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Abbreviations used:  

AMPK: AMP-activated protein kinase 

ARHGAP: Rho GTPase-activating protein gene family 

BCR: breakpoint cluster region 

C/EBPα: CCAAT/enhancer-binding protein alpha 

CDC42: cell division cycle 42 

Dbl: diffuse B-cell lymphoma 

DH: Dbl homology 

DHA: docosahexaenoic acid 

DOCK: dedicator of cytokinesis 

EPA: eicosapentaenoic acid 

G25K: CDC42 splice variant 

GAPs: GTPase-Activating Proteins 

GDP: guanosine diphosphate 

GEFs: Guanine Nucleotide Exchange Factors 

GLUT4: glucose transporter type 4 

GTP: guanosine triphosphate 

GTPase: GTP Phosphohydrolases  

LDLR: low-density lipoprotein receptor 

MAPK: mitogen-activated protein kinase 

mDia1: mammalian homolog of Drosophila diaphanous 1 

mTOR: mammalian (mechanistic) target of rapamycin 

OPHN1: oligophrenin-1 

PAK: p21-activated kinase 

PI3K: phosphoinositide 3-kinase 
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PKB/Akt: protein kinase B 

PPARγ: peroxisome proliferator-activated receptor gamma 

PUFA: polyunsaturated fatty acid 

RAC: Ras-related C3 botulinum toxin substrate 

Rho: Ras homolog 

Rho GDIs: Rho-Specific Guanine Nucleotide Dissociation Inhibitors 

RHOD: Rho family GTPase D 

RHOH: Rho family GTPase H 

RICH: RhoGAP interacting with CIP4 homolog 

RIF: Rho family interacting protein 

RND: Rho family GTPase (no CAAX motif) 

ROCK: Rho-associated coiled-coil containing protein kinase 

ROCK1: Rho-associated coiled-coil containing protein kinase 1 

SIRT1: sirtuin 1 

TCL: RhoJ 

TC10: RhoQ 

WASP: Wiskott-Aldrich syndrome protein 

WAT: white adipose tissue 

WRCH: Wnt-responsive Cdc42 homolog
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Abstract 1 

Rho GTPases, a family of small GTPases, are important players in many physiological 2 

processes such as cytoskeleton remodeling. Emerging experimental results have 3 

indicated them as pivotal regulators of lipid metabolism, which has profound 4 

implications for metabolic health. This review aims to summarize the roles of key Rho 5 

GTPases, RhoA, RAC1, and CDC42 in adipocyte differentiation, insulin signaling, and 6 

lipid droplet dynamics. Relevant research articles were retrieved via searches in 7 

available public databases such as PubMed and reviewed here. For adipocyte 8 

differentiation, RhoA predominantly acts as a negative regulator during the early 9 

commitment phase, while RAC1 and CDC42 typically promote differentiation. 10 

Furthermore, Rho GTPases are integral to insulin signaling pathways, where their 11 

dysregulation can contribute to insulin resistance. The role of Rho GTPases in lipid 12 

droplet dynamics appears to be involved in the stabilization of lipid droplets through 13 

the regulation of the formation of actin stress fibers, whereas RAC1 facilitates droplet 14 

mobilization and degradation. The therapeutic potential of Rho GTPase 15 

pharmacological inhibitors and their efficacies in reducing lipid accumulation and 16 

improving insulin sensitivity in preclinical models are discussed. Nevertheless, 17 

challenges such as the specificity of these inhibitors and the complexity of the 18 

underlying mechanisms still remain. The development of highly specific modulators 19 

and full elucidation of signaling cascades are imperative to fully exploit Rho GTPases 20 

as promising therapeutic targets for combating obesity, type 2 diabetes, and related 21 

metabolic disorders. 22 

Keywords: Rho GTPases, Adipocyte Differentiation, Insulin Signaling, Lipid 23 

Droplet Dynamics 24 

 25 

I. Introduction 26 

Rho GTPases, a family of small GTP-binding proteins, serve as critical regulators of 27 

cellular signaling pathways governing a myriad of biological processes[1]. Currently. 28 

they have been well known to play roles in cytoskeletal dynamics, cell migration, and 29 

proliferation. [2-3]Emerging evidence has uncovered a significant interplay between Rho 30 

GTPases and lipid metabolism, highlighting the importance of investigating this 31 

intricate relationship.[4-6] 32 

Lipids are indispensable for cellular homeostasis, serving as structural components for 33 

membranes, energy reserves, and signaling molecules. Dysregulation of lipid 34 

metabolism underlies various pathological conditions, including obesity, 35 

cardiovascular diseases, and even cancer[7]. Understanding the connections between 36 

Rho GTPases and lipid metabolism is thus of paramount importance for elucidating 37 

disease mechanisms and identifying therapeutic targets. 38 

Recent studies have revealed multifaceted interactions between Rho GTPases and lipid 39 

metabolism. Rho GTPases, particularly RhoA, RAC1, and CDC42, act as molecular 40 

switches that integrate extracellular signals with intracellular responses, orchestrating 41 

diverse cellular processes including cytoskeletal organization, cell migration, and 42 

vesicle trafficking.[8-10] Rho GTPase activities have contributed to the regulation of lipid 43 

metabolism and development of metabolic disorders[11-13]. Notably, Rho GTPases exert 44 

profound influence on key determinants of lipid metabolism, including adipocyte 45 

differentiation, insulin signaling, and lipid droplet dynamics, thereby underscoring their 46 

pivotal role in maintaining metabolic homeostasis.  47 
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This review aimed to provide a comprehensive overview of the current understanding 48 

of interplays between Rho GTPases and adipocyte differentiation, insulin signaling, and 49 

lipid droplet dynamics. During October in 2025, we had searched commonly available 50 

databases such as PubMed and Web of Science using key words “Rho GTPase”, 51 

“adipocyte differentiation”, “insulin signaling”, and “lipid droplets” to retrieve relevant 52 

and abundant literature for this review. We focused on those mechanisms with 53 

therapeutic implications for the treatment of metabolic diseases. 54 

First, keywords were searched individually to retrieve the corresponding results. 55 

Subsequently, individual key words were combined to search using the Boolean 56 

operator AND to obtain the final sets of results. The entry terms for the keyword wereas 57 

follows.For Rho GTPase, the terms used were “GTP-Binding Proteins, rho” OR “rho 58 

GTP Binding Proteins” OR “rho G-Proteins” OR “G-Proteins, rho” OR “rho G Proteins” 59 

OR “rho GTPases” OR “GTPases, rho” OR “rho Small GTP-Binding Proteins” OR 60 

“rho Small GTP Binding Proteins” OR“rho GTPase” OR “GTPase, rho” OR “rho GTP-61 

Binding Protein” OR “GTP-Binding Protein, rho” OR “rho GTP Binding Protein”. For 62 

adipocyte differentiation, the terms used were“ adipocyte differentiation”  OR 63 

“adipogeneses”OR “Adipogenesis ”. For insulin signaling, the terms used were 64 

“insulin signaling” OR “insulin signalling” OR “insulin”. For lipid droplets, the 65 

terms used were “Lipid droplets” OR “Droplet, Lipid” OR “Droplets, Lipid” OR “Lipid 66 

Droplet” OR “Adiposomes” OR “Adiposome” OR “Lipid Bodies” OR “Lipid Body” 67 

OR “Lipid Storage Bodies” OR “Lipid Storage Body”Articles published in English 68 

were included if they  focused on the regulatory roles of Rho GTPases in adipocyte 69 

differentiation, insulin signaling, or lipid droplet dynamics; provided mechanistic 70 

insights into Rho GTPase-mediated signaling pathways; explored the therapeutic 71 

potential of targeting Rho GTPases in metabolic diseases; were peer-reviewed original 72 

research articles or review papers.Articles were excluded if they exclusively addressed 73 

Rho GTPases in non-adipocyte cell types (e.g., cancer cells, neurons, or immune cells) 74 

without relevance to adipocyte biology; focused solely on other small GTPase families 75 

(e.g., Rab or Ras) without direct investigation of Rho GTPases; were conference 76 

abstracts, editorials, or unpublished data; were not available in English.This systematic 77 

approach ensured a transparent and reproducible selection of literature, allowing us to 78 

focus on mechanisms with therapeutic implications for the treatment of metabolic 79 

diseases. 80 

 81 

II. Rho GTPase Family: Members, Functions and Structures 82 

The Rho GTPases biology and their activities within tissues and cells have been studied 83 

extensively. Rho GTPases are widely distributed across organisms ranging from 84 

bacteria to humans, comprising many families and members. They function as a 85 

molecular switch with a GDP-bound inactive state, and a GTP-bound active state, 86 

employing a straightforward biochemical mechanism to regulate intricate cellular 87 

activities. In the active state, GTPases interact with their targeted proteins, eliciting a 88 

cellular response until GTP hydrolysis restores them to the inactive state[14]  89 

Up to date, Rho GTPases can be categorized into six subfamilies and encompasses 20 90 

canonical members based on their sequence homology: Rho (RhoA, B, and C); RAC 91 

(RAC1, RAC1B, RAC2, RAC3, and RHOG); CDC42 (CDC42, G25K, TC10, TCL, 92 

WRCH1, and WRCH2); RHOD (RHOD, RIF); RND (RND1, RND2, and RND3); and 93 

RHOH[15-17], as shown in Table 1. While many of these proteins demonstrate broad 94 

expression patterns across various tissues, specific members like RhoH and RAC2 95 
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 5 

exhibit tissue-specific distributions[3]. In particular, the RhoA, RAC1, and CDC42 96 

subfamilies being extensively studied at both cellular and organismal levels[18]. 97 

Table 1 here 98 

To execute their functions effectively within cells, Rho GTPases undergo precise 99 

spatiotemporal regulation involving numerous upstream and downstream regulators  100 

as shown in Figure 1)[19-20]. The activation of cycling Rho GTPases, shifting between 101 

GDP and GTP states, is facilitated by GDP/GTP exchange factors (GEFs), which 102 

catalyze GDP release and GTP binding (Figure 1). These GEFs, categorized into Dbl-103 

homology and Dedicator of Cytokinesis (Dock)-homology protein families based on 104 

their catalytic domains, have implications in skeletal muscle-specific functions, as 105 

observed with ArhGEF3, Dock1, Dock5, Trio, ArhGEF25, Vav2, and Obscurin.[21-28] 106 

Upon activation, GTP-bound GTPases are tethered to the plasma membrane via their 107 

C-terminal prenylated tail, potentially aided by other C-terminal polybasic amino acid 108 

sequences and/or palmitoylation events[29-30]. Subsequent inactivation involves GTPase 109 

activating proteins (GAPs), which facilitate GTP hydrolysis (Figure 1). GAPs mainly 110 

include ArhGAP5, ArhGAP26, and ArhGAP35[31-34]. A third regulatory layer involves 111 

the binding of GDP-bound Rho GTPases to guanine nucleotide dissociation inhibitors 112 

(GDIs), sequestering them in the cytosol through interactions with the geranyl-geranyl 113 

group within Rho GDIs' hydrophobic groove (Figure 1). This interaction also ensures 114 

the long-term stability of Rho GTPases, as their degradation is accelerated upon GDI 115 

elimination[35]. In humans, 84 Rho GEFs, 66 Rho GAPs, and 3 Rho GDIs have been 116 

identified[36-37] (Table 2). Additional regulatory mechanisms governing Rho GTPases 117 

include changes in expression, protein-protein interactions, and various 118 

posttranslational modifications such as phosphorylation, ubiquitination, and 119 

sumoylation[38-39]. 120 

The functional relevance of this prenylation extends beyond simple membrane 121 

anchoring. For Rho GTPases, as for their Rab counterparts, geranylgeranylation serves 122 

as a critical determinant of proper subcellular localization, interaction with regulatory 123 

proteins such as GDIs, and ultimately, biological activities. Notably, this lipid 124 

modification establishes a direct bidirectional crosstalk between lipid metabolism and 125 

Rho GTPase function. While Rho GTPases regulate lipid metabolic processes, the 126 

availability of isoprenoid substrates and the activity of geranylgeranyltransferases can 127 

in turn modulate Rho GTPase signaling. Dysregulation of this posttranslational 128 

modification has been implicated in various metabolic disorders, underscoring the 129 

importance of understanding how lipid metabolism influences Rho GTPase function.[40]  130 

Table 2 here 131 

Actived Rho GTPases have the capacity to engage with a diverse array of downstream 132 

effectors, as depicted in Figure 1. Over 200 effectors have been characterized to date[41]. 133 

They encompass various classes of proteins, including kinases such as Rho kinase 134 

(ROCK) and p21-activated kinase (PAK) family members, as well as scaffolding 135 

proteins like the mammalian homolog of Drosophila diaphanous 1 (mDia1) and the 136 

Wiskott-Aldrich syndrome protein (WASP) (Figure 1). Certain effectors exhibit 137 

specificity towards particular members of the Rho GTPase family. For instance, GTP-138 

bound RhoA preferentially binds to proximal effectors like mDia1 and ROCK, 139 

facilitating the formation of stress fibers and focal adhesions[42]. Similarly, GTP-bound 140 

RAC1 can interact with the WASP family verprolin homologous protein, promoting 141 

lamellipodia formation in cells[43]. However, some effectors display less specific 142 
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binding patterns towards upstream GTPases. For example, GTP-bound RAC1 and 143 

CDC42 can interact with PAK family kinases (Figure 1)[44]. 144 

Further downstream elements activated by Rho GTPases include additional kinases 145 

such as c-Jun N-terminal kinase, as well as transcription factors like serum responsive 146 

factor, nuclear factor κ B, and Yes-associated protein /WW domain containing 147 

transcription regulator 1 complex[45-50]. As we will delve into later, several of these 148 

upstream and downstream factors play pivotal roles in lipid metabolism. 149 

Figure 1 here 150 

Figure 1 illustrates the tightly regulated activation cycle of Rho GTPases. Initially, Rho GTPases 151 
are inactive in their GDP-bound state, localized within the cytoplasm (left). Upon binding to GTP, 152 
they transition to an active state (right), initiating diverse specific responses at both cellular and 153 
organ levels. GEF proteins facilitate this activation process by promoting the exchange of GDP for 154 
GTP, binding to the switch domain of the GTPases. Subsequently, hydrolysis of GTP to GDP, 155 
catalyzed by GAPs, restores the Rho protein to its inactive state. GDIs play a crucial role by 156 
sequestering the inactive protein in the cytoplasm, thus preventing its translocation to the membrane 157 
and its activation by GEFs. The figure also presents the most studied members of the Rho GTPase 158 
family along with their principal effectors on the right. Abbreviations used are defined within the 159 
main text. Rho GDIs, Rho-Specific Guanine Nucleotide Dissociation Inhibitors; GEFs, Guanine 160 
Nucleotide Exchange Factors; GAPs, GTPase-Activating Proteins. 161 

The interplay between Rho GTPases and lipid signaling is further underscored by their 162 

crosstalk with phosphoinositides and sphingolipids, which can either activate or inhibit 163 

Rho activity, creating feedback loops that influence metabolic outcomes. Dysregulation 164 

of these interactions contributes to metabolic disorders such as insulin resistance and 165 

hepatic steatosis, as well as cancer and cardiovascular diseases, where alteration of Rho 166 

GTPase activity disrupts lipid metabolism to promote disease progression. Therapeutic 167 

targeting of Rho GTPases, including ROCK inhibitors, holds promise for treating 168 

metabolic diseases, though further research is needed to elucidate tissue-specific roles 169 

and downstream mechanisms [51-52].Understanding the intricate relationship between 170 

Rho GTPases and lipid metabolism may provide novel insights into the pathogenesis 171 

of metabolic disorders and reveal new avenues for intervention. 172 

 173 

III. Roles of RhoGTPase in Adipocyte differentiation. 174 

Lipid metabolism encompasses the synthesis, storage, and breakdown of lipids, which 175 

serve as critical structural components of cell membranes, energy reservoirs, and 176 

signaling molecules. This complex network of processes, including fatty acid synthesis 177 

and oxidation, lipid droplet dynamics, lipoprotein metabolism, and membrane lipid 178 

remodeling, is tightly regulated to maintain metabolic homeostasis. Emerging evidence 179 

highlights the pivotal role of Rho GTPases, traditionally recognized for their regulation 180 

of cytoskeletal dynamics, in modulating various aspects of lipid metabolism. Rho 181 

GTPases such as RhoA, RAC1, and CDC42 influence adipogenesis, lipolysis, and lipid 182 

droplet formation by interacting with key metabolic pathways, including insulin 183 

signaling and peroxisome proliferator-activated receptor gamma (PPARγ)-mediated 184 

adipocyte differentiation.[53-54] For instance, RhoA suppresses adipogenesis by 185 

inhibiting PPARγ during the early commitment phase, while RAC1 enhances lipid 186 

storage through PI3K/Akt signaling, and CDC42 and TC10 facilitate GLUT4 vesicle 187 

translocation to promote glucose uptake and lipid synthesis [55]. Additionally, Rho 188 

GTPases participate in cholesterol homeostasis by regulating low-density lipoprotein 189 

receptor trafficking and SREBP-2 processing, with Rnd3 modulating HMG-CoA 190 

reductase activity[56-60].  191 
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Adipocytes derive from pluripotent mesenchymal stem cells (MSCs), which in 192 

mammals are found within the vascular stroma of adipose tissue and bone marrow. The 193 

differentiation of MSCs into the adipocyte lineage is governed by specific chemical and 194 

physical signals that induce their commitment to preadipocytes. These preadipocytes 195 

subsequently mature into lipid-loaded adipocytes[61]. Emerging evidence suggests that 196 

Rho GTPases play a significant role in modulating this process, although the precise 197 

mechanisms remain incompletely understood[62-63]. PPARγ, a representative member of 198 

the nuclear receptor superfamily, is one of the most extensively studied ligand-inducible 199 

transcription factors. Nuclear receptors regulate various critical aspects in development, 200 

physiology, reproduction, and homeostasis. The role of RhoA in adipogenesis is stage-201 

dependent. While RhoA typically suppresses early adipocyte differentiation through 202 

ROCK-mediated inhibition of PPARγ and C/EBPα expression, activation of RhoA 203 

under specific conditions or via alternative effectors such as mDia1 has been shown to 204 

promote adipogenic gene expression [51-52][64]. RhoA-mediated cytoskeletal 205 

rearrangements facilitate the morphological changes associated with adipocyte 206 

differentiation[65-66]. RAC1 appears to exert dual effects on adipocyte differentiation. 207 

The generation of lipid droplets was significantly attenuated in RAC1-deficient 208 

adipocytes. Particularly noteworthy is the observation that the induction of various 209 

enzymes responsible for de novo synthesis of fatty acids and triacylglycerol in the late 210 

stage of adipocyte differentiation was almost completely suppressed in RAC1-deficient 211 

adipocytes[67]. Conversely, the constitutive activation of RAC1 inhibits terminal 212 

adipocyte differentiation[68]. This biphasic regulation of adipogenesis by RAC1 213 

underscores its intricate role in modulating adipocyte differentiation.  214 

CDC42 is a key regulator of adipocyte differentiation, orchestrating various cellular 215 

processes crucial for adipogenesis. Its activation facilitates the transition from 216 

fibroblast to adipocyte, the key step of preadipocyte commitment [69]. Research results 217 

have shown that CDC42 inhibition suppresses the expression of key adipogenic 218 

markers, leading to the impairment of preadipocyte commitment[70]. CDC42 regulates 219 

the activity of adipogenic transcription factors, such as PPARγ and C/EBPα, crucial for 220 

adipocyte differentiation[71]. Activation of CDC42 enhances the expression and 221 

transcriptional activity of these factors, promoting adipogenesis[72]. However, 222 

conflicting results suggest that CDC42 inhibition may also promote adipocyte 223 

differentiation by altering the expression or activity of these transcription factors[73]. 224 

CDC42 activity has been shown to modulate actin cytoskeleton dynamics, which is 225 

essential for adipocyte differentiation[74]. It regulates the formation of actin stress fibers 226 

and focal adhesions, facilitating the morphological changes associated with 227 

adipogenesis[75]. Moreover, CDC42-mediated actin remodeling influences the 228 

localization and activity of key signaling molecules involved in adipogenesis[76]. 229 

CDC42 controls cell cycle progression during adipocyte differentiation[77]. It regulates 230 

cyclin expression and activity, thereby influencing cell cycle exit and terminal 231 

differentiation. However, conflicting evidence suggests that CDC42 inhibition may 232 

either promote or inhibit adipocyte differentiation by modulating cell cycle 233 

progression[77]. 234 

IV. Rho GTPases in Insulin Signaling Pathway Regulation 235 

Insulin signaling is a complex and crucial pathway that regulates various physiological 236 

processes, especially glucose and lipid metabolism. When nutrients are absorbed after 237 

feeding, pancreatic β cells secrete insulin into the blood. The rise in plasma insulin 238 

levels signals the body to utilize and store nutrients in tissues and organs. The process 239 
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begins when insulin binds to its receptor on the cell membrane. The insulin receptor is 240 

a tetramer composed of two α subunits and two β subunits linked by disulfide bonds. 241 

The binding of insulin brings the two β subunits, which are tyrosine kinases, into close 242 

proximity, allowing them to phosphorylate each other. This phosphorylation triggers 243 

signal transduction events and activates signal transduction cascades [78]. 244 

The signaling events involve the phosphorylation and dephosphorylation of proteins in 245 

the cytosol and membranes, ultimately altering the activities of proteins and metabolic 246 

pathways in cells. The activated insulin receptor β subunit tyrosine kinase first 247 

phosphorylates insulin receptor substrates (IRSs). The phosphorylated IRSs serve as a 248 

platform for the recruitment of other players, transmitting signals through protein - 249 

protein interactions and further modifications of downstream proteins. Subsequently, 250 

additional proteins in the signal network are activated. For example, the PI3K/protein 251 

kinase B (PKB/Akt) pathway, GRB2/mitogen - activated protein kinase (MAPK) 252 

pathway, and mammalian (mechanistic) target of rapamycin (mTOR) are all involved. 253 

The activation of these pathways leads to various physiological responses. For instance, 254 

insulin activates the PI3K/Akt signaling pathway, resulting in the phosphorylation of 255 

FoxO1. This phosphorylation leads to the attenuation of FoxO1 - mediated transcription 256 

via nuclear exclusion. In hepatic lipogenesis, insulin specifically induces the 257 

transcription of the sterol regulatory element - binding protein 1c gene , which is 258 

responsible for the upregulation of genes for lipogenesis. In summary, insulin signaling 259 

is a highly regulated and intricate process that plays a central role in maintaining 260 

metabolic homeostasis.[79] 261 

Rho GTPases exert their effects on insulin signaling through multiple mechanisms, 262 

including regulation of insulin receptor trafficking, actin cytoskeleton dynamics, and 263 

modulation of downstream signaling molecules such as PKB/Akt and ROCK. Notably, 264 

RhoA and RAC1 exhibit functional antagonism in the regulation of insulin sensitivity. 265 

Activation of RhoA inhibits insulin receptor endocytosis and impairs Akt 266 

phosphorylation, thereby fostering insulin resistance[80-81]. In contrast, RAC1 activation 267 

promotes insulin receptor endocytosis and enhances Akt signaling, contributing to 268 

improved insulin sensitivity and glucose uptake[82]. This opposing regulation highlights 269 

the delicate balance between Rho GTPase activities in maintaining insulin signaling 270 

homeostasis. 271 

Rho GTPases regulate actin cytoskeleton dynamics, which in turn influence insulin 272 

signaling. For instance, RhoA activation promotes actin stress fiber formation and 273 

inhibits insulin-stimulated glucose uptake, while RAC1 activation promotes actin 274 

remodeling and enhances insulin sensitivity[83].  275 

Rho GTPases can also modulate downstream signaling molecules involved in insulin 276 

action. For example, RhoA activation inhibits insulin-stimulated Akt phosphorylation 277 

and glucose uptake, whereas RAC1 activation enhances Akt phosphorylation and 278 

insulin sensitivity[84]. Moreover, Rondas et al. documented in their research that 279 

inhibition of ROCK, a downstream effector of Rho GTPases, ameliorates insulin 280 

resistance[85]. Further investigations are needed to reconcile the disparities and gain a 281 

comprehensive understanding of the intricate role of Rho GTPases in insulin signaling 282 

pathways. 283 

 284 

V. Regulation of Lipid Droplet Dynamics by Rho GTPases 285 
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In adipocytes, lipids are stored in lipid droplets that are essential organelles. These lipid 286 

droplets are tightly regulated to maintain cellular lipid homeostasis. It has been shown 287 

that RhoA, CDC42, and RAC1 regulate lipid droplet dynamics, involving a range of 288 

mechanisms such as actin cytoskeleton remodeling, modulation of lipid metabolism 289 

enzymes, and regulation of vesicle trafficking pathways[86]. 290 

Rho GTPases exert profound influence over lipid droplet dynamics by modulating actin 291 

cytoskeleton remodeling. Activation of RhoA stimulates actin stress fiber formation, 292 

potentially limiting lipid droplet mobility and fusion, thereby reducing lipid turnover. 293 

Conversely, RAC1 activation promotes actin remodeling conducive to lipid droplet 294 

mobilization and fusion, thus facilitating lipid metabolism[87]. RAC1 involves in lipid 295 

droplet fusion and degradation, contributing to vesicle trafficking events and 296 

significantly impacting lipid droplet size and turnover rates[88]. 297 

Rho GTPases intricately modulate the activities and localization of lipid metabolism 298 

enzymes, which leads to the changes of lipid droplet dynamics. For instance, CDC42 299 

has been demonstrated to modulate the activity of adipose triglyceride lipase, a crucial 300 

enzyme in the first step of lipolysis of triglycerides, thereby influencing lipid droplet 301 

turnover and size[89]. 302 

Studies by Gubern et al. and Zhang et al. have provided insights into the roles of Rho 303 

GTPases in lipid droplet dynamics. Gubern et al. demonstrated that RhoA activation 304 

promotes lipid droplet accumulation and inhibits lipolysis in adipocytes by inducing 305 

actin stress fiber formation and impairing lipid droplet mobility[90]. Conversely, Zhang 306 

et al. showed that RAC1 activation enhances lipid droplet mobilization and lipolysis by 307 

promoting actin remodeling and facilitating lipid droplet fusion with lysosomes for 308 

degradation[91]. Despite advancements, inconsistencies persist regarding the specific 309 

roles of individual Rho GTPases and their downstream effectors in lipid droplet 310 

metabolism. Moreover, the relative contributions of Rho GTPases to different aspects 311 

of lipid droplet dynamics remain incompletely understood, necessitating further 312 

investigation. 313 

 314 

VI. Effects of Rho GTPase Modulators in Adipocyte Differentiation, Insulin 315 

Signaling, and Lipid Droplet Dynamics 316 

Several compounds have been developed to act as modulators of Rho GTPases, and 317 

shown to regulate lipid metabolism. These compounds include both agonists and 318 

inhibitors targeting various Rho GTPases, such as RhoA, CDC42, and RAC1. 319 

RhoA inhibitors, Rhosin and CCG-1423, have been shown to influence lipid droplet 320 

dynamics and adipocyte functions. Specifically, inhibition of RhoA activity has been 321 

associated with decreased adipogenesis, reduced lipid accumulation, and improved 322 

insulin sensitivity in preclinical models[51] [92-93] Rhosin, a small molecule inhibitor of 323 

RhoA, has demonstrated efficacy in reducing lipid accumulation and adipogenesis in 324 

vitro. Studies have shown that Rhosin treatment suppresses RhoA activity, leading to 325 

inhibition of adipocyte differentiation and lipid droplet formation. Additionally, 326 

Rhosin has been reported to improve glucose tolerance and insulin sensitivity in 327 

mouse models of obesity and type 2 diabetes[52][94]. CCG-1423 is another RhoA 328 

inhibitor that has shown effects on lipid metabolism. Preclinical studies have revealed 329 

that CCG-1423 treatment attenuates adipocyte differentiation and lipid accumulation 330 

by inhibiting RhoA-mediated signaling pathways. Furthermore, CCG-1423 has been 331 

shown to ameliorate metabolic dysfunctions in animal models of obesity and 332 
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 10 

metabolic syndrome[3]. Beyond direct effects on insulin signaling and adipogenesis, 333 

the interplay between Rho and Rab GTPases in membrane trafficking and cellular 334 

polarity may further contribute to the metabolic outcomes observed with RhoA 335 

inhibition.[95] 336 

ZCL278, a small molecule inhibitor of CDC42, is able to attenuate adipocyte 337 

differentiation and lipid accumulation. ZCL278 treatment suppresses CDC42 activity, 338 

leading to inhibition of adipogenesis and decreased lipid droplet formation. 339 

Furthermore, ZCL278 has been shown to improve insulin sensitivity in preclinical 340 

models of obesity and type 2 diabetes[96]. CID2950007 is another CDC42 inhibitor that 341 

affects adipocyte metabolism. In preclinical studies, CID2950007 treatment reduces 342 

lipid accumulation in adipocytes. By inhibiting CDC42 activity, CID2950007 343 

modulates adipocyte function and lipid homeostasis, offering potential therapeutic 344 

benefits for metabolic disorders[97]. 345 

NSC23766 is a widely studied small molecule inhibitor of RAC1. Research has 346 

demonstrated that NSC23766 treatment effectively suppresses RAC1 activity, leading 347 

to inhibition of adipocyte differentiation and lipid accumulation. Additionally, 348 

NSC23766 has been shown to improve insulin sensitivity and reduce inflammation in 349 

preclinical models of obesity and metabolic syndrome[96-97].EHT1864 is another RAC1 350 

inhibitor that has effects on lipid metabolism. Preclinical studies have revealed that 351 

EHT1864 treatment attenuates adipocyte differentiation and lipid accumulation by 352 

inhibiting RAC1-mediated signaling pathways. Furthermore, EHT1864 has been 353 

shown to ameliorate insulin resistance and reduce adipose tissue inflammation in 354 

animal models of obesity and type 2 diabetes[16][98]. 355 

Despite the promising preclinical efficacy of Rho GTPase modulators in reducing lipid 356 

accumulation and improving insulin sensitivity, their clinical application remains 357 

limited. To date, no direct Rho GTPase-targeting agent has been approved for metabolic 358 

disorders such as obesity or type 2 diabetes. However, the ROCK inhibitor fasudil, 359 

which acts downstream of RhoA, has been clinically used in Japan for the treatment of 360 

cerebral vasospasm following subarachnoid hemorrhage, demonstrating the feasibility 361 

of targeting this pathway in humans. For direct Rho GTPase inhibitors, challenges 362 

including off-target effects, poor bioavailability, and lack of isoform specificity remain 363 

major barriers to clinical translation. Future efforts should focus on developing more 364 

selective modulators with improved pharmacokinetic profiles and evaluating their 365 

therapeutic potential in metabolic disease settings. 366 

 367 

VII Dietary and Phytochemical Regulation of Rho GTPases in Lipid Metabolism 368 

Emerging evidence indicates that various dietary bioactive compounds exert their 369 

beneficial effects on metabolic health by modulating Rho GTPase signaling pathways. 370 

This section summarizes the current understanding of how representative 371 

phytochemicals and fatty acids—namely berberine, quercetin, curcumin, resveratrol, 372 

eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)—regulate lipid 373 

metabolism through Rho GTPase-dependent mechanisms. 374 

1. Berberine 375 

Berberine, an isoquinoline alkaloid from Coptis chinensis, regulates lipid metabolism 376 

via the RhoA/ROCK signaling pathway. In obesity, berberine inhibits RhoA/ROCK1 377 

to promote lacteal junction zippering in intestinal lymphatic endothelial cells, 378 
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converting discontinuous "button-like" junctions into continuous "zipper-like" 379 

junctions. This limits chylomicron entry into lymphatic circulation, reducing intestinal 380 

lipid absorption and ameliorating diet-induced obesity. Additionally, berberine activates 381 

AMPK/SIRT1/PPAR-γ signaling to suppress oxidized LDL uptake and enhances 382 

hepatic LDLR expression via AMPK-ERK pathways, improving cholesterol 383 

clearance.[99] 384 

 385 

2. Quercetin 386 

Quercetin, a flavonoid abundant in fruits and vegetables, exerts anti-adipogenic and 387 

insulin-sensitizing effects involving actin cytoskeleton dynamics regulated by Rho 388 

GTPases. Quercetin reduces adipocyte differentiation by downregulating PPARγ and 389 

C/EBPα expression, which are influenced by RhoA-mediated cytoskeletal tension. It 390 

also promotes white adipose tissue browning via AMPK activation, potentially 391 

intersecting with Rac1 signaling involved in GLUT4 translocation.[100] 392 

 393 

3. Curcumin and Resveratrol 394 

Curcumin and resveratrol are polyphenols with distinct Rho GTPase targets. Curcumin 395 

improves insulin resistance in type 2 diabetic rats by elevating Rac1 and Rac-GTP 396 

levels in skeletal muscle, critical for GLUT4 translocation and glucose uptake, while 397 

reducing SOCS3 expression to restore insulin sensitivity.[101] Resveratrol inhibits 398 

adipogenesis by suppressing RhoA/ROCK-mediated stress fiber formation required for 399 

adipocyte differentiation. Both compounds activate SIRT1/AMPK pathways, 400 

contributing to their metabolic benefits.[102] 401 

 402 

4. Omega-3 Polyunsaturated Fatty Acids (EPA and DHA) 403 

EPA and DHA, abundant in fish oil, regulate lipid metabolism by modulating the lipid 404 

raft microenvironment and directly influencing Rho GTPase activation. ω-3 PUFAs 405 

inhibit RhoA activation in adipocytes and vascular smooth muscle cells, reducing lipid 406 

accumulation and improving insulin sensitivity. Mechanistically, EPA and DHA 407 

partially inhibit cAMP signaling upstream of PKA, blocking arachidonic acid 408 

metabolites (e.g., PGI2, PGEF2α) that stimulate white adipogenesis. These effects 409 

promote mitochondrial biogenesis, increase fatty acid oxidation, reduce adipose tissue 410 

inflammation, and suppress hepatic steatosis.[103] 411 

In conclusion, diverse dietary components—ranging from alkaloids and flavonoids to 412 

polyphenols and polyunsaturated fatty acids—can modulate lipid metabolism by 413 

targeting Rho GTPase signaling pathways. Berberine inhibits RhoA/ROCK1 to 414 

promote lacteal junction zippering and reduce intestinal lipid absorption. Quercetin 415 

exerts anti-adipogenic effects partly through RhoA/Rac1-dependent cytoskeletal 416 

remodeling. Curcumin improves insulin sensitivity via Rac1 activation, while 417 

resveratrol suppresses adipogenesis through RhoA/ROCK inhibition. EPA and DHA 418 

reduce adipogenesis and inflammation by modulating RhoA and Rac1 activities. These 419 

findings support the concept of food as medicine and provide a mechanistic basis for 420 

developing Rho GTPase-targeted nutritional interventions for obesity, type 2 diabetes, 421 

and related metabolic disorders.[52] 422 

Table 3 here 423 
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 424 

VIII Current Challenges and Future Perspectives 425 

Despite the potential therapeutic promise of targeting Rho GTPases for lipid 426 

metabolism disorders, several challenges exist that need to be addressed for the 427 

successful development and clinical translation of Rho GTPase inhibitors. Many Rho 428 

GTPase inhibitors lack specificity and may exert off-target effects due to the structural 429 

similarities among Rho GTPases and other related proteins. This lack of specificity can 430 

lead to unintended consequences and adverse effects on cellular processes beyond lipid 431 

metabolism[3]. The precise molecular mechanisms underlying the therapeutic effects of 432 

Rho GTPase inhibitors in lipid metabolic disorders remain incompletely understood. 433 

Further research is needed to elucidate the downstream signaling pathways and 434 

molecular targets affected by Rho GTPase inhibition to optimize therapeutic 435 

strategies[104]. Furthermore, optimization of the pharmacokinetic properties of Rho 436 

GTPase inhibitors, including their bioavailability, stability, and tissue distribution, is 437 

crucial for their clinical efficacy. Finally, developing effective drug delivery systems to 438 

target specific tissues or cell types affected by dysregulated lipid metabolism is essential 439 

for enhancing therapeutic outcomes[105]. 440 

Beyond their roles in regulating lipid metabolism, Rho GTPases themselves are subject 441 

to lipid modifications that are critical for their functions. Geranylgeranylation of their 442 

C-terminal CAAX motifs is essential for proper membrane targeting and activity, 443 

establishing a bidirectional crosstalk, which lipids are not merely substrates but also 444 

regulators of GTPase localization and signaling. Future studies should explore how 445 

metabolic states influence Rho GTPase prenylation and whether targeting this 446 

regulatory axis offers complementary therapeutic opportunities for metabolic 447 

disorders[40].  448 

Addressing the aforementioned challenges requires concerted efforts in both basic 449 

research and drug development. Future studies are urgently needed. First, it is 450 

imperative to identify and validate novel targets and downstream signaling pathway 451 

components of Rho GTPases involved in lipid metabolism. Secondly, the development 452 

of highly specific and potent Rho GTPase inhibitors with improved pharmacokinetic 453 

profiles and reduced off-target effects will provide us more tools to combat 454 

dysfunctions of lipid metabolism. Moreover, innovative drug delivery strategies will 455 

enhance the tissue specificity and efficacy of Rho GTPase inhibitors for the treatment 456 

of lipid metabolism disorders. 457 

 458 
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 750 

Table 1. Classification and key functions of the members in Rho GTPase family 751 

Subfamily Members Key functions 

Rho RhoA 

RhoB 

RhoC 

Inducing the polymerization of actin filaments 

RAC RAC1 

RAC1B 

RAC2  

RAC3 

RHOG 

Regulating functions of intermediate filaments and actin 

polymerization 

CDC42 
CDC42 

Controlling cell polarity, , synapse formation and 

polarized cytokine secretion. 
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Subfamily Members Key functions 

G25K 

TC10 

TCL 

WRCH1 

WRCH2 

RHOD RHOD 

RIF 

Remodeling cytoskeleton for its dynamic 

RND RND1 

RND2 

RND3 

Relieving RHO actions  

RHOH 
RHOH 

Participating in signal transduction and development in 

lymphocytes of hematopoietic system 

Abbreviations: GTPase:GTP Phosphohydrolases;Rho:Ras homolog; RAC:Ras-related C3 botulinum 752 
toxin substrate; CDC42: cell division cycle 42; G25K: CDC42 splice variant; TC10: RhoQ; TCL: 753 
RhoJ; WRCH:Wnt-responsive Cdc42 homolog; RHOD: Rho family GTPase D; RIF:Rho family 754 

interacting protein; RND:Rho family GTPase (no CAAX motif); RHOH:Rho family GTPase H. 755 

 756 

Table 2. Regulators of Rho GTPases: GEFs, GAPs, and GDIs 757 

Category Subfamily / Group Key Members  
Target Rho 

GTPases 
Functions 

Rho GEFs 

(84 total) 

Dbl-family (Dbl homology, 

DH domain) 

Vav1-3, Tiam1/2, P-

Rex1/2, Dbl, Ect2, LARG, 

p115-RhoGEF 

RhoA,  

RAC1, 

CDC42 

Activating Rho 

GTPases by 

promoting 

GDP→GTP 

exchange. 

DOCK-family (Dedicator of 

Cytokinesis) 

DOCK1-11 (e.g., DOCK2 

for Rac, DOCK9 for 

CDC42) 

RAC,  

CDC42 

Regulating 

immune cell 

functions. 

Other GEFs Trio, Kalirin, FARP2, 

SWAP-70 

RhoG,  

RAC1, 

CDC42 

Neuronal 

development, and 

cell migration. 

Rho GAPs 

(66 total) 

Classical RhoGAPs (BCR, 

p50, p190, etc.) 

ARHGAP1 (p50-

RhoGAP), ARHGAP5 

(p190-RhoGAP), BCR 

RhoA,  

RAC1, 

CDC42 

Inactivating Rho 

GTPases by 

enhancing GTP 

hydrolysis 

RICH-family (RhoGAPs in 

neurons) 

RICH1, RICH2, Nadrin CDC42, 

RhoA 

Regulating 

neuronal polarity, 

synaptic plasticity 
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Category Subfamily / Group Key Members  
Target Rho 

GTPases 
Functions 

Oligophrenin-1 (OPHN1) OPHN1 RhoA, 

CDC42 

Associated with 

X-linked 

intellectual 

disability. 

Rho GDIs 

(3 total) 

RhoGDIs (GDI1-3) Rho GDI1 (ARHGDIA), 

Rho GDI2 (ARHGDIB), 

Rho GDI3 (ARHGDIG) 

All Rho 

GTPase 

Sequestering Rho 

GTPases in 

cytosol to prevent 

their activation 

Abbreviations: Rho GEF:Rho Guanine Nucleotide Exchange Factors;Rho GAPs: Rho GTPase-758 
activating proteins; Rho GDIs:Rho guanine nucleotide dissociation inhibitors; Dbl:diffuse B-cell 759 
lymphoma; DH:Dbl homology; DOCK:dedicator of cytokinesis; BCR:breakpoint cluster region; 760 
ARHGAP:Rho GTPase-activating protein gene family; RICH:RhoGAP interacting with CIP4 761 
homolog; OPHN1:oligophrenin-1;GTP:guanosine triphosphate; GDP:guanosine diphosphate. 762 

 763 

Table 3 Dietary and phytochemical regulators of Rho GTPase signaling in lipid 764 

metabolism 765 

Abbreviations:ROCK1:Rho-associated coiled-coil containing protein kinase 1; WAT:white adipose 766 
tissue; GLUT4:glucose transporter type 4; SIRT1:sirtuin 1; AMPK:AMP-activated protein kinase; 767 
EPA:eicosapentaenoic acid; DHA: docosahexaenoic acid; PUFA: polyunsaturated fatty acid. 768 

Compound Class 
Rho GTPase 

Target 
Key Metabolic Effect 

Berberine Alkaloid RhoA/ROCK1 
Promotes lacteal zippering, reduces 

intestinal lipid absorption 

Quercetin Flavonoid 
RhoA/Rac1 

(indirect) 

Inhibits adipogenesis, promotes 

browning of WAT 

Curcumin Polyphenol Rac-1 
Improves insulin sensitivity, increases 

GLUT4 translocation 

Resveratrol Polyphenol RhoA/ROCK 
Inhibits adipogenesis, activates 

SIRT1/AMPK 

EPA/DHA ω-3 PUFA RhoA, Rac1 
Reduces adipogenesis, increases fatty 

acid oxidation, anti-inflammatory 
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