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SUMMARY

Obesity and its co-morbidities including type 2 diabetes are increasing at epidemic rates in the U.S. and
worldwide. Brown adipose tissue (BAT) is a potential therapeutic to combat obesity and type 2 diabetes.
Increasing BAT mass by transplantation improves metabolic health in rodents, but its clinical translation
remains a challenge. Here, we investigated if transplantation of 2–4 million differentiated brown pre-ad-
ipocytes from mouse BAT stromal fraction (SVF) or human pluripotent stem cells (hPSCs) could improve
metabolic health. Transplantation of differentiated brown pre-adipocytes, termed ‘‘committed pre-adipo-
cytes’’ from BAT SVF from mice or derived from hPSCs improves glucose homeostasis and insulin sensi-
tivity in recipient mice under conditions of diet-induced obesity, and this improvement is mediated
through the collaborative actions of the liver transcriptome, tissue AKT signaling, and FGF21. These
data demonstrate that transplantation of a small number of brown adipocytes has significant long-term
translational and therapeutic potential to improve glucose metabolism.

INTRODUCTION

Obesity and type 2 diabetes are rapidly increasing in the United States and worldwide.1 Therapeutic studies to combat obesity and type 2

diabetes have focused on improving glucosemetabolism and reducing adiposity. An important tissue to combat the development of obesity

and type 2 diabetes is brown adipose tissue (BAT), a thermogenic tissue which can dissipate stored and circulating glucose and lipids in the

form of heat.2,3 The amount and activity of BAT is inversely correlated with obesity in humans, thus increasing BAT mass or activity are impor-

tant strategies to combat obesity and type 2 diabetes.2–6 Several studies, including work from our laboratory, have shown that transplantation

of whole BAT in rodent models improves glucose metabolism and can mitigate symptoms of type 1 and type 2 diabetes.2–6

Similar to transplantation of BAT, increasing the number of active brown adipocytes has the potential to improve metabolic health.7–10

One recent study utilized CRISPR-Cas9 to transdifferentiate human white pre-adipocytes to UCP1+ brown adipocytes and demonstrated

that transplantation of 15–20million cells reduced obesity and improved glucose tolerance.10 However, the effect of transplantation of brown

adipocytes on metabolic health has not been thoroughly investigated.

BAT is composed of mature adipocytes and the stromal vascular fraction (SVF).3,11 BAT SVF consists of multiple cell types including pre-

adipocytes, mesenchymal stem cells, endothelial cells, and immune cells.3,11 These pre-adipocytes can be differentiated into mature, func-

tional brown adipocytes. Here, we transplanted pre-adipocytes from murine BAT SVF after differentiation into mature adipocytes (termed

‘‘committed pre-adipocytes’’), or brown adipocytes from the human AgeX-NP88 line (termed ‘‘hBAs’’) into high-fat fedmice and investigated

their effect on glucose metabolism and body composition. Transplantation of only 2 million committed pre-adipocytes from BAT SVF

improved whole-body glucose metabolism, fasting insulin, and insulin signaling in multiple tissues 12 weeks post-transplantation. Bulk
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RNA sequencing revealed a significant effect of the transplanted committed pre-adipocytes on the liver, identifying a potential role for the

lipocalin sub-family of major urinary proteins (MUPs) to affect glucose metabolism.

Since previous studies have identified a role of FGF21 to mediate metabolic health, particularly in response to BAT transplantation,2,12–14

we utilized FGF21�/� mice to determine if FGF21 contributed to the observed metabolic improvements. Transplantation of FGF21�/�

committed brown adipocytes in wild-type or FGF21�/� mice, or transplantation of WT committed brown adipocytes into FGF21�/� mice,

had a blunted effect on glucose metabolism. In a separate cohort of mice, transplantation of hBAs into high-fat diet (HFD)-fed immunode-

ficient mice improved glucose homeostasis in recipient mice. Together, these data identify a novel and potentially translatable approach to

combat obesity and type 2 diabetes in humans.

RESULTS

Pre-adipocytes from BAT SVF maintain adipogenic capacity and differentiate into mature adipocytes in culture

Cells isolated from murine BAT SVF were cultured and adipogenic differentiation was induced using Adipogenic Induction Media (AIM).

Adipocyte-precursor differentiation was observed after 3 days of treatment with AIM as determined by the presence of lipid droplets and

increased expression of adipogenicmarkers (Figures S1A and S1B). These differentiated pre-adipocytes and progenitors, henceforth referred

to as ‘‘committed pre-adipocytes,’’ were transplanted into recipient mice on day 3 of differentiation.

Committed pre-adipocytes from BAT SVF maintain viability on 3D silk scaffolds, pre- and post-transplantation

Todetermine viability of cells after transplantation onto silk scaffolds in vitro, committedpre-adipocytes from luciferase transgenicmice (Luc+)

were incubated on silk scaffolds and injectedwith luciferin prior to transplantation intomice and bioluminescencewas detected using the IVIS

(Figure S1C). To determine viability of cell in vivo, Luc+ committed pre-adipocytes were transferred onto silk scaffolds and then transplanted

into the intraperitoneal cavity of wild-type (WT) mice, and the recipients injected with luciferin at 1-week post-transplantation. Biolumines-

cence was detected using the IVIS in vivo imaging (Figure S1D). These data suggest that committed pre-adipocytes maintain viability and

luciferase activity in vitro and in vivo post-transplantation.

Additionally, while cells were present on the scaffolds, luciferase activity was not detected in vivo (3 weeks post-transplant) or after extrac-

tion of the lipid laden adipocytes from transplanted scaffolds (4 weeks post-transplantation) (Figures S1E–S1H). It is not clear if this was due to

infiltration of endogenous adipose tissue causing signal interference, diffusion of transplanted cells from the scaffold, or loss of luciferase

activity over time. This is consistent with numerous previous luciferase tracing studies in vivo that show that loss of luciferase activity over

time does not preclude the functionality of transplanted cells.15–19 Together, these data show that transplantation of committed pre-adipo-

cytes from BAT SVF using silk scaffolds is an efficient strategy to maintain primary cell function post-transplant.

Transplantation of committed pre-adipocytes from BAT SVF attenuates body weight gain in HFD-fed mice

To determine if transplantation of committed pre-adipocytes from BAT affected body weight or composition, mice were transplanted with

empty scaffolds (Sham-WT), whole undifferentiated SVF (1 million cells – SVF 1x; 2 million cells – SVF 2x), or committed pre-adipocytes

(1 million cells – interscapular BAT [iBAT] 1x; 2 million cells – iBAT 2x) (Table S2). Body weight gain was attenuated in iBAT 1x and iBAT 2x

mice compared to other high-fat fed groups at 12 weeks post-transplantation (Figures 1A and S2A). Additionally, total fat mass was reduced

in iBAT 2xmice compared to SVF 2xmice (Figure 1B), and leanmass was increased in SVF 1x, SVF 2x, and iBAT 1x compared to Sham-WTmice

12 weeks post-transplantation (Figure 1C). Lean mass was lower in iBAT 2x mice compared to SVF 1x, SVF 2x, and iBAT 1x, but not Sham-WT,

at 12 weeks post-transplantation (Figure 1C). Age matched, untreated chow-fed mice had significantly reduced body weight and fat mass

compared to all other groups (Figures 1A and 1B), and reduced lean mass compared to SVF 1x, SVF 2x, and iBAT 1x groups (Figure 1C).

Transplantation of committed pre-adipocytes from BAT SVF improves glucose metabolism and reduces fasting insulin but

does not affect thermogenic capacity

Previous studies have established that transplantation of whole BAT improves glucosemetabolism in recipient mice.2–6 To determine if trans-

plantation of committed pre-adipocytes isolated from BAT affects glucose metabolism, we measured glucose tolerance in the previously

defined groups. Glucose tolerance was improved in iBAT 2x mice compared to Sham-WT mice at 4-, 8-, and 12-week post-transplantation

(Figures 1D, 1E, and S2B). Importantly, glucose tolerance in iBAT 2x mice was improved to the level of age-matched, chow-fed mice at

12 weeks post-transplant (Figures 1D and 1E).

To assess whole-body insulin sensitivity, insulin tolerance tests were performed in all groups at 12 weeks post-transplantation. Insulin toler-

ance was improved in the iBAT 2x mice to the level of age-matched, chow-fed mice and was significantly lower than all other groups (Fig-

ure 1F). Both iBAT 1x and iBAT 2x had reduced fasting plasma insulin compared to Sham-WT, SVF 1x, and SVF 2xmice (Figure 1G), but insulin

was significantly increased compared to chow-fed mice. This likely corresponds to the difference in fat mass among chow-fed and iBAT 1x or

iBAT 2x mice (Figures 1B and 1G). In summary, glucose tolerance, insulin tolerance, and fasting insulin levels were significantly improved in

iBAT 2xmice compared to the Sham-WTgroup.Glucose and insulin tolerance, but not fasting insulin, were improved in HFD-fed iBAT 2xmice

to the level of age-matched, untreated, chow-fed mice. These data demonstrate a powerful role for transplanted committed pre-adipocytes

from BAT SVF to improve systemic metabolism in a model of diet-induced obesity.
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Since BAT is a thermogenic tissue, we investigated if transplantation of committed pre-adipocytes could mediate thermogenic capacity in

the recipientmice. A cold tolerance test was performed in the Sham-WT and iBAT 2x group as thosemice had themost pronounced improve-

ments in metabolic health. There was no difference in basal body temperature or after 4 h of cold exposure at 4�C between Sham-WT and

iBAT 2x mice (Figures 1H and 1I).

Taken together, these data indicate that transplantation of committed pre-adipocytes from BAT SVF (iBAT 2x) improves glucose and in-

sulin tolerance and reduces fasting insulin. This improvement is specific to transplantation of committed pre-adipocytes as no effects were

observed upon transplantation of whole, undifferentiated SVF.

Figure 1. Transplantation of WT committed pre-adipocytes improves whole-body glucose metabolism of WT recipient mice

(A–G) Bodyweight (A), fatmass (B), leanmass (C), glucose tolerance test (GTT) excursion curve (D), GTT area under curve (AUC) (E), insulin tolerance test (ITT) AUC

(F), and plasma insulin levels after 12-h fast (ng/mL) (G), 12 weeks post-transplant (n = 5–46 per group; ^p < 0.05, ^^p < 0.01, ^^^p < 0.001, ^^^^p < 0.0001 vs.

Chow; *p < 0.05, **p < 0.01, ****p < 0.0001 vs. Sham-WT; $p < 0.05, $$p < 0.01, $$$p < 0.001, $$$$p < 0.0001 vs. SVF 1x; #p < 0.05, ##p < 0.01 vs. SVF 2x; &p < 0.05,
&p < 0.01 vs. iBAT 1x; two-tailed t-test).

(H and I) Cold tolerance test in WT recipients with average rectal temperature [oC] over 240 min of cold exposure [4�C] (H) and rectal temperature [oC] 0, 30, 60,

120, 180, and 240 min after cold exposure [4�C] (I) (n = 5–7 per group). All data are represented as mean G SEM.

ll
OPEN ACCESS

iScience 27, 108927, February 16, 2024 3

iScience
Article



Transplantation of committed pre-adipocytes increases AKT phosphorylation in skeletal muscle, adipose tissue, and liver

and upregulates expression of metabolic genes in the liver

Transplantation of committed pre-adipocytes from BAT improved glucose tolerance, insulin tolerance, and reduced fasting insulin. To estab-

lish which tissues contributed to this improvement in insulin sensitivity, wemeasured protein expression of pAKT andAKT after acute injection

of insulin at 12 weeks post-transplantation, as insulin increases glucose uptake by activation of AKT.20–22 We also measured expression of

genes related to metabolic function and thermogenic activity in iBAT 2x and Sham-WT recipient mice, at 12 weeks post-transplant. As ex-

pected, insulin significantly increased the pAKT/AKT ratio in skeletal muscle (TA, tibialis anterior), iBAT, and liver in both Sham-WT and

iBAT 2x mice (Figures 2A–2C). This increase in pAKT/AKT was significantly higher in both basal and insulin-stimulated conditions in the

TA, and after insulin stimulation in iBAT, liver, and subcutaneouswhite adipose tissue (scWAT) of iBAT 2xmice (Figures 2A–2C and S2C). There

was no difference in pAMPK/AMPK in TA, iBAT, or liver in iBAT 2x mice compared to Sham-WT (Figures S2D–S2F). These data indicate that

transplantation of committed brown adipocytes increases the pAKT/AKT ratio in muscle, adipose tissue, and liver, which likely contributes to

the improved glucose metabolism and insulin sensitivity in these mice.20–22

Expression of genes involved in thermogenesis and glucose metabolism weremeasured in multiple tissues. There was no activation of ther-

mogenic ormetabolic genes in scWAT, perigonadal white adipose tissue (pgWAT), or endogenous BAT, and there was no change in expression

ofgenes involved inglucosemetabolism inskeletalmuscle (TA). In contrast, genes involved inglucosemetabolismweresignificantly upregulated

in the liverof iBAT2xmice (FiguresS3A–S3E). Takentogether, thesedatashowthat transplantationofWTcommittedpre-adipocytes toWTrecip-

ient mice affects insulin signaling in liver and skeletal muscle, and increases expression of genes involved in glucose metabolism in the liver.

Transplantation of WT committed pre-adipocytes significantly alters expression of pathways associated with glucose,

insulin, and lipid metabolism in the liver

Transplantation of 2 million WT committed brown pre-adipocytes significantly upregulated AKT signaling (Figure 2C) and expression of

genes related to glucose metabolism (Figure S3B) in the liver of WT recipient mice. Given the contribution of the recipient livers in mediating

Figure 2. TransplantationofWTcommittedpre-adipocytes increasespAKT/AKTsignaling in tibialisanterior (TA)muscle, iBAT,and liverofWTrecipientmice

(A–C) Western blotting protein expression for pAKT/AKT and blots for pAKT and AKT in TA (A), iBAT (B), and liver (C) (n = 3–5 per group; insulin-stimulated

conditions depicted using ‘i’; *p < 0.05, **p < 0.01 as described [* = insulin effect; # = group effect]; two-tailed t test). All data are represented as meanG SEM.
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metabolic improvements, we investigated changes to the liver transcriptome that could bolster these metabolic improvements via RNA

sequencing (RNA-seq) in Sham-WT and iBAT 2x mice. Transcriptomics data showed significant alterations driven by the transplanted adipo-

cytes to modify the liver transcriptome of iBAT 2x mice, as demonstrated via the principal component analysis and differentially expressed

genes (Figures 3A, 3B, and S4A). Transplantation of committed pre-adipocytes upregulated signaling in pathways related to glucose, insulin,

and lipidmetabolism in livers of recipient iBAT 2xmice, concurrent with the observed physiological, protein and gene expression phenotypes

in recipient mice (Figures 3C and S4B). In contrast, downregulation of immunological pathways suggests that there are no immunogenic ef-

fects of transplanted tissues (Figures 3D and S4C).

In-depth analysis of pathways upregulated in iBAT 2x recipient livers revealed a significant contribution of MUP genes (Figure 3C). MUPs,

particularlyMUP1, havebeen implicated in improving glucosemetabolism,AKT signaling, and energy expenditure via the liver and skeletalmus-

cle, and are downregulatedwith diet-inducedobesity.23–26 Transcriptomics data reveal that several genes in theMUP family includingMUPs 1, 2,

11, and 12, among others, are significantly upregulated in the liver after transplantation of committed pre-adipocytes (Figures 3B and 3C).

To determine if the RNA-seq data are reflective of functionally relevant changes toMUP expression levels, wemeasured the gene or protein

expression of Mup1, Mup2, Mup11, and Mup12 in the livers of Sham-WT and iBAT 2x mice. Concurrent with the transcriptomics data, gene

expression of Mup1, Mup2, Mup11, and Mup12 (Figure 3E) and protein levels of MUP11 (p < 0.05) and MUP12 (p = 0.056) were increased

(Figures 3F and S5A–S5C) in the liver of iBAT 2xmice. Together, these data demonstrate that the liver transcriptome is significantly altered after

transplantation of committed brown adipocytes revealing upregulation of metabolic pathways with no adverse immunological effects. These

changes may facilitate the physiological and metabolic improvements observed in iBAT 2x mice, potentially via the MUP lipocalin sub-family.

Transplantation ofWT committed pre-adipocytes attenuates bodyweight gain and improves insulin sensitivity in FGF21�/�

recipients

Several studies have determined that FGF21, which can be secreted from BAT or the liver, contributes to improvements in glucose tolerance

and insulin sensitivity.22,27–31 Previous studies have demonstrated that brown adipose tissue canmediate improvements to glucose tolerance

and insulin sensitivity through the activity of adiponectin and FGF21,2,4,13,14,32–38 and several studies have identified a strong correlation of the

adiponectin-FGF21 axis and insulin sensitivity.2,4,13,14,32–38 To determine if adiponectin or FGF21was responsible for improvements in glucose

metabolismafter transplantationof committedpre-adipocytes, plasmaadiponectin andFGF21weremeasured inSham-WTand iBAT-2xmice.

There was no change in adiponectin (Figure S5D), but concentration of FGF21 tended to be increased in iBAT-2x mice 12 weeks post-trans-

plantation (Figure S5E; p = 0.1). These data, in conjunction with the observed metabolic improvements, particularly the role of the liver, and

previous studies, led us to investigate a role for FGF21 to mediate metabolic improvements after transplantation of 2 million committed pre-

adipocytes from BAT SVF.

To determine if the improvements in glucosemetabolism and insulin sensitivity after transplantation of committed brown adipocytes were

mediated by FGF21, 2 million committed pre-adipocytes isolated from WT donors were transplanted into high-fat fed FGF21�/� recipient

mice (WT-to-KO). Body weight and lean mass, but not fat mass, were reduced in WT-to-KO mice compared to Sham-FGF21�/� (Sham-

KO) mice (Figures 4A–4C).

FGF21plays an important role inglucosemetabolismandFGF21�/�micehave impaired insulin sensitivity.22,27–31,39 Todetermine if transplan-

tation of committed pre-adipocytes fromWTmice affected glucose tolerance, glucose tolerance tests were performed in Sham-KO andWT-to-

KOmice at 4-, 8-, and 12-week post-transplantation. Similar to previous studies, glucose tolerance was impaired in Sham-KOmice compared to

Sham-WTmice 4- and8-weekpost-transplant (Figure4D).WT-to-KOmicehad improvedglucose tolerancecompared toSham-KOmice4weeks

post-transplant, but surprisingly, there was no effect on glucose tolerance at 8- and 12-week post-transplantation (Figure 4D).

There was, however, a significant effect of transplantation of committed pre-adipocytes into FGF21�/� mice on both insulin tolerance and

fasting insulin. WT-to-KO had improved insulin tolerance and reduced fasting insulin compared to Sham-KO (Figures 4E and 4F). Fasting

plasma FGF21 levels were measured 12 weeks post-transplantation and FGF21 was reduced in Sham-KO and WT-to-KO mice compared

to Sham-WT mice, but there were no differences between WT-to-KO and Sham-KO mice (Figure 4G). Given the strong improvements to in-

sulin tolerance and insulin sensitivity, it is possible that transplantation of committed pre-adipocytes from BAT SVF mediates metabolic im-

provements by activating endogenous FGF21 without increasing circulating levels.

Similar to iBAT 2x mice, there was no effect of transplanting committed pre-adipocytes into FGF21�/� mice on thermogenic capacity

(Figures 4H and 4I). Taken together, these data suggest that transplantation of WT committed pre-adipocytes into FGF21�/� recipients at-

tenuates body weight gain, improves insulin tolerance, and reduces fasting insulin similar to transplantation into WT recipients, but does not

affect glucose tolerance.

Transplantation of WT committed pre-adipocytes attenuates AKT hyperphosphorylation in skeletal muscle and liver of

FGF21�/� recipients, and upregulates expression of select metabolic genes in the liver

Previous studies have determined a role for FGF21 to mediate insulin sensitivity and glucose transport through increased AKT phosphoryla-

tion.14,33,35–37 To delineate the mechanism for transplantation of FGF21+/+ (WT) committed pre-adipocytes to affect insulin sensitivity in

FGF21�/� mice, we measured expression of pAKT and AKT in basal and insulin-stimulated conditions.20–22 The pAKT/AKT ratio was signif-

icantly increased after insulin stimulation in TA and liver of Sham-KOmice. However, this effect was blunted inWT-to-KOmice (Figures 5A–5C,

S6A, and S6F). This is consistent with previous studies that have identified a role for insulin stimulation to trigger AKT phosphorylation, inde-

pendent of FGF21.12,40 Additionally, and similar to what was observed here, other studies in humans and rats have observed AKT
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Figure 3. Transplantation ofWT committed pre-adipocytes alters pathways associatedwith glucose, lipid, insulin, and immune processing in the liver of

WT recipient mice

(A) Principal component analysis (PCA) plot of Sham-WT and iBAT 2x mice livers (n = 7–9 per group).

(B) Volcano plot depicting differentially expressed genes in iBAT 2x livers versus Sham-WT livers (n = 6–8 per group; significance threshold: 1-fold-change,

p < 0.05).

(CandD)Tileplotshighlighting significantlyupregulated (C)ordownregulated (D)Geneontology (GO)biologicalprocess (BP) termsandtheassociatedgenesbased

on the over-representation analysis of iBAT 2x livers versus Sham-WT livers (n = 7–9 per group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. Sham-WT).

(E) Gene expression analysis in liver of Sham-WT and iBAT 2x mice, 12 weeks post-transplant (n = 3 per group; *p < 0.05 vs. Sham-WT; two-tailed t test).

(F) Western blotting protein expression for MUP1, MUP11, and MUP12 in liver of Sham-WT and iBAT 2x mice, 12 weeks post-transplant (n = 4–6 per group;

*p < 0.05 vs. Sham-WT; two-tailed t test). All data are represented as mean G SEM.
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hyperactivation in the heart under conditions of diabetes or cardiovascular disease.41–43 There were no differences in pAMPK/AMPK among

Sham-KO and WT-to-KO mice (Figures S6B–S6E).

These data indicate that transplantation of WT committed brown adipocytes into FGF21�/� mice significantly improves insulin tolerance

and reduces fasting insulin, without a corresponding increase in pAKT/AKT. These data suggest that the FGF21-AKT axis may play an oblig-

atory role in mediating glucose tolerance but not insulin sensitivity, indicating a role for FGF21 to mediate insulin sensitivity in the presence

(WT recipients) or absence (FGF21�/� recipients) of AKT phosphorylation.

Further investigation of tissue gene expression revealed that, similar to WT recipients, transplantation of committed pre-adipocytes

increasedexpressionof selectmetabolic genes in the liver, includinggenes fromtheMup family (Figures5DandS7A) anddidnot affect expres-

sion of metabolic or thermogenic genes in pgWAT (Figure S7B) of WT-to-KOmice. Similar to iBAT 2x recipients, MUP protein expression was

increased in WT-to-KO mice compared to Sham-KO mice (Figures 5E and S7C–S7E).

Transplantation of committed pre-adipocytes from FGF21�/� donors does not affect body composition or glucose

tolerance in WT or FGF21�/� recipients, but improves insulin tolerance in WT recipients

Transplantation of WT committed pre-adipocytes improved insulin sensitivity but had different effects on body composition and glucose

tolerance in WT and FGF21�/� recipients. To determine if it was the presence of FGF21 in donor adipocytes, and/or endogenous recipient

Figure 4. Transplantation of WT committed pre-adipocytes improves metabolic health in FGF21�/� mice

(A–C) Weekly body weight (A), fat mass (B), and lean mass (C), 12 weeks post-transplantation.

(D) GTT AUC data at 4-, 8-, and 12-week post-transplant. (n = 4–31 per group; *p < 0.05. **p < 0.01 vs. Sham-WT; $$p < 0.01, $$$p < 0.001, $$$$p < 0.0001 vs.

iBAT-2x; #p < 0.05 vs. Sham-KO; @p < 0.05 vs. 4 weeks post-transplant within group; two-tailed t test).

(E) ITT AUC, 12 weeks post-transplant (n = 8–13 per group; **p < 0.01 vs. Sham-WT; $$$$p < 0.0001 vs. iBAT 2x; #p < 0.05 vs. Sham-KO; two-tailed t test).

(F) Plasma insulin levels at 12 weeks post-transplantation after 12-h fast (ng/mL) (n = 3–5 per group; **p < 0.01 vs. Sham-KO; two-tailed t test).

(G) Plasma FGF21 (ng/mL) after 12-h fast, 12 weeks post-transplant (n = 3–12 per group; *p < 0.05, **p < 0.01 vs. Sham-WT; two-tailed t test).

(H and I) Cold tolerance test in FGF21�/� recipients with average rectal temperature [oC] over 240min of cold exposure [4�C] (H) and rectal temperature [oC] 0, 30,

60, 120, 180, and 240 min after cold exposure [4�C] (I) (n = 4–15 per group). All data are represented as mean G SEM.
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tissues that was important for metabolic health, we transplanted committed pre-adipocytes from FGF21�/� mice into WT (KO-to-WT) or

FGF21�/� recipients (KO-to-KO) (Table S2). There was no difference in body weight, fat mass, or lean mass among Sham-WT, Sham-KO,

KO-to-WT, or KO-to-KO mice at 12 weeks post-transplantation (Figures 6A–6C).

To determine if FGF21 is required to mediate the beneficial effects of transplantation of committed pre-adipocytes on glucose meta-

bolism or insulin sensitivity, glucose tolerance was measured in Sham-WT, KO-to-WT, Sham-KO, and KO-to-KO mice. There was no effect

of transplantation of FGF21�/� committed pre-adipocytes on glucose tolerance when transplanted into either WT or FGF21�/� mice

(Figures 6D and 6E). These data suggest that transplantation of FGF21+/+ cells is important to mediate improvements in glucose tolerance.

While KO-to-WT recipients had improved insulin tolerance and fasting insulin compared to all other groups, there was no effect on insulin

tolerance or fasting insulin in KO-to-KO mice (Figures 6F and 6G). In fact, Sham-KO and KO-to-KO mice had impaired insulin tolerance

Figure 5. Transplantation of WT committed pre-adipocytes attenuates AKT phosphorylation in skeletal muscle and liver of FGF21�/� recipients

(A–C) Western blotting protein expression for pAKT/AKT and blots for pAKT and AKT in TA (A), iBAT (B), and liver (C) (n = 3 per group; insulin-stimulated

conditions depicted using ‘i’; *p < 0.05, **p < 0.01 as described [* = insulin effect; # = group effect]; two-tailed t test).

(D) Gene expression analysis in liver of Sham-KO and WT-to-KO mice, 12 weeks post-transplant (n = 3 per group; *p < 0.05, **p < 0.01 vs. Sham-KO; two-tailed

t test).

(E) Western blotting protein expression for MUP1, MUP11, and MUP12 in liver of Sham-KO and WT-to-KO mice, 12 weeks post-transplant (n = 4–6 per group;

*p < 0.05 vs. Sham-KO; two-tailed t test). All data are represented as mean G SEM.
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compared to Sham-WT and KO-to-WT mice. There was no difference in fasting plasma FGF21 between KO-to-WT vs. Sham-WT groups, or

KO-to-KO vs. Sham-KO groups (Figure 6H), but as expected, Sham-KO and KO-to-KO mice had reduced FGF21 levels compared to Sham-

WT and KO-to-WT mice (Figure 6H; KO-to-KO vs. KO-to-WT p = 0.06; KO-to-KO vs. KO-to-WT p = 0.08). Cold tolerance was not different

among groups (Figures 6I–6L).

These data indicate that the absence of FGF21 in the recipient mice negates improvements in glucose tolerance, but not insulin

tolerance, while lack of FGF21 in both donors and recipients negates all metabolic improvements mediated by transplantation of committed

Figure 6. Transplantation of committed pre-adipocytes from BAT SVF of FGF21�/� mice improves insulin tolerance inWT, but not FGF21�/� recipients

(A–C) Weekly body weight (A), fat mass (B), and lean mass (C), 12 weeks post-transplant (n = 5–24 per group).

(D and E) GTT AUC data at 4-, 8-, and 12-week post-transplant (n = 4–46 per group; @p < 0.05, @@p < 0.01, @@@p < 0.001 vs. 4 weeks post-transplant within group;

two-tailed t test).

(F) ITT AUC, 12 weeks post-transplant (n = 5–16 per; *p < 0.05 vs. Sham-WT; ###<p0.001 vs. Sham-KO; $$p < 0.05 vs. KO-to-KO; two-tailed t test).

(G) Plasma insulin levels at 12 weeks post-transplantation after 12-h fast (ng/mL) (n = 3–14 per group; *p < 0.05 vs. Sham-WT, two-tailed t test).

(H) Plasma FGF21 (ng/mL) after 12-h fast, 12 weeks post-transplant (n = 2–12 per group; *p < 0.05, **p < 0.01 vs. Sham-WT; ##p < 0.01 vs. KO-to-WT; two-tailed

t test).

(I and J) Cold tolerance test inWT recipients with average rectal temperature [oC] over 240min of cold exposure [4�C] (I) and rectal temperature (oC) 0, 30, 60, 120,

180, and 240 min after cold exposure [4�C] (J) (n = 5–16 per group).

(K and L) Cold tolerance test in FGF21�/� recipients with average rectal temperature [oC] over 240min of cold exposure [4�C] (K) and rectal temperature [oC] 0, 30,

60, 120, 180, and 240 min after cold exposure [4�C] (L) (n = 6–8 per group). All data are represented as mean G SEM.
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pre-adipocytes from BAT SVF. This suggests a critical role for recipient FGF21 activity to mediate metabolic improvements after transplan-

tation of committed pre-adipocytes from BAT SVF, without altering circulating levels of FGF21.

Transplantation of FGF21�/� committed pre-adipocytes increases AKT phosphorylation in several endogenous tissues of

WT recipients but not FGF21�/� recipients

Transplantation of FGF21+/+ (WT) committed pre-adipocytes improved insulin tolerance and reduced fasting insulin when transplanted

into WT or FGF21�/� mice. Transplantation into WT mice (iBAT 2x) resulted in increased pAKT/AKT in TA, liver, and BAT (Figures 2A–

2C), while WT-to-KO mice did not show increased pAKT/AKT expression compared to Sham-KO mice (Figures 5A–5C). To determine if

transplantation of FGF21�/� donor adipocytes mediated pAKT/AKT, endogenous tissues were measured from KO-to-WT and KO-to-

KO recipients at 12 weeks post-transplantation under basal and insulin-stimulated conditions. In KO-to-WT mice, where fasting insulin

was significantly improved compared to Sham-WT, insulin-stimulated pAKT/AKT was not altered in TA (Figure 7A; p = 0.07) or iBAT (Fig-

ure 7B) but was increased in liver (Figure 7C) and scWAT (Figure S8A). There was no change in pAMPK/AMPK between Sham-WT and KO-

to-WT mice (Figures S8B–S8E).

There was no difference in basal pAKT/AKT signaling among Sham-KO or KO-KOmice, but Sham-KO recipients again showed increased

AKT phosphorylation upon insulin stimulation (Figures 7D–7F and S9A).12 This effect was bluntedwith transplantation of FGF21�/� committed

pre-adipocytes (KO-to-KO mice) (Figures 7D–7F and S9F). There was no change in pAMPK/AMPK between Sham-KO and KO-to-KO mice

(Figures S9B–S9E). These data demonstrate that insulin tolerance is improved in WT mice in part by increased pAKT/AKT in the liver and

scWAT, even when transplanted with FGF21�/� committed pre-adipocytes. When FGF21 is absent in both donors and recipients, there

are no improvements in insulin sensitivity or tolerance.

Overall, these data indicate that FGF21-mediated AKT phosphorylation is correlated with improved insulin sensitivity in WT recipients. In

contrast, Sham mice deficient in FGF21 (Sham-KO) show hyperphosphorylation of AKT which does not coincide with improved insulin sensi-

tivity and is attenuated by transplantation of WT or FGF21�/� committed pre-adipocytes.

Transplantation of FGF21�/� committed pre-adipocytes improves expression of metabolic genes in liver of WT recipients

but not FGF21�/� recipients

Given the improvements in insulin tolerance and reduced fasting insulin in KO-to-WT recipients but not KO-to-KO recipients, we measured

expression of genes related tometabolism and thermogenic capacity in liver and pgWAT of all four groups (Sham-WT, KO-to-WT, Sham-KO,

and KO-to-KO). Multiple genes related to glucose metabolism were upregulated in liver of KO-to-WT recipient mice compared to Sham-WT

mice (Figure S10A), while select genes (Hk2, Prdm16) were decreased in pgWAT in KO-to-WT mice (Figure S10B). Expression of Glut1 and

Glut4 were increased in liver of KO-to-KO recipient mice compared to Sham-KO mice, while there was no change in expression of genes

in pgWAT (Figures S10C and S10D). In contrast to iBAT 2x and WT-to-KO recipients, MUP gene or protein expression was not altered in

the livers of KO-to-WT or KO-to-KO mice (Figures S10E–S10H and S11A–S11F), suggesting that donor genotype (WT vs. FGF21�/� donors)

has a distinctive effect onMup expression in recipient livers. Summarily, these data, alongside the lack of metabolic improvements in KO-to-

KO recipients, demonstrate a key role for FGF21 to regulate metabolism after transplantation of committed pre-adipocytes, particularly by

modulating gene and protein expression in recipient tissues like the liver.

Transplantation of differentiated hBAs improves glucose tolerance in humanized NSG mice under conditions of diet-

induced obesity

Transplantation of 2 million committed pre-adipocytes from BAT SVF improves glucose metabolism in mice with diet-induced

obesity. To further determine the translational and therapeutic potential of transplanting a small number of brown adipocytes, cells

from a human pluripotent stem cell (PSC) cell line-derived clonal progenitor line designated ’AgeX-NP88’ were cultured, differenti-

ated into brown adipocytes (termed ’’hBAs’’), and transplanted into humanized NSG mice. The hBAs expressed lipid droplets and

adipogenic markers including Ucp1, Fabp4, and Adipoq (Figures S12A and S12B). Upon day 3 of differentiation, 2 or 4 million hBAs

were transplanted into HFD-fed humanized mice. Transplantation of 2 (HBA 2x) or 4 million (HBA 4x) hBAs did not affect body

weight, fat mass, or lean mass of recipient mice when compared to the ‘‘Sham’’ (Empty scaffolds) group (Figures 8A–8C). Importantly,

after 16 weeks, transplantation of 4 million hBAs (HBA 4x) significantly improved glucose tolerance (Figure 8D) compared to Sham

mice. There was no change in insulin tolerance (Figure 8E), but fasting insulin was reduced 20 weeks post-transplantation compared

to Sham mice (Figure 8F).

To gain insight into how transplantation affected systemic glucose metabolism, multiple genes involved in glucose metabolism and ther-

mogenesis were measured in endogenous tissues. Genes involved in glucose metabolism were upregulated in liver and scWAT, but not TA,

iBAT, or pgWAT of the recipients (Figures S12C–S12H). There was no change in expression of Mup genes in the liver (Figure S12E), or ther-

mogenic genes in endogenous adipose tissues (iBAT, pgWAT, and scWAT) (Figures S12F–S12H).

Taken together, these data suggest that transplantation of human PSC-derived brown adipocytes may have translational potential. In

addition, the data suggest that humanized murine models may provide a means of assaying the efficacy of cell transplantation in improving

glucose tolerance and metabolic dysfunction under conditions of diet-induced obesity.
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Figure 7. Transplantation of committed pre-adipocytes from FGF21�/� donors increases AKT signaling in TA, iBAT, and liver of WT recipient mice but

not FGF21�/� recipient mice

(A–C) Western blotting protein expression for pAKT/AKT and blots for pAKT and AKT in WT recipients in TA (A), iBAT (B), and liver (C).

(D–F) Western blotting protein expression for pAKT/AKT and blots for pAKT and AKT in FGF21�/� recipients in TA (D), iBAT (E), and liver (F) (n = 3 per group;

insulin-stimulated conditions depicted using ‘i’; *p < 0.05, **p < 0.01 as described [* = insulin effect; # = group effect]; two-tailed t test). All data are represented as

mean G SEM.
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DISCUSSION

Transplantation of BAT is a well-establishedmodel to improve glucosemetabolism in rodents,2–6 but themetabolic effects of transplantation

of cell types isolated fromBAT are relatively understudied.3,7–10 The data here demonstrate that transplantation of committed pre-adipocytes

from BAT SVF improves glucose metabolism and insulin sensitivity in mice and indicate an important role for FGF21.

Previous studies have explored differentiation of stem cells into brown-like adipocytes to counter metabolic impairments.7–9 A recent

study used CRISPR-Cas9 to modify human white adipocytes into UCP1+ brown pre-adipocytes. They found that transplantation of 10–20

million of these modified cells improved glucose tolerance and reduced obesity in mice.10 In the current study, we found that pre-adipocytes

isolated from BAT SVF can be cultured, differentiated, and transplanted using inert silk scaffolds. We found that transplantation of 1 or 2

million committed (differentiated) pre-adipocytes reduced fasting insulin, and transplantation of 2 million committed pre-adipocytes

improved glucose metabolism and increased insulin sensitivity 12 weeks post-transplantation. This suggests a potential dose-dependent ef-

fect of transplanting committed pre-adipocytes. A study that transplanted a different category of scaffolds (Poly(lactide-co-glycolide); PLG

based) into epididymal fat pads of HFD-fed mice found similar improvements in fasting insulin without corresponding changes in glucose

tolerance. It is possible that 1 million committed pre-adipocytes or PLG particles act as stimuli to trigger limited metabolic improvements

but not a widespread metabolic overhaul.44

Determining cell viability post-transplantation is an important validation step prior to metabolic analysis. Previous transplantation studies

have used fluorescent (GFP), bioluminescent (luciferase), or enzymatic (Beta-galactosidase) transgenes to determine cell viability.7,15–19,45–53

Using these strategies, most studies showed that viable cells were detectable 1–2 weeks post-transplant with only a few detecting cells more

than 3–4 weeks post-transplantation.7,15–19,45–53 Most of the previous studies carried out subcutaneous transplants and with whole tissue or 5–

30 million cells.7,15–19,45–53 Our data are consistent with these previous transplantation models despite performing intraperitoneal transplan-

tation and with a lower cell number. Interestingly, most studies were unable to detect transplanted cells more than 4 weeks post-transplan-

tation, and studies that used luciferase activity for cell detection found that luciferase activity was not detected more than 1–2 weeks post-

transplant by either bioluminescence or gene expression.15–19,45 One study that transplanted luciferase-positive islet cells subcutaneously

in rats showed that luciferase activity dropped over 50% in two weeks18 but the improvements in glucose homeostasis were detected contin-

uously up to 6 weeks post-transplant.18 These studies are consistent with our data indicating that lack of luciferase activity does not undermine

viability of cells or preclude their ability to induce metabolic improvements post-transplant. It is possible that in our study, infiltration of

endogenous adipose tissue onto the scaffolds obfuscates the luciferase signal, or the transplanted cells diffuse out of the scaffolds or lose

luciferase activity over time. Importantly, while luciferase activity was only detectable in vivo early on, the metabolic benefits prevailed

long term, up to 12 weeks post-transplant, stimulating endogenous tissues including the liver and TA to improve systemic metabolism.

As FGF21 is an important mediator of glucose metabolism, insulin sensitivity, and obesity, we investigated the role of FGF21 to contribute

to the improved glucose and insulin tolerance and reduced fasting insulin observed with transplantation of committed brown

Figure 8. Differentiated human brown adipocytes (hBAs) from AgeX-NP88 cell line improve glucose and insulin tolerance in NSG mice

(A–C) Weekly body weight (A), fat mass (B), and lean mass (C), 16-week post-transplant. (n = 9–10 per group).

(D) GTT AUC data at 16-week post-transplant (n = 9–10 per group; **p < 0.01 vs. Sham 16-week post-transplant; two-tailed t test).

(E) ITT AUC data at 16-week post-transplant (n = 9–10 per group).

(F) Plasma insulin levels at 20 weeks post-transplantation after 12-h fast (ng/mL) (n = 6–9 per group; *p < 0.05 vs. Sham, two-tailed t test). All data are represented

as mean G SEM.
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adipocytes.2,13,22,27–31,34,39,40,54–56 By transplanting cells with or without FGF21 into either WT or FGF21�/� mice, we establish that FGF21 af-

fects glucose tolerance, insulin tolerance, and insulin sensitivity. When FGF21 is produced by both donor cells and recipients, glucose and

insulin tolerance are improved and fasting insulin is reduced; when FGF21 is produced in either donor cells or recipients, improvements

are seen only in insulin tolerance and reduced fasting insulin, while the complete absence of FGF21 negates all metabolic improvements.

These data identify an essential role for cells producing FGF21 to regulate and improve metabolic health. Interestingly, while we observe

a tendency for FGF21 to be elevated in iBAT 2xmice, most metabolic alterations with transplantation occur without changes to absolute con-

centrations of circulating FGF21 in other recipient mice. This suggests activation of existent FGF21 to affect metabolism via endogenous tis-

sues rather than increased concentration in circulation. These data corroborate another study which showed that UCP1+ adipocytes do not

increase circulating FGF21 levels but can impact energy expenditure in conjunction with FGF21 activity.57 This is important because while the

use of FGF21 agonists or injections is technically easier to administer, previous studies attempting it reported little success, also in part due to

its short half-life, thus making chronic FGF21 activity difficult to achieve.32,38,58–61 As a result, inducing cell-based FGF21 expression or acti-

vation of existing, endogenous FGF21 could be a more sustainable approach to promote its metabolic benefits.

An important finding of this study was a role for transplanted brown adipocytes to mediate insulin sensitivity. When FGF21 was present,

insulin sensitivity was improved. In contrast, when FGF21 was absent in both donors and recipients, there was no improvement in insulin sensi-

tivity. Given that insulin can stimulate AKT signaling to increase glucose uptake into tissues, and FGF21 and AKT have a strong interactive

relationship, we measured activation of pAKT in our transplantation models.12,13,22,34,40,54–56 We found that transplantation of FGF21+/+

(WT) or FGF21�/� committed pre-adipocytes increased AKT phosphorylation in endogenous tissues of WT recipients but not FGF21�/� re-

cipients. However, insulin sensitivity was improved with transplantation of FGF21+/+ (WT) cells into bothWT and FGF21�/� recipients, as well

as transplantation of FGF21�/� cells into WT recipients. These data indicate that transplantation of committed pre-adipocytes mediates in-

sulin sensitivity through increased AKT signaling only in WT recipients. WhenWT committed pre-adipocytes are transplanted into FGF21�/�

mice, insulin sensitivity is improved independent of an increase in AKT phosphorylation. Contrarily, AKT was hyperphosphorylated in Sham-

KO (FGF21�/�) mice, consistent with previous studies showing AKT hyperphosphorylation in FGF21�/� mice, and in humans or rat models of

diabetes or cardiovascular disease.12,13,22,34,40–43,54–56 While a specific cause for AKT hyperphosphorylation is not known, a previous study

identified independent and additive actions of insulin and FGF21 to increase pAKT/AKT in human adipocytes derived from adipose tissue

stem cells,12 and another showed increased pAKT/AKT in visceral WAT of FGF21�/� mice.40 It is possible that this may occur due to non-ca-

nonical insulin signaling, adiponectin-mediated or compensatory activation in the absence of FGF21. Understanding the root cause for hyper-

activation of AKT will require further investigation and is outside the scope of this study. In this study, hyperphosphorylation of AKT did not

coincide with metabolic improvements and was attenuated by transplantation of FGF21+/+ (WT) or FGF21�/� committed pre-adipocytes.

These data suggest that FGF21 could affect insulin sensitivity through alternative mechanisms in FGF21�/� mice and warrants further

investigation.

Furthermore, this study looked at changes to tissues involved in glucose uptake like TA, iBAT, liver, scWAT, and pgWAT. In WT and

FGF21�/� recipient mice with improved glucose metabolism, genes involved in glucose metabolism were upregulated only in the liver, while

AKT signaling was improved in the liver, TA, and scWAT. Given the particularly strong changes in protein and gene expression in livers of WT

recipient mice, we performed RNA sequencing to illuminate tissue-specific transcriptomic changes. Pathways pertaining to glucose and fatty

acid catabolism were upregulated while pathways governing immune responses, phagocytosis, and others were downregulated in iBAT 2x

livers compared to Sham-WT livers. Not only are these data concurrent with the observedmetabolic improvements in iBAT 2x mice, but they

also highlight that no negative immunogenic implications of transplanted committed pre-adipocytes are seen in the neighboring liver tissue,

12 weeks after transplantation.

Analysis of differentially expressed genes in iBAT 2x livers identified a lipocalin family sub-group, called MUPs, that were significantly up-

regulated in iBAT 2x mice compared to Sham-WTmice. MUPs, considered to be largely homogeneous in their sequences and functions, are

produced predominantly in the liver, in a sexually dimorphic manner, skewed toward male mice.23–26 MUPs have been implicated in some

studies to have a role in glucose metabolism, insulin sensitivity via AKT signaling, and energy expenditure, by affecting the liver and skeletal

muscle.23–26 Interestingly, the expression of MUPs is decreased with diet-induced obesity.23–26 Here, we found that MUPs were significantly

increased in recipient livers. Given their role in mediating AKT signaling23 andmetabolic pathways,23–26 these data present the possibility that

MUPs might affect insulin signaling in an FGF21-dependent or independent manner.

While the role of MUPs in type 2 diabetes and diet-induced obesity is not well defined, works including this study pave the way for further

research in understanding their function andmetabolic implications.23–26 To that end, it is an important constraint to note that MUPs have no

analogs in humans.26 This means that similar pathways in humans are likely governed by alternative proteins which will require further study.26

Additionally, whileMUPs and their effects onmetabolism are present in bothmale and femalemice, these effects are stronger inmalemice.26

Thus, it will be vital to determine howMUP-based signaling functions in femalemice. In totality, these data reiterate the fact that physiological

function is rarely governed by a single signaling pathway but rather by complex interactions, in this case between FGF21, AKT-based insulin

signaling, the MUP family, and possibly others.

Additional studies are needed to focus on alternative signaling proteins that interact with FGF21 and the role of additional endogenous

tissues like the heart, gut, and other skeletal muscles on glucose tolerance and insulin sensitivity in both FGF21+/+ (WT) and FGF21�/� recip-

ients.62 Additionally, while recent studies have identified an endocrine and paracrine role for both BAT and FGF21,22,34,63 several other FGFs

including FGF1, FGF6, FGF9, and FGF15/FGF19 have been previously implicated in affecting whole-body glucose homeostasis and

obesity.27,29,31,64–67 Moreover, several other hormones and transcription factors affect metabolic health (for example, IL-6, BDNF, Irisin,
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BMPs, VEGF) and could contribute to improved glucose metabolism post-transplantation.9,68–71 Therefore, it will be important to study the

role of these factors as alternative mechanisms in future studies. It will also be interesting to see if additional stimulation of these cells prior to

transplantation changes or improves their metabolic capacity.

One stimulus known to activate BAT is cold exposure.2,72–74 Previous BAT transplantation studies observed improved thermogenic capac-

ity in the recipients.2,72,75,76 In our model, there was no effect of cell transplantation on cold tolerance, thermogenic activity, or thermogenic

gene expression in WAT of recipient mice. This suggests that cell amount and/or innervation of transplanted cells or tissue might be vital to

improve thermogenic capacity, and that beiging of WAT is likely not a contributing factor in the observed metabolic improvements post-

transplant.

Data demonstrating that transplantation of human brown adipocytes in HFD-fed humanizedmice improved glucose tolerance and insulin

sensitivity up to 20weeks post-transplantation suggest a potential therapeutic efficacy of the cells in type 2 diabetes. This logically leads to the

important question of whether a practical means can be found for the manufacture of clinical-grade cells. This would require, among other

criteria, ameans ofmanufacturing the cells with a high degree of purity and scalability, a low cost of goods, cellsmodified to permit allogeneic

transplantation, as well as an appropriate matrix under cGMP conditions. The isolation of human PSC-derived clonal progenitors such as the

cell lineNP88 utilized in this studymay simplify quality control and reducemanufacturing costs since scale-up simply requires the serial expan-

sion of the progenitors. However, additional studies will be required to optimize the dosage, the degree of cell differentiation prior to admin-

istration, transplantation matrix, site of transplantation, study the long-term viability of the cells, as well as extent of vascularization and inner-

vation of the graft before definitive preclinical and clinical studies could commence. There is therefore a critical need for extensive research

and development to fully evaluate this potential therapeutic modality and obtain the preclinical data required for human clinical trials.77

In summary, these data demonstrate the novel ability of a small number of committed brown adipocytes fromBAT SVF or human stem cells

to modulate metabolic health upon transplantation. They also establish an in vivo role for FGF21 to mediate these metabolic improvements,

especially insulin sensitivity, differently in WT and FGF21�/� mice, through AKT signaling. This study identifies a role for committed brown

adipocytes that when transplanted can improve glucose metabolism, even in small numbers. This could form the basis for a sustainable ther-

apeutic strategy to improve metabolic health and mitigate obesity and type 2 diabetes in a human setting.

Limitations of the study

An important limitation of the study is the exclusive use of male donor and recipient mice. It is possible that brown adipocytes transplanted

from or into female mice have a different effect on glucose homeostasis and insulin sensitivity. Furthermore, the activity of FGF21 could be

altered in the presence of estradiol within adipose tissue. Other limitations include the potential role of other metabolic mediators, other

recipient endogenous tissues, and the long-term traceability of transplanted cells. Future work will focus on addressing these limitations.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

AKT CST Cat #4691S

p-AKT CST Cat #S473

AMPK CST Cat #2532S

p-AMPK CST Cat #2535S

MUP1 Abcam Cat #ab95198

MUP11 Thermo Fisher Scientific Cat #PIPA5112879

MUP12 Thermo Fisher Scientific Cat #NB125147

GAPDH CST Cat #2118S

p-AKT CST Cat #S473

AMPK CST Cat #2532S

p-AMPK CST Cat #2535S

MUP1 Abcam Cat #ab95198

MUP11 Thermo Fisher Scientific Cat #PIPA5112879

MUP12 Thermo Fisher Scientific Cat #NB125147

GAPDH CST Cat #2118S

Chemicals, peptides, and recombinant proteins

High-fat diet (60% kcal from Fat) Research Diets Inc. Cat #D12492i

IVISbrite D-Luciferin Revvity Cat #770504

Humulin-R NDC Cat #0002-8215-17 (HI-213)

Insulin, Cell culture Roche Cat #11376497001

Dextrose Anydrous VWR Cat #BDH9230

Qiazol Qiagen Cat #79306

DMEM Low Glucose Invitrogen Cat #11885-084

DMEM High Glucose Thermo Fisher Scientific Cat #1960-069

Dexamethasone Sigma Cat #D-4902

Fetal Bovine Serum Corning Cat #35-010-CV

ITS mix Sigma Cat #I3146

Indomethacin Sigma Cat #I7378

Linoleic-acid Albumin Sigma Cat #L9530

L-Ascorbic Acid Phosphate Sigma Cat #A8960

IBMX Sigma Cat #I5879

Penicillin/Streptomycin Gibco Cat #504284

Trypsin EDTA 0.25% VWR Cat #02-0154-0100

PBS VWR Cat #E504

Smooth Muscle Cell Growth Medium 2

and its Supplement Mix

Promocell Cat #C-22062

Pyruvate Gibco Cat #11360

Glutamax Gibco Cat #35050

L-Proline Sigma Cat #D49752

T3 Sigma Cat #T6397

Rosiglitazone Sigma Cat #R2408-10MG
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Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Dr. Kristin Stanford

(kristin.stanford@osumc.edu).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TrypLE Express Enzyme (1X), phenol Thermo Fisher Scientific Cat #12605010

Critical commercial assays

Insulin ELISA Millipore Cat #EZRMI-13K

Adiponectin ELISA Sigma Cat #RAB1115-1KT

FGF21 ELISA BioVendor R&D Cat #RD291108200R

Qiagen RNeasy Plus Mini Kit Qiagen Cat #74134

Agilent BioAnalyzer RNA Nano Kit Agilent Technologies Cat #5067-1511

Invitrogen Qubit RNA HS Assay Kit Thermo Fisher Scientific Cat #Q32852

NEBNext Ultra II Directional RNA Library Prep Kit NEB Cat #E7760L

NEBNext Poly (A) mRNA Magnetic Isolation Module NEB Cat #E7490

Agilent BioAnalyzer HS DNA Kit Agilent Cat #5067-4626

Invitrogen Qubit DNA HS Assay Kit Thermo Fisher Scientific Cat #Q32854

Deposited data

Bulk RNA-sequencing data (Liver) Submitted on NCBI GEO database

(https://www.ncbi.nlm.nih.gov/geo/)

Accession number:

GSE250078

Experimental models: Cell lines

AgeX-NP88 cell line AgeX Therapeutics Not Applicable

Experimental models: Organisms/strains

FGF21 Knock-out mice Jackson Laboratory B6.129Sv(Cg)-Fgf21tm1.1Djm/

Wild-type mice Charles River laboratories C57BL/6J

Luciferase Transgenic mice Jackson Laboratory FVB-Tg [CAG-luc,-GFP] L2G85Chco/J

NSG mice Jackson Laboratory NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ

Oligonucleotides

Oligonucleotides This paper: Table S1

Software and algorithms

GraphPad Prism 7 GraphPad Software https://www.graphpad.com

R version 4.2.2 R Development Core Team, 2011 https://www.r-project.org/

Fastp version 0.20.0 Shifu Chen Shifu Chen. 2023. Ultrafast one-pass FASTQ data

preprocessing, quality control, and deduplication

using fastp. iMeta 2: e107. https://doi.org/

10.1002/imt2.10778

Kallisto version 0.46.1 Pachter Lab Nicolas L Bray, Harold Pimentel, Páll Melsted and

Lior Pachter, Near-optimal probabilistic RNA-seq

quantification, Nature Biotechnology 34,

525–527 (2016), https://doi.org/10.1038/nbt.351979

clusterProfiler version 4.6.0 Guangchuang Yu Yu G, Wang L, Han Y and He Q*. clusterProfiler: an

R package for comparing biological themes among

gene clusters. OMICS: A Journal of Integrative Biology.

2012, 16(5):284-28780

Image J NIH Rasband, W.S., ImageJ, U. S. National Institutes

of Health, Bethesda, Maryland, USA,

https://imagej.net/ij/, 1997-2018.81
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Materials availability

This study did not generate unique reagents.

Data and code availability

� RNA-sequencing data that support the findings of this study have been deposited in the NCBI GEOdatabase, with the accession code

GSE250078 and are publicly available at the time of publication. The accession number is also listed in the key resources table.
� Original western blot images are available in a separate supplemental file ‘Data S1’. Additional microscopy information will be shared

by the lead contact upon request. This paper does not report original code.
� 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

Mouse models

Six-week-old C57BL/6J (WT) (Charles River Laboratories), FGF21-/- (B6.129Sv(Cg)-Fgf21tm1.1Djm/ Jackson Laboratory), or NSG (NOD.Cg-

Prkdcscid Il2rgtm1Wjl/SzJ, Jackson Laboratories) male mice were used as recipients for the cell transplantation. Recipient mice were placed

on a high-fat diet (60% kcal from fat) (Research Diets Inc.) for 6 weeks prior to transplantation and continued the HFD for 12 weeks post trans-

plantation; NSG mice were maintained on a high-fat diet for 20 wks post-transplantation. Chow-fed 24- to 26-week-old untreated C57BL/6

male mice were used as age-matched controls for metabolic experiments. Donor mice were 10–12-week-old, C56BL/6 (WT), FGF21-/-, or

Luciferase transgenic (Luc tg; FVB-Tg [CAG-luc,-GFP] L2G85Chco/J from Jackson Laboratory)malemice that were chow-fed [standardmouse

diet (21% kcal from fat) (9F 5020 Lab Diet, PharmaServ Inc.)]. For the NSG recipient mice, 2 or 4 million human brown adipocytes (hBAs) from

the AgeX-NP88 line were used for transplantation. All animals weremaintained on a standard 12-hour light/12-hour dark cycle. All procedures

were conducted in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health

following protocols approved by the IACUC at The Ohio State University. Animals were euthanized using isoflurane and cervical dislocation

followed by collection of tissue or cell isolation.

Due to significant variation in cell availability fromWT and FGF21-/- donor mice, there was significant diversity in the number of mice used

in each in vivo experiment. The Sham-WT group had the most variability with 6-46 mice depending on the type of experiment or analyses. All

other groups had a sample size in the range of 5-15 per group for in vivo experimentation. No mice were removed from the study and the

sample sizes for each experiment are specified in Figure Legends.

METHOD DETAILS

Isolation, culture, and differentiation of stromal vascular fraction from brown adipose tissue

Brown adipose tissue was excised from the interscapular region (iBAT) of 10–12-week-old male C57BL/6 mice. SVF was isolated as

previously described.82 Briefly, excised BAT is minced and placed into a shaking water bath at 37�C, in DMEM (1g/L Glucose) with 3.5%

BSA and 100mg/50mL of Collagenase, Type 1, until the tissue is completely dissociated. This is followed by sequential centrifugation and

filtration steps to remove other cell types and debris, resulting in a pellet of the stromal vascular fraction. After isolation, cells were plated

at 1million seeding density/ dish into sterile, culture-treated 10cmdishes.Once the cells reached 80-90% confluence, they were differentiated

as previously described.82 Briefly, cells were differentiated for up to 8 days using Adipogenic InductionMedia (AIM) consisting of low glucose

DMEM supplementedwith 2% Fetal Bovine Serum, 10mg/ml Insulin, 1X ITSMix, 1X Linoleic Acid-Albumin, 50mML-Ascorbic Acid Phosphate,

30mM Indomethacin, 10mM T3, 5mM Dexamethasone and 5mM 3-isobutyl-1-methylxanthine (IBMX).

Transplantation of cells into mice

Pre-adipocytes were cultured anddifferentiated prior to transplantation. On the day of transplantation, cells werewashedwith PBS and trypsi-

nized using 1.5ml Trypsin-EDTA/ 10cmdish. The trypsinwas neutralized usingmedia containing FBS, cells were collected in 50ml Falcon tubes

and centrifuged into a pellet at 1200rpm for 12 minutes. The cell pellet was re-suspended in 1-5 ml of media and counted.

Transplantation of cells was performed using inert, silk scaffolds to mimic a 3D tissue environment. Silk scaffolds were prepared following

established protocols.83 Briefly, silk cocoons were degummed by boiling in a 0.02 M aqueous solution of sodium carbonate for 30 min. The

remaining fibers dried overnight and were then dissolved in 9.3 M lithium bromide at 60�C for 4 hours. The resulting solution was dialyzed in

milli-Q water for 48 hours with a total of 6 water changes. The solution was centrifuged twice at 4800 rpm at 4�C for 20 minutes to remove

debris. The resulting silk solution was lyophilized. To form silk scaffolds, the lyophilized silk was dissolved in hexafluoroisopropanol (HFIP)

overnight to generate a 17% silk solution. The solution was poured over sodium chloride crystals with diameters between 500 and

600 mm. The containers were sealed for 24 hours and then opened to allow the HFIP to evaporate for 24 hours. Following evaporation,

the scaffolds were placed inmethanol for 24 hours to induce beta-sheet formation and the scaffolds were dried in the fume hood for 24 hours.

To remove the salt porogen, scaffolds were rinsed in milli-Q water for 2–-3 days. Finally, the scaffolds were cut into cylinders of 2 mm height

and 4 mm diameter.

Each scaffold can accommodate a maximum of 1 million cells. Twenty-four hours prior to transplantation the scaffolds were autoclaved in

Molecular Grade Water and suspended in AIM in a CO2 incubator at 37
oC overnight. Committed pre-adipocytes on day 3 of differentiation
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were trypsinized and counted as described above. Committed pre-adipocytes were re-suspended at concentrations of 1 million cells in 10ml

of differentiation media, and 5ml of the suspension was slowly added on top of one scaffold. The cells were allowed to percolate through the

scaffold following which the scaffold was inverted and the remaining 5ml suspension was added on the other side. Committed pre-adipocytes

were allowed to incubate and attach to scaffolds for 2 hours in a CO2 incubator at 37
�C and then transplanted into the visceral cavity of recip-

ient mice. A subset of transplantations were carried out using isolated, undifferentiated SVF cells. These cells were placed directly onto the

scaffolds after isolation and allowed to attach for 2 hours in a CO2 incubator at 37
�C, followed by transplantation as described below.

High-fat diet (HFD) fed recipient mice were anesthetized by isoflurane inhalation in oxygen (3% isoflurane in 97% oxygen). For each recip-

ient mouse, 1 million (1 scaffold) or 2 million (2 scaffolds) SVF cells or committed pre-adipocytes were transplanted into the visceral cavity. The

perigonadal fat pad was visualized and scaffolds were carefully placed near it as previously described.2,84–86 Mice that were sham operated

(Sham-WT or Sham-KO) underwent the same procedure but received empty scaffolds. NSAIDs were not used during transplantation surgery

to prevent interference with metabolic outcomes. The use of minimal analgesics does not affect survival, recovery, bodymass, food intake, or

inflammatory markers as seen in our previous studies.2,84–86

Culture, differentiation, and transplantation of AgeX-NP88 human brown adipocytes (hBAs)

Cells from the AgeX-NP88 cell line were derived from the human ES cell line ‘Envy’, which is a GFP-modified hES3. These cells, stored in liquid

nitrogen, were thawed briefly, and grown using Smooth Muscle Cell Growth Medium 2 and its Supplement mix with 0.1% Gelatin coating in

T-225 flasks. Upon reaching 80% confluence cells were split using TrypLE, transferred to 10cm dishes, and grown until confluency. A subset of

cells were frozen in ice cold 90%FBS+ 10%DMSOand stored in liquid nitrogen. Upon confluency, cells were differentiated for up to 10 days in

serum-free DMEM (Glucose 4.5g/dL) media supplemented with 1mM Pyruvate, 2mM Glutamax, 0.1mM Dexamethasone, 0.35mM L-Proline,

0.17mM 2-phospho-L-Ascorbic Acid, ITS supplement, 2nM T3 and 1uM Rosiglitazone.

On day 3 of differentiation, cells were washed with PBS, trypsinized using TrypLE and transferred onto silk scaffolds as described in section

2.3. Silk scaffolds containing 2 or 4million humanbrown adipocytes (hBAs), and empty silk scaffolds as controls (Sham) were then transplanted

into HFD-fed, immunodeficient NSG male mice using the transplantation protocol described in section 2.3.

IVIS bioluminescent imaging

3D silk scaffolds containing committed pre-adipocytes from LucTg donors were incubated with 50ml Luciferin or transplanted into 6-week-old

C57BL/6J recipient male mice. Mice that received cells from LucTg mice were injected with 150 mg Luciferin/kg body weight (D-Luciferin;

Revvity Cat # 770505). Scaffolds incubated with, or mice injected with Luciferin were imaged using the IVIS Bioluminescent imaging software.

Images were taken at 3-minute exposures for 30 minutes using the open filter and compiled within the IVIS imaging software.

Body composition, glucose, and insulin tolerance tests

Body weight was measured using an OHAUS NV212 scale. Body fat and lean mass were measured using an EchoMRI instrument (EchoMRI

LLC) with canola oil calibration. Glucose tolerance testing was performed after a 12-h fast with drinking water available ad libitum. Blood

glucose was assessed at baseline by a tail vein prick. Glucose was administered by intraperitoneal injection (2 g glucose/kg body weight)

at 0 min, and the tail vein prick was used to measure blood glucose levels at 15, 30, 60, and 120 min post injection.2 Insulin tolerance testing

was performed following a 2 h fast with drinking water ad libitum. Baseline blood glucose levels were measured using a tail vein prick. Insulin

was administered by intraperitoneal injection (1 unit per kg body weight) at 0 min. Blood glucose levels were measured at 10, 15, 30, 45, and

60 min post injection.2 If at any time amouse dropped below 40 mg/dL glucose, they were given an intraperitoneal injection of 200 mL of 20%

glucose (0.2 g/mL) and subsequently removed from the test.2 Glucose concentrations were determined from blood using a OneTouch Ultra-

portable glucometer (LifeScan, Milpitas, CA).

Cold tolerance test

Mice were fasted for 4 hours (6am to 10am) and baseline rectal temperature was measured using an animal rectal probe thermometer (Phys-

itemp). Mice were individually housed and placed in a thermal incubator at 4�C for 4 hours and rectal temperature was measured 30, 60, 120,

180 and 240 minutes after start of cold exposure.

qPCR

Pre-adipocytes from BAT SVF and brown adipocytes from the AgeX-NP88 line (On days 0, 1, 3, 5, 7, 8 or 10 post-differentiation), as well as

recipient tissues were incubated with QIAzol and RNA was extracted using phenol-chloroform extraction. Cell and tissue processing and

quantitative PCR (qPCR) were performed as previously described.87 Briefly, the tissue was flash frozen and stored at �80 �C until processing.

mRNA was measured by qRT-PCR (Roche LightCycler 480II) using SYBR Green detection (QuantaBio). Sigma-Aldrich custom primers were

used for genes of interest with the sequences shown in Table S1. All qPCR genes were normalized to the housekeeping genes GAPDH or

Beta-actin.
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Western blotting

Tissue processing and immunoblotting were performed as previously described.82 AKT (CST #4691S), p-AKT (CST #S473), AMPK (CST

#2532S), p-AMPK (CST #2535S), MUP1 (Abcam #ab95198), MUP11 (Thermo Fisher Scientific #PIPA5112879), MUP12 (Thermo Fisher Scientific

#NB125147) were used. Phosphorylated antibodies were normalized against total antibody concentration, which were normalized to GAPDH

(CST #2118S). Images were analyzed using ImageJ (NIH; https://imagej.net/ij/ij/).

Acute insulin stimulation

In a subset of mice, insulin was administered by intraperitoneal injection (1 unit per kg body weight) 15 minutes prior to tissue collection. Tis-

sue processing and immunoblotting were performed as described in the section titled ‘Western blotting’.

ELISA

Blood was collected in anesthetized mice via cardiac puncture and after an overnight fast. Plasma insulin (Millipore), Adiponectin (Sigma) and

FGF21 (BioVendor R&D) were measured using mouse ELISA kits.

Cell imaging

Microscopic imaging of adipocytes was carried out using the REVOLVE invertible microscope under visible light at 10x, 20x or 40x

magnifications.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA sequencing analysis

A. Total RNA extraction and input RNA assessment

Total RNA was extracted from liver tissues using the Qiagen RNeasy Plus Mini Kit. The RNA Integrity Number (RIN) for total RNA were as-

sessed using Agilent BioAnalyzer RNANano Kit (#5067-1511; Agilent Technologies, Inc., Santa Clara, CA) and the RNA amount were assayed

with the Invitrogen Qubit RNA HS Assay Kit (#Q32852; Thermo Fisher Scientific, Waltham, MA).

B. mRNA-seq library generation, sequencing, and analysis

Samples with RIN > 7 were used in mRNA-seq library generation using the NEBNext� Ultra� II Directional (stranded) RNA Library Prep Kit

(#E7760L; Ipswich, MA) plus the NEBNext Poly (A) mRNA Magnetic Isolation Module (#E7490). Briefly, 200 ng total RNA were used as input.

RNA fragmentation was set at 10 minutes and 12 PCR cycles were used in final library generation. Library quantification and characterization

were assessed with Agilent BioAnalyzer HS DNA Kit (#5067-4626) and the Invitrogen Qubit DNA HS Assay Kit (#Q32854). Libraries were

pooled together with other index – compatible RNA-seq libraries for sequencing on Illumina NovaSeq 6000 (San Diego, CA) paired-end

100bp flow cell to a minimum depth of 20 million clusters per sample.

Upon data collection, the raw reads were first cleaned by removing adapter sequences and poly-x sequences (> 9 nt used for detection)

using fastp (Version 0.20.0).88 Sequence pseudo alignment of the resulting high-quality reads to theMus musculus reference genome (build

GRCm39) and quantification of gene level expression (gene model definition from GENCODE release M31) was carried out using Kallisto

(Version 0.46.1).79 To detect differentially expressed genes we used the glm approach implemented in the software package DESeq2

(R version: 4.2.2, DESeq2 version: 1.38.0).89 Genes showing altered expression with adjusted p-value <= 0.05 and log2 ratio >= 0.5 were

considered significant. Over-representation analysis (ORA) of gene ontology biological process (BP) terms was conducted based on differ-

entially expressed genes with p-value < 0.01 using clusterProfiler (Version 4.6.0).90 Terms with a false-discovery rate < 0.05 were considered

significant.

Statistical analysis

GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA) was used for statistical analysis. The sample sizes in each experiment are pro-

vided in figure legends. The data are presented as mean G SEM. Statistical significance was defined as P < 0.05 and determined by two-

tailed t-test or one- or two-way ANOVA, with Tukey and Bonferroni post-hoc analysis. For RNA sequencing analysis, statistical significance

was determined as described in ‘RNA sequencing analysis’.
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