09
	109.53
	43.915886
	11.2

	Botswana
	543.62
	46.06
	-22.328474
	21.5

	Brazil
	258807.53
	112.89
	-14.235004
	19

	Brunei Darussalam
	278
	109.16
	-4.56
	28

	Bulgaria
	14398.45
	103.76
	42.733883
	11

	Burkina Faso
	6413.22
	90.73
	12.238333
	27

	Burundi
	2796.53
	80.16
	-3.373056
	22

	Cabo Verde
	296.44
	71.46
	16.002082
	25

	Cambodia
	18049.66
	181.69
	12.565679
	27.5

	Cameroon
	7878.24
	87.12
	7.369722
	24

	Canada
	108253.33
	144.89
	56.130366
	3.5

	Central African Republic
	1166.87
	73.09
	6.611111
	26

	Chad
	3466.1
	77.55
	15.454166
	26.5

	Chile
	23900.65
	100.1
	-35.675147
	12.5

	China
	1839375.07
	104.83
	35.86166
	13

	Colombia
	27202.77
	50.81
	4.570868
	17

	Comoros
	311.17
	72.34
	-11.875001
	25.5

	Congo
	1423.48
	72.85
	-4.038333
	26

	Cook Islands
	14.81
	61.56
	-21.236736
	24

	Costa Rica
	4597.77
	89.23
	9.748917
	20.5

	Croatia
	20937.64
	226.51
	45.1
	13

	Cuba
	34919
	170.48
	21.521757
	24.5

	Cyprus
	2732.37
	153.19
	35.126413
	18.5

	Czechia
	35828.88
	168.26
	49.817492
	9.5

	Côte d'Ivoire
	6433.66
	82.65
	7.539989
	27

	Democratic People's Republic of Korea
	16762.03
	56.17
	40.339852
	10

	Democratic Republic of the Congo
	21509.33
	79.19
	-4.038333
	26

	Denmark
	16085.8
	133.35
	56.26392
	7.9

	Djibouti
	333.56
	75.22
	11.825138
	21

	Dominica
	40.14
	44.17
	15.414999
	22.5

	Dominican Republic
	4375.35
	50.12
	18.735693
	27.5

	Ecuador
	11723.36
	81.7
	-1.831239
	24.5

	Egypt
	24235.5
	41.66
	26.820553
	18

	El Salvador
	5177.65
	83.76
	13.794185
	25

	Equatorial Guinea
	252.97
	69.38
	1.650801
	25

	Eritrea
	1662.43
	85.28
	15.179384
	23

	Estonia
	2831.55
	112.01
	58.595272
	4.5

	Eswatini
	215.19
	43.63
	-26.522503
	18

	Ethiopia
	29266.68
	87.37
	9.145
	22

	Fiji
	341.2
	55.91
	-16.578193
	25

	Finland
	26729.17
	208.63
	61.92411
	3.5

	France
	279998.86
	178.2
	46.227638
	14

	Gabon
	665.08
	79.1
	-0.803689
	26

	Gambia
	741.78
	93.73
	13.443182
	26

	Georgia
	6241.04
	105.27
	42.315407
	15.8

	Germany
	297944.3
	143.04
	51.165691
	9

	Ghana
	10786.3
	86.8
	7.946527
	26

	Greece
	21275.13
	89.18
	39.074208
	18.7

	Greenland
	155.06
	268.97
	71.706936
	0

	Grenada
	65.3
	65.35
	12.262776
	26

	Guam
	104.72
	55.84
	13.444304
	26.5

	Guatemala
	11031.27
	106.47
	15.783471
	19

	Guinea
	3671.9
	78.85
	9.945587
	25

	Guinea-Bissau
	492.93
	91.18
	11.803749
	23

	Guyana
	554.27
	105.46
	4.860416
	26

	Haiti
	3565.3
	64.74
	18.971187
	25.5

	Honduras
	3345.85
	58.24
	15.199999
	21.5

	Hungary
	35354.51
	177.16
	47.162494
	10

	Iceland
	731.97
	123.77
	64.963051
	3.5

	India
	2510287.65
	258.5
	20.593684
	24.5

	Indonesia
	177800.34
	103.71
	-0.789275
	26.5

	Iran (Islamic Republic of)
	36925.65
	53.89
	33.223191
	15.5

	Iraq
	10153.26
	45.46
	33.223191
	23

	Ireland
	8812.48
	117.16
	53.41291
	9

	Israel
	10820.3
	91.18
	31.046051
	21

	Italy
	194283.28
	118.31
	41.87194
	14.5

	Jamaica
	1232.73
	39.39
	18.109581
	26

	Japan
	323094.28
	84.63
	36.204824
	15.5

	Jordan
	2846.82
	47.5
	30.585164
	8.5

	Kazakhstan
	13166.21
	76.56
	48.019573
	5.5

	Kenya
	14174.61
	85.41
	-0.023559
	23

	Kiribati
	24.37
	46.53
	-3.370417
	27

	Kuwait
	1458.71
	49.82
	29.31166
	26

	Kyrgyzstan
	2432.19
	52.82
	41.20438
	10

	Lao People's Democratic Republic
	3087.9
	83.16
	19.85627
	26

	Latvia
	4822.63
	125.05
	56.879635
	6.7

	Lebanon
	2493.27
	49.22
	33.854721
	21

	Lesotho
	570.09
	52.56
	-29.609988
	17.5

	Liberia
	1217.85
	75.99
	6.428055
	27.5

	Libya
	2860.77
	57.17
	26.3351
	21

	Lithuania
	8804.92
	155.49
	55.169438
	6

	Luxembourg
	1708.71
	158.86
	49.815273
	8

	Madagascar
	5375.08
	63.37
	-18.766947
	22.5

	Malawi
	5239.94
	90.28
	-13.254308
	18

	Malaysia
	17641.07
	75.45
	4.210484
	28

	Maldives
	194.12
	72.16
	3.202778
	27.5

	Mali
	6771.34
	99.51
	17.570692
	28

	Malta
	1258.74
	134.34
	35.937496
	18

	Marshall Islands
	19.22
	75.38
	7.131474
	5.6

	Mauritania
	1228.5
	69.96
	21.00789
	32.5

	Mauritius
	829.78
	48.6
	-20.348404
	25

	Mexico
	103964.71
	92.86
	23.634501
	22

	Micronesia (Federated States of)
	43.69
	82.85
	7.425554
	27

	Monaco
	112.06
	111.31
	43.750298
	16

	Mongolia
	2293.05
	92.07
	46.862496
	8

	Montenegro
	1213.66
	127.89
	42.708678
	27.5

	Morocco
	24467.7
	88.57
	31.791702
	19

	Mozambique
	8757.9
	102.02
	-18.665695
	22.5

	Myanmar
	55156.25
	138.15
	21.913965
	27

	Namibia
	593.16
	46.7
	-22.95764
	19.5

	Nauru
	2.47
	80.38
	-0.522778
	31

	Nepal
	37633.76
	186.52
	28.394857
	17.5

	Netherlands
	61700.81
	168.02
	52.132633
	9.5

	New Zealand
	13778.53
	168.02
	-40.900557
	12.5

	Nicaragua
	3231.47
	85.8
	12.865416
	25.5

	Niger
	5921.17
	103.47
	17.607789
	28.9

	Nigeria
	52799.86
	78.59
	9.081999
	26.5

	Niue
	1.54
	72.4
	-19.054445
	27

	North Macedonia
	3261.27
	112.18
	41.608635
	13

	Northern Mariana Islands
	39.46
	98.29
	17.33083
	29

	Norway
	20159.64
	187.93
	60.472024
	5.5

	Oman
	1252.73
	93.67
	21.512583
	26

	Pakistan
	52254.89
	57.24
	30.375321
	21.5

	Palau
	22.44
	135.24
	7.51498
	27

	Palestine
	1428.83
	68.28
	31.952162
	18

	Panama
	2040.67
	48.6
	8.537981
	26.5

	Papua New Guinea
	4996.62
	161.08
	-6.314993
	28

	Paraguay
	4000.4
	74.94
	-23.442503
	22.5

	Peru
	16772.04
	52.16
	-9.189967
	18

	Philippines
	45051.11
	66.71
	12.879721
	27

	Poland
	105513.42
	150.35
	51.919438
	7.5

	Portugal
	21677.44
	84.75
	39.399872
	16

	Puerto Rico
	5356.69
	71.24
	18.220833
	28

	Qatar
	761.85
	78.09
	25.354826
	26.5

	Republic of Korea
	105639.37
	121.39
	35.907757
	13.5

	Republic of Moldova
	5411.19
	94.47
	45.943161
	8.5

	Romania
	41935.96
	116.49
	45.943161
	10.5

	Russian Federation
	258036.65
	111.97
	61.52401
	3

	Rwanda
	4022.74
	86.82
	-1.940278
	19

	Saint Kitts and Nevis
	38.51
	70.75
	17.357822
	26

	Saint Lucia
	94.33
	45.62
	13.909444
	27

	Saint Vincent and the Grenadines
	85.59
	67.77
	12.984305
	27

	Samoa
	95.83
	73.6
	-13.759029
	28

	San Marino
	79.52
	114.48
	43.94236
	16

	Sao Tome and Principe
	117.36
	134.6
	0.18636
	27

	Saudi Arabia
	36012.77
	196.97
	23.885942
	25

	Senegal
	5213.36
	85.19
	14.497401
	24

	Serbia
	17069.36
	111.18
	44.016521
	10

	Seychelles
	58.36
	55.29
	-4.679574
	27

	Sierra Leone
	2242.16
	77.31
	8.460555
	26.5

	Singapore
	5640.59
	73.5
	1.352083
	29

	Slovakia
	15871.59
	175.2
	48.669026
	8

	Slovenia
	10176.13
	215.28
	46.151241
	8.5

	Solomon Islands
	510.17
	213.43
	-9.64571
	26.5

	Somalia
	3640.28
	73.56
	5.152149
	10

	South Africa
	12750.3
	30.93
	-30.559482
	17.5

	South Sudan
	2008.25
	63.59
	4
	30.5

	Spain
	112078.33
	110.3
	40.463667
	14.5

	Sri Lanka
	25043.64
	110.58
	7.873054
	28

	Sudan
	9971.33
	56.61
	12.862807
	28.5

	Suriname
	323.2
	57.92
	3.919305
	25

	Sweden
	37902.62
	161.85
	60.128161
	4.5

	Switzerland
	37808.34
	193.31
	46.818188
	18

	Syrian Arab Republic
	6467.51
	55.93
	34.802075
	10.5

	Taiwan (Province of China)
	23735.51
	59.64
	23.69781
	23.5

	Tajikistan
	2957.51
	58.43
	38.861034
	13.5

	Thailand
	67060.44
	66.17
	15.870032
	27

	Timor-Leste
	568.32
	80.53
	-8.874217
	26

	Togo
	2172.21
	80.38
	8.619543
	27

	Tokelau
	0.83
	67.71
	-8.967363
	28

	Tonga
	45.31
	58.71
	-21.178986
	24

	Trinidad and Tobago
	693.33
	38.68
	10.691803
	27

	Tunisia
	6400.66
	53.52
	33.886917
	21

	Turkey
	67191.26
	80.78
	38.963745
	13.5

	Turkmenistan
	1817.29
	46.46
	38.969719
	15

	Tuvalu
	6.46
	74.18
	-7.109535
	29

	Uganda
	9197.42
	82.49
	1.373333
	23

	Ukraine
	80578.89
	109.61
	48.379433
	7.5

	United Arab Emirates
	3307.91
	55.98
	23.424076
	26.5

	United Kingdom
	169926.06
	128.38
	55.378051
	9

	United Republic of Tanzania
	17318.56
	85.37
	-6.369028
	23.5

	United States of America
	819444.96
	139.09
	37.09024
	13

	United States Virgin Islands
	101.62
	59.67
	18.335765
	26

	Uruguay
	5058.89
	86.94
	-32.522779
	16

	Uzbekistan
	11333.66
	55.76
	41.377491
	14

	Vanuatu
	99.56
	70.19
	-15.376706
	24.5

	Venezuela (Bolivarian Republic of)
	17602.8
	62.8
	6.42375
	26

	Viet Nam
	114018.9
	146.01
	14.058324
	25.5

	Yemen
	7342.48
	60.3
	15.552727
	32.8

	Zambia
	4909.3
	95.59
	-13.133897
	20

	Zimbabwe
	3877.41
	73.06
	-19.015438
	19.5
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